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Summary 

1. L-Phenylalanine ammonia-lyase (EC 4.3.1.5) was purified from radish 
cotyledons. The adsorption of  the enzyme on L-phenylalanine-Sepharose 4B 
was nonspecific; the present data disprove the conclusions reached previously 
(Blondel, J.D., Huault, C., Faye, L., Rollin, P. and Cohen, P. (1973) FEBS Lett.  
36, 239--244). 

2. The apparent molecular weight of the enzyme fluctuated according to pH 
and ionic strength. A mean value of 290 000 was determined for the 'native' 
form. The activation energy was 54.4 kJ/mol.  L- and D-phenylalanine protected 
the lyase from sodium borohydride denaturation. 

3. Two Michaelis constants, K H = 1.5 • 10 -s M and K L = 9.5 • 10 -s M, were 
determined. The Hill coefficient value (h) was 0.48. This coefficient was 0.6 for 
cinnamate inhibition. These results suggest that  phenylalanine ammonia-lyase 
in radish cotyledons is regulated by a negative cooperativity mechanism. 

4. The phytochrome-mediated increase in phenylalanine ammonia-lyase 
activity was investigated by density labelling with :H20 followed by isopycnic 
centrifugation in KBr gradients. An apparent half-life of 3.5 h was found for 
both the enzyme extracted from etiolated or far-red irradiated cotyledons. 

5. Provided that  phytochrome does not  control the availability of labelled 
amino acids for protein synthesis, the present results are consistent with a far- 
red lightLinduced increase in the rate of synthesis of the lyase in radish cotyle- 
dons. 
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Introduction 

L-Phenylalanine ammonia-lyase (EC 4.3.1.5) is an enzyme catalysing the 
deamination of  L-phenylalanine to form trans-cinnamic acid [ 1 ]. The enzyme is 
widely distributed amongst plants, from fungi to higher plants [2,3],  and has 
been purified to homogenei ty  from pota to  tubers, maize shoots [4],  wheat 
seedlings [5] and parsley cell cultures [6].  Most authors agree that  the enzyme 
consists of  four subunits. The activity of  phenylalanine ammonia-lyase fluctu- 
ates in response to a variety of  stimuli such as wounding [7,8],  viral infection 
[9,10],  growth inducers [11],  ethylene [12] and light. The latter stimulus has 
been studied most and it has been established that any specific increase in 
phenylalanine ammonia-lyase activity is under the control  of  phytochrome 
[13,15].  The mechanism by  which this control is exercised is still in debate 
[16,19].  The main reason for disagreement between authors arises from the 
methods used for investigation, i.e. the density labelling technique. 

As enzyme purification is not  a prerequisite for heavy-isotope labelling [20],  
such labelling was thought  to be the appropriate method for the s tudy of  the 
regulation of  phenylalanine ammonia-lyase synthesis. Unfortunately,  although 
density labelling is a powerful  tool  in DNA replication studies, its resolution is 
lower for smaller molecules such as proteins [21]. We reported recently [22] 
the advantages of  using KBr instead of CsC1 in isopycnic centrifugation of 
proteins, and this method was therefore used in the present study. 

The work reported here was undertaken to throw light on the question of  
whether phytochrome stimulates phenylalanine ammonia-lyase synthesis in 
radish cotyledons.  Density labelling results as well as reexamination of  the 
enzyme purification in this material seem to positively answer that question. 
We also report on the enzyme's properties, the molecular weight, activation 
energy, borohydride  denaturation,  and kinetic behaviour. 

Materials and Methods 

Plant growth and labelling conditions. Seeds of  radish (Raphanus sativus, var. 
Longue Rave saumon~e) were sown on moist filter paper and germinated in the 
dark for 36 h at 25°C. Unless otherwise stated they were then transferred to 
standard far-red light as described previously [24].  This light t reatment  yields a 
maximal increase in extractable phenylalanine ammonia-lyase in this material 
[15].  When appropriate, seedlings were transferred to dry filter paper for 
removal o f  excess water and then to filter paper imbided with 2H20. 

Preparation o f  enzyme extracts for isopycnic centrifugation. 200 cotyledons 
were harvested and homogenized in an ice-cold mortar in 0.1 M acetate buffer,  
pH 6. Crude extracts were centrifuged for 20 min at 10 000 × g  and the 
resulting supernatant was desalted through Sephadex G-25. Partial purification 
was then carried out  on Sepharose 4B-L-phenylalanine; the enzyme was eluted 
from the column with 0.1 M borate buffer,  pH 7.9. 

Isopycnic centrifugation. KBr gradients were prepared as described previ- 
ously [22].  Centrifugation was carried out  in a Beckman L5 75 ultracentrifuge 
using a type  75 Ti fixed angle rotor  operated at 182 000 ×gav, (rav = 5.9 cm) 
and 6°C for 20 h. Every tenth fraction (approx. 90 t~l) from the gradients was 
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used for refractive index determination using an Abbe 60 refractometer; these 
values were then converted into density units by using the equation of  
Vinograd and Hearst [25]. Other fractions were assayed for phenylalanine 
ammonia-lyase activity. 

Phenylalanine ammonia-lyase assay. The spectrophotometric assay was based 
on Zucker's procedure [7].  0.5 ml enzyme extract was added to a mixture of 
2 ml 0.05 M borate buffer (pH 8.8) and 0.5 ml 0.1 M L-phenylalanine made up 
in the same buffer. The increase in absorbance at 290 nm after incubation at 
80°C was recorded against a blank which lacked substrate. Incubation time was 
24 or 36 h for fractions from KBr gradients and usually 1 h in other cases. The 
radiochemical assay was as described by Attridge and Smith [26].  For routine 
determination of active fraction after a purification step, we used the following 
method. To an 0.2 ml aliquot, 2 ml 0.05 M borate buffer (pH 8.8) containing 
20 mM L-phenylalanine were added. After incubation at 30°C for 15 min, the 
enzyme activity was detected by adding 0.5 ml 0.1% KMnO4. The reduction of  
KMnO4 by cinnamic acid resulted in a yellow coloration in active fractions. 

Miscellaneous. Sepharose 4B was covalently coupled to L-phenylalanine 
according to Axen et al. [27].  Electrophoresis was carried out in 8% acrylamide 
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Fig. 1. S e p h a r o s e  4 B - L - p h e n y l a l a n i n e  c h r o m a t o g r a p h y  o f  p h e n y l a l a n i n e  a m m o n i a - l y a s e  o f  r a d i s h  c o t y l e -  
d o n s .  T h e  e n z y m e  e x t r a c t  ( approx .  300 m l )  w a s  a p p l i e d  t o  a c o l u m n  (9 X 2 . 5  c m )  o f  L - p h e n y l a l a n i n e -  
S e p h a r o s e  4 B  p r e - e q u i l i b r a t e d  wi th  0.1 M a c e t a t e  b u f f e r ,  pH 6. T h e  s a m p l e  w a s  a l l o w e d  t o  p a s s  t h r o u g h  
t h e  g e l  a n d  t h e  c o l u m n  w a s  r i n s e d  wi th  0.1 M a c e t a t e  b u f f e r  (pH 6) u n t i l  t h e  A 2 8 0  n m  o f  t h e  e f f l u e n t  
r e t u r n e d  t o  z e r o .  E l u t i o n  w a s  a c h i e v e d  with  a pH gradient  (6- -10) .  PAL,  t h e  a c t i v i t y  o f  p h e n y l a l a n i n e  
a m m o n i a - l y a s e  (c ©), P r o t e i n s  w e r e  m o n i t o r e d  at  2 8 0  n m  (o 0). F rac t ions  30 - -60  w e r e  p o o l e d  
f o r  f u r t h e r  p u r i f i c a t i o n .  T h e  i n s e r t  r e p r e s e n t s  t h e  r e l a t i v e  c h a n g e s  ( a r b i t r a r y  u n i t s )  o f  t h e  t w o  p r o t e i n  
peaks  ob ta ined  wi th  e x t r a c t s  o f  c o t y l e d o n s  o f  f ar - red  l i g h t  g r o w n  s e e d l i n g s  w i t h i n  t h e  f irs t  6 d a y s  o f  

g e r m i n a t i o n ;  t O is  36 h a f te r  sowing.  
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gels using a acrylamide/bisacrylamide ratio of  3 0 : 0 . 8  w/w) [28].  Thyro- 
globulin, fi-galactosidase, myoglobin and cytochrome c were purchased from 
Sigma. The L-[U-3H]phenylalanine was obtained from the Radiochemical 
Centre, Amersham, U.K., or C.E.A., Saclay, France. 

Purification of phenylalanine ammonia-lyase. All steps were carried out  at 
4°C. 10--30 g cotyledons were homogenized in a Waring blendor set at high 
speed for 4 × 15 s in 0.1 M acetate buffer,  pH 6. After filtration through four 
layers of  cheese-cloth, the homogenate was centrifuged for 20 min at 
1 5 0 0 0 × g .  The supernatant was then desalted through a Sephadex G-25 
column (5 × 110 cm) equilibrated with 0.1 M acetate buffer,  pH 6. The 
Sephadex G-25 extract was then subjected to chromatography on Sepharose 4B 
coupled to L-phenylalanine as first described by Blondel et al. [23].  The 
apparently homogeneous fraction obtained when the elution was carried out  
using a pH shift of  4 units was resolved into several components  when elution 
was achieved by  a pH gradient. Two main peaks are observed (Fig. 1). Only the 
first minor peak exhibited phenylalanine ammonia-lyase activity. The second 
peak possibly consists of  the major reserve protein of radish seeds, since its 
contr ibution decreased gradually during the first days of  germination (Fig. 1). 
It is very likely that  this fraction was though to be the phenylalanine ammonia- 
lyase in the investigation of  Blondel and coworkers [23]. Though we probably 
failed in doing affinity chromatography,  this step was quite efficient and 
yielded a 30-fold purification. Active fractions were pooled and concentrated 
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Fig. 2. Sepharose  6B c h r o m a t o g r a p h y  o f  phe ny l a l a n ine  ammonia - lyase ,  Act ive  f rac t ions  f r o m  Sepharose  
4B-L-phenyla lan ine  c h r o m a t o g r a p h y  (see Fig. 1) were  c o n c e n t r a t e d  and i n t r o d u c e d  o n t o  Sepharose  6B 
c o l u m n  (70 × 1.5 c m )  equ i l ib ra ted  wi th  0.1 M ace ta te  buf fe r ,  p H  6. Size of  sample  was  0.5 ml ;  f low rate  
0.5 m l / m i n ;  p ro t e i n  load;  app rox .  10 mg.  F rac t ions  were  assayed for prote ins  (o o) and  pheny l -  
a lanine a m m o n i a - l y a s e  ac t iv i ty  (P AL)  (© o). F rac t ions  6 0 - - 7 5  were  p o o l e d  for further analysis.  
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by  ultrafiltration (Amicon XM 100). The enzyme was further purified by  
molecular sieving through a Sepharose 6B column (Fig. 2). Obviously, phenyl- 
alanine ammonia-lyase represents a minor component  of  the first peak eluted 
from the Sepharose 4B-L-phenylalanine. Neither electrophoresis nor DEAE- 
cellulose chromatography revealed the existence of  more than one form of 
active phenylalanine ammonia-lyase. In a typical experiment the specific 
activity rose from 3.3 mka t / kg  proteins to 93 mkat/kg for the fraction eluted 
from the Sepharose 4B-L-phenylalanine and to 790 mkat/kg after the 
Sepharose 6B chromatography. The enzyme was purified 240-fold with a 27% 
yield. 

Results 

General properties and kinetic parameters 
Fig. 3 represent the elution of  phenylalanine ammonia-lyase on a Sepharose 
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Fig. 3. Molecular  weight  d e t e r m i n a t i o n  of  pheny la l an ine  ammo n ia - l y a se  of  radish co ty ledons .  0.5 ml  
(approx .  10 mg  pro te in )  e n z y m e  ex t r ac t  ( c o n c e n t r a t e d  poo led  f rac t ions  as ind ica ted  in Fig. 1) were  
appl ied to a Sepharose  6B c o l u m n  (70)< 1.5 cm)  equi l ibra ted  e i ther  wi th  0 .05  M bora t e  buf fe r ,  pH 8.8 
(~ ~), or  wi th  0.1 M ace ta te  buf fe r ,  pH 6 (o o). F low rate was 0.5 m l / m i n .  A r r o w s  indica te  
the  e lu t ion  v o l u m e  of  the  markers :  c y t o c h r o m e  c (cy t  c, 12 000) ,  bov ine  se rum a l b u m i n  (bsa, 55 000) ,  
~-galactosidase (~-gal, 540 000) ,  t hy rog lobu l i n  ( tyr ,  650  000)  and blue d e x t r a n  (hd).  



4 9 3  

6B column calibrated with five protein markers. When the enzyme was filtered 
in 0.05 M borate buffer (pH 8.8), the apparent molecular weight was found to 
be above 1 000 000. In 0.1 M acetate buffer (pH 6), a value of 290 000 ± 5% 
was recorded. Increasing the ionic strength up to 0.6 M KC1 led to an apparent 
molecular weight of  140000.  These last data should be interpreted with 
caution, since Lin and Castell [29] demonstrated that  in buffer of  high ionic 
strength the physical properties of Sepharose are modified. Experiments 
conducted on Sephadex G-200 using 0.05 M borate buffer  (pH 8.8) containing 
or lacking 0.6 M KC1 led to similar results. Therefore it is likely that  ionic 
strength is the main factor controlling the molecular aggregation of  the 
enzyme; the possible role of pH was not  investigated further. A molecular 
weight of  290 000 is in good agreement with other reports on phenylalanine 
ammonia-lyase from various sources [6,30--32]. Unlike the enzyme prepared 
from a microbial source [33,34], the phenylalanine ammonia-lyase of  radish 
cotyledons did not  deaminate L-tyrosine. The activation energy determined by 
using the equation of Arrhenius [35] was 54.4 kJ/mol.  The enzyme was 
protected from NaBH4 denaturation by L- and D-phenylalanine. This is 
consistent with the presence of  an essential dehydroalanine at the active site 
[36]. 

Determination of  initial velocities versus substrate concentration showed 
that  phenylalanine ammonia-lyase did not  follow a typical Michaelis-Menten 
kinetics. Using the terminology of Datta and Gest [37] the K H and K L values 
were 1.5 • 10 -s M and 9.5 • 10 -s M, respectively. A Hill coefficient of 0.48 was 
determined when data were plotted according to Atkinson et al. [38]. This 
coefficient was 0.6 when cinnamic acid was used as an inhibitor. 
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Fig.  4. T i m e  c o u r s e  o f  p h e n y l a l a n i n e  a m m o n i a - l y a s e  a c t i v i t y  in  radish c o t y l e d o n s ;  e f f e c t  o f  2 H 2 0 .  S e e d s  
o f  radish w e r e  g e r m i n a t e d  for  3 6  h in t h e  dark o n  H 2 0 .  T h e y  w e r e  t h e n  transferred  e i ther  to  far-red l igh t  
and  o n  H 2 0  (~), far-red l ight  and  2 H 2 0  (m), in t h e  dark and o n  H 2 0  (o) or  in t h e  dark and  a 2 H 2 0  (e) .  
T h e  e n z y m e  w a s  a s s a y e d  b y  t h e  r a d i o c h e m i c a l  m e t h o d ,  t O is 3 6  h after  s o w i n g .  
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Effect o f  2H20 on the developmental changes in phenylalanine ammonia-lyase 
Fig. 4 shows the comparative evolution of  the phenylalanine ammonia-lyase 

activity in cotyledons of seedlings grown either on t t20  of  2H20 (approx. 
100%). The level of  extractable enzyme was lower in the case of  exposure to 
~H20; however, the developmental pattern was not  affected. Therefore, 
undiluted 2H20 was used in this work. 

Turnover rate of  phenylalanine ammonia-lyase activity in cotyledons of  
etiolated seedlirtgs 

Fig. 4 shows that phenylalanine ammonia-lyase in cotyledons of  etiolated 
radish seedlings remains at an apparent steady-state level, in contrast with the 
large increase induced by far-red light. Despite the relatively low level of 
phenylalanine ammonia-lyase activity in darkness, it was still feasible to assay 
accurately the e ,  zyme after isopycnic centrifugation. This was made possible 
by  the partial purification of the extracts, which prevented overloading of  the 
gradients. 

The kinetics c,f ::H incorporation into phenylalanine ammonia-lyase are 
presented in Fig. 5. It is clear that  a synthesis of the enzyme occurs in darkness. 
A maximal band-broadening was observed after 3 h of  incubation with 2H20. 

Effect o f  far-red light on the turnover of  phenylalanine ammonia-lyase 
In order to investigate whether phenylalanine ammonia-lyase is synthesized 

as an inactive enzyme which is activated by light via phytochrome [16],  the 
following experiment was d~:~signed. Seedlings of radish were germinated for 
36 h in the dark on H20 and transferred onto 2H20 for 24 h. They were then 

60 ~,  

~ c 40  0 . 0 2 0  ~" 

L; 20 0 .010  ~, 

~ _l 1-- f" --~i "2 0.000 g~'~ 
0 6 12 18 24 

length  of exposure  to 2H20(h ) 

Fig. 5. Kinet ics  of  2H labelling of  pheny la l an ine  a mmo n ia - l y a se  in radish co ty ledons .  Seeds were  
ge rmina t ed  for  36 h in the  dark  on  H 2 0 .  Seedlings were  t hen  e i ther  left  for  6 h on  H 2 0  u n d e r  far-red 
light and t r ans fe r red  on to  2 H 2 0  in c o n t i n u o u s  far-red light (open  symbol s )  or  t r ans fe r red  on to  2 H 2 0  in 
darkness  (closed symbols ) ,  t o is 36 h af ter  sowing for the  da rk  t r e a t m e n t  and 36 + 6 h for  the  pre-  
i r radia ted  seedlings. Percentage  of increase in b a n d w i d t h  (circles) and increases in b u o y a n t  dens i ty  

(triangles) were  r ecorded .  
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Fig. 6. I sopycn ic  cen t r i fuga t ion  of  pheny la l an ine  ammonia - lyase .  Seeds of  radish were  g e r m i n a t e d  for  
36 h on  H 2 0  in darkness .  Seedlings were  t h e n  given the  fol lowing t r e a t m e n t s :  on  H 2 0  for  24 h in 
da rkness  ( o p e n  circles);  on  2 H 2 0  for  24  h in da rkness  (closed circles);  on  2 H 2 0  for  24 h in darkness  and  
on H 2 0  for  6 h u n d e r  far-red l ight (half-closed circles). 

replaced on H20 and simultaneously given 6 h far-red irradiation. If the 
increase in phenylalanine ammonia-lyase activity observed in the irradiated 
cotyledons is mainly due to the activation of  an inactive protein synthesized in 
darkness, this should result in a buoyant  density of  the enzyme close to that  
obtained after a 24 h labelling period in darkness. Fig. 6 shows that this was 
not  the case. The buoyant  density shift was 0.005 kg/1 compared to 0.018 
kg/1 for the control.  

We compared the labelling of  phenylalanine ammonia-lyase extracted from 
cotyledons of  etiolated seedlings with that  of  the pre-irradiated seedlings [18].  
Results are presented in Fig. 5. No significant difference was observed between 
the results o f  the two treatments,  neither in buoyant  density nor in bandwidth 
change. Furthermore,  when seedlings were put  in darkness for 3 h on 2H20 
after 6 h of  far-red light irradiation on H20, the distribution of  the enzyme 
after isopycnic centrifugation was similar to that  obtained when seedlings were 
exposed simultaneously to far-red light and 2H20 after the pre-irradiation. The 
apparent half-life of  phenylalanine ammonia-lyase was estimated by  calculating 
the percentage of  remaining unlabelled enzyme after various periods of  
exposure to 2H:O. A value of  3.5 h was found for the enzyme extracted from 
both etiolated and far-red illuminated cotyledons.  

Discussion 

In a previous report  of  Blondel et al. [23] it was concluded that phenyl- 
alanine ammonia-lyase from radish cotyledons was purified to homogenei ty  in 
a one-step procedure,  chromatography on Sepharose 4BoL-phenylalanine. This 
s tatement relied on the assumption that affinity chromatography was achieved. 
The present reinvestigation demonstrates that phenylalanine ammonia-lyase 
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was not  selectively bound to such an adsorbant. Two reasons can account for 
this. Firstly, the cyanogen bromide treatment creates charged groups on the 
matrix. Secondly, the presence of  the aromatic ring of  phenylalanine may 
establish hydrophobic  interactions with proteins [40]; and indeed, the 
Sepharose 4B-L-phenylalanine used in this work is closely related to the 
commercially available support  for hydrophobic  chromatography, i.e. phenyl- 
Sepharose (Pharmacia Fine Chemicals). Tanaka and Uritani [41] using a similar 
procedure for isolating phenylalanine ammonia-lyase from sweet potatoe,  
reported that the elution of  the enzyme could be achieved by  a gradient of  
1--10 mM phenylalanine. However, the pH of eluting buffer was simulta- 
neously shifted 3 units. Our results indicate that pH change alone was able to 
release the enzyme from the matrix. Neither 10 mM L-phenylalanine nor 1 M 
NaC1 were able to elute phenylalanine ammonia-lyase. The properties of  the 
lyase of radish cotyledons are similar to those of enzymes extracted from 
different sources [2,3,6,30]. Occurrence of high molecular weigth aggregates 
(above 1 000 000) was also demonstrated for phenylalanine ammonia-lyase of  
mustard seedlings [32] and of parsley cell cultures [6]. Zimmermann and Hahl- 
brock [6] suggested that this could be attributed to the existence of  different 
forms of  the enzyme. Our data show that the two (or more) molecular forms 
are interconvertible by means of ionic strength changes. The main feature of 
phenylalanine ammonia-lyase is revealed by initial velocity studies, that is, the 
non-Michaelian behaviour. Observed characteristics, i.e., two Km values and a 
Hill coefficient close to 0.5 meet the criteria for negative cooperativity [42, 
43].  Negative cooperativity, which seems to be the rule for phenylalanine 
ammonia-lyase [6,30,34],  was not  observed for the enzyme extracted from 
mustard cotyledons [44]. Since the previous procedure for determination of  
phenylalanine ammonia-lyase from radish cotyledons [23] was misleading, the 
hypotehsis of  the so-called inactive form of the enzyme was no longer valid. We 
reinvestigated the mechanism of the regulation of  phenylalanine ammonia-lyase 
by  phytochrome by  using the density labelling technique. The work described 
here differs from previous investigations in two ways. (i) Partially purified 
enzyme extracts were used instead of  crude extracts, thus allowing a reduction 
in the protein loading of  gradients and limiting the possible binding of  phenolic 
compounds to proteins [44,45].  This might be of  importance since the amount  
of  phenolic products is phytochrome-dependant  [46]. (ii) Analysis of  label}ed 
proteins was carried out  in KBr instead of CsC1 gradients [22];  it is worth 
noting that changes in band-width reported here are greater than those deter- 
mined in previous studies [17,18].  

The concentration of  2H20 to be used for labelling proteins has been 
discussed extensively [17,18,47].  It is clear that a high concentration of  2H20 
in the growth medium reduces many biological activities [48,49].  On the other 
hand, lowering the percentage of  2H20 results in a reduction of  the extent  to 
which proteins are labelled [50]. Recently, Lamb et al. [47] found that the 
inhibition of  protein synthesis caused by isotopic stress was the limiting factor 
for 2H labelling. We used high 2H20 concentration because preliminary experi- 
ments did not  reveal any dramatic effect of  2H20 on the evolution of  lyase 
activity within the first 10--12 h. As pointed out  by several authors [17--19],  
the level of  deuteration of the amino acid pool is an essential factor 
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conditioning the validity of  density labelling experiments.  Unfortunately,  the 
rate of  labelling of  the amino acid pool with 2H 2 O during the development of  
radish cotyledons is not  known.  An a t tempt  to measure this rate in mustard 
cotyledons was made by  Johnson and Smith [19] .  They found that it could be 
controlled by  phytochrome;  however they used an indirect procedure which 
had relatively poor  sensitivity. Moreover, one may argue that extractable amino 
acids are not  necessarily available to protein synthesis. At present we cannot 
exclude the possibility that  light affects the rate of  labelling of  the amino acid 
pool  in our material. 

The present data (Fig. 6) seem to rule out  the hypothesis o f  an inactive 
precursor of  phenylalanine ammonia-lyase in radish cotyledons.  The apparent 
half-life of  assayable lyase was estimated 3.5 h, which is consistent with the 
results of  Tong and Schopfer [18].  They found a shorter half-life of  the 
enzyme under far-red irradiation, whereas we did not  observe any significant 
difference between dark and light t reatment.  We suggest two possible explana- 
tions for our data. The first is that  the enzyme is synthesized in all cells of  the 
cotyledons in darkness, and that far-red light, acting through phytochrome,  
would increase the rate of  both  synthesis and degradation. Alternatively, 
phytochrome could promote  the synthesis of the lyase in those cells which do 
not  produce it in darkness, the turnover rate being the same in all cells. Both 
explanations imply that  far-red light does not  control  the availability of  
labelled amino acids for protein synthesis. This has not  been investigated in the 
present study. 
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