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ABBREVIATIONS

A = absorbance
au —aurea
BL = blue light
BSA = bovine serum abumin
cop = congtitutive photomorphogenesis
d = day
det = de-etiolation
ein = elongated internode
EODFR = end-of-day far-red
EDTA = ethylene diamine tetraacetic acid
fhy = far-red hypocotyl
fre - fa-red dongated
fri = far-red insengitive
FRL = far-red light
FW = fresh weight
h = height
h = hour
HA = hydroxyapatite
hy = elongated hypocoty!
kD = kilodaton
KP buffer = potassium phosphate buffer
/ = length
lip = light independent photomorphogenesis
mAP = monoclona antibodies of pea PHY A
mAT = monoclonal antibodies of tobacco PHYB
min = minutes
MW = molecular weight
PAGE = polyacrylamide gel electrophoresis
PBS = phosphate buffer saline
PCB = phycocyanobilin
PEI = polyethylenimine
pew = partialy etiolated in white light
Pr = red light absorbing form of phytochrome
Pfr = fa-red light absorbing form of phytochrome
PHY = phytochrome apoprotein
PHY = phytochrome gene
Phy = phytochrome holoprotein
Phy = phytochrome gene mutant
PMSF = phenylmethylsulfonyl fluoride
POR = protochlorophyllide oxidoreductase
PVP = polyvinyl pyrrolidone
PVDF = polyvinylidenedifluoride
RL =red light
SAR = gpecific absorbance ratio
SDS = sodium dodecyl sulphate
SRID = gngle radid immunodiffusion
TBST = tris buffer saline tween 20
TCA = trichloroacetic acid
TEMED = N,N,N',N'-tetramethyl ethylene diamine
tri = temporarily red light insensitive
TRIS = (trig hydroxymethyl]aminomethane)
uv = ultra-violet
w = width
WL = white light
WT = wild-type
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INTRODUCTION

The sessile nature of plants has forced the evolution of severa specific sensory
and adaptive mechanisms, to adjust to the exigencies imposed on them by
environmental fluctuations. The most important among the environmental factors are
light, water and temperature, for which plants have evolved specific adaptive
mechanisms. Light is a must for the surviva of plants, to drive photosynthesis, where
light is used as a source of energy. In addition, plants also use light as a source of
information by detecting its direction, duration, and spectra quality.

Plants estimate the duration of light by responding to the length of the day, a
phenomenon called photoperiodism, which adso provides the plant with reliable
information about the passage of the seasons (Shropshire and Mohr 1983). Severd
morphogenetic events in plants such as flowering, dormancy, formation of storage
organs etc., are known to be initiated by photoperiodic stimulus.

The perception of the direction of light yields important information,
enabling plants to optimize their position in the natural environment by appropriate
orientation movements, called phototropism. Mogt of the photosynthetic mobile algae
can move towards a favorable, or avay from a harmful light, a phenomenon called
phototaxis. Phototropism as well as phototaxis are effective mechanisms 6f movement
to optimize the availability of light for plants.

Plants have aso evolved mechanisms to sense the spectra quaity of light
impinging on them. Since plants largely use the blue and the red wavebands of light
in photosynthesis, the transmitted or the reflected light in plant canopies is rich in the
far-red region of the spectrum. The perception of enriched far-red light initiates
adaptive mechanisms in plants to offsat the disadvantage of growing in shade or close
to other plant species.

To detect and coordinate dl these light mediated physiological responses,
plants have evolved speciaized photoreceptors. These photoreceptors detect the light
gpectrum and adjust the growth and development of plants according to the changes in
the environment. To date, three groups of photoreceptors have been detected which
specificaly sense UV-B (280-320 nm), UV-A/blue (320-500 nm) and red/far-red



(600-750 nm) regions of the spectrum. It is believed that these three groups of
photoreceptors act both independently as well as cooperatively with each other.

Blue light plays a role in directiona responses-phototropism, morphogenic
responses-inhibition of hypocotyl eongation, movement of guard cells and
biosynthesis of pigments. Though the biochemical nature of this receptor is not
known, a gene responsible for some of the blue light mediated responses has recently
been cloned from the hy4 mutant of Arabidopsis (Ahmad and Cashmore 1993). The
molecular nature of other blue absorbing photoreceptors is not known. The molecular
identity of UV-B receptors has not yet been elucidated. Severa physiologica
responses are known to be specificaly mediated by UV-B photoreceptors like
phototropism (Baskin and Iino 1987), hypocotyl growth (Ballaré et a., 1991) and
hormone inactivation (Tevini 1991) etc.

In contrast to the above two groups of photoreceptors, the molecular identity
of the photoreceptor perceiving the red/far-red region of the spectrum has been known
since 1959, when it could be detected in the crude extracts of maize seedlings by
Butler et al., (1959), who named it as phytochrome. Phytochrome has been studied
extensively both a the biochemicad and molecular levels. Phytochrome is a
biliprotein, blue in color, with a monomeric molecular weight of about 116-127 kD,
and has an open chain tetrapyrrole as a chromophore (Furuya 1993; Pratt 1995).
Phytochrome in plants principally functions to monitor the duration of day length and
change in the spectral qudity of light. It is involved in several morphogenic responses
throughout the life cycle of plants.

It is known that several light mediated physiologica responses like hair
formation on epidermis, anthocyanin induction in the sub-epidermal layer, stomatal
opening in guard cells, chlorophyll formation in mesophyll and bundle shegth cells are
restricted to a specific cel or cel layer. Apparently, these responses are likely to be
triggered by the photoreceptor located within these cells or cell layers. However, the
exact location of the photoreceptor and the relationship between the leved of the
photoreceptor and the physiologica response is not established clearly. In the case of
phytochrome, where studies have been carried out about its distribution, the amount of

phytochrome was found to be more in the young meristematic cells. It is however not



clear, if such alocdization has a direct bearing to its role in growth regulation, but
preliminary evidence has favored the idea of site specific action of phytochrome.

The advent of recent techniques of molecular-genetic analysis has reveded
that the red/far-red sensing photoreceptor consists of severa sub-species (Pratt 1995).
Even the diminutive Arabidopsis plants possess five genes of phytochrome, which
perform discrete functions to regulate the photomorphogenetic phenomena. The
discovery of multiple phytochrome species has necessitated the examination of the
mode of the action and distribution of each of these speciesin plants.

Only a limited information is available regarding the comparative distribution
of different phytochrome species in plants. Most of the earlier studies have examined
only the distribution of the phytochrome species which is predominantly present in
etiolated tissue. In the presence study, the distribution of two species of phytochromes
was examined using immunochemical methods. The study was aso directed towards
deciphering the interrelationship between the spatia and tempora expression and the
distribution pattern of two phytochrome species namely phytochrome A (light-labile)
and phytochrome B (light-stable) in a monocot and a dicot species. In addition,
attempts were made to rescue phytochrome to its spectraly active form in the aurea

mutant of tomato using the exogenously supplied chromophore, phycocyanobilin.
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REVIEW

Plants have evolved specidized photosensory mechanisms to interpret the
light environment, so that they can suitably regulate their metabolism, growth and
development to optimize their survival in the Nature. Using these photosensory
mechanisms, plants can detect the intensity, direction, duration and spectral quality of
light. The light signal is involved in some way in the initiation or regulation of almost
al facets of plant development such as, seed germination, tropic responses, stem
growth, leaf expansion, Chloroplast biogenesis, pigmentation, flowering and
senescence (Kendrick and Kronenberg 1986).

The photosensory mechanism of plant consists of different photoreceptors to
sense the entire range of the visible spectrum. So far, a least three groups of
photoreceptors, have been detected by action spectroscopic studies, absorbing
specifically in three spectra regions of light - UV-B (280-320 nm), blue/UV-A (320-
500 nm) and red and near red region (600-750 nm). It is believed that these
photoreceptors independently as well as co-operatively control photomorphogenesis
of plants. These pigments detect one or more properties of the light environment such
as the quality, quantity, direction and duration of light and suitably modulate growth
and development in response to these conditions. The present review deals mainly

with phytochrome: its expression, regulation and distribution.

2.1. Blue/UV-A photoreceptors

Blue light plays arole in directional responses like phototropism, morphogenic
responses like inhibition of hypocotyl € ongation, movement responses like stomatal
opening, and metabolic responses like biosynthesis of pigments and gene expression
(Kaufiman 1993). Although blue-light responses in plants were reported by Darwin
over a century ago, so far no chemicaly defined blue/UV photoreceptor, often
referred to as cryptochrome, absorbing specifically in blue spectra regions of the light
has been identified or isolated. Among the several molecules which absorb in the
blue/lUV spectrum, flavins are consdered as the most likely candidates for
chromophore, athough carotenoids and pterins are also believed to be suitable

candidates. In fact, Quihones and Zeiger (1994) have recently presented compelling



evidences that carotenoids like zeaxanthin act as chromophore for phototropism in
maize coleoptiles.

The molecular identity of the apoproteins likely to act as blue/UV-A
photoreceptor is also not known. Recently, a gene for a likely UV/BL photoreceptor
has been cloned from the hy4 mutant of Arabidopsis. The hy4 mutants do not display
blue-light dependent inhibition of hypocotyl elongation (Koornneef et al., 1980).
Ahmad and Cashmore (1993) isolated the gene corresponding to the hy4 locus of
Arabidopsis thaliana using t-DNA tagging. The hy4 gene encodes a protein with
significant homology to a very rare class of flavoprotein that catalyzes BL dependent
reactions. Moreover, the action spectrum of BL inhibition of hypocotyl eongation
matches the absorption spectrum of the homologous long wavelength class of
photolyases. On the basis of the hydropathy profile, HY4 appears to be a soluble
protein like phytochrome. The hy4 locus shows a close homology of amino acid se-
quence with microbial DNA photolyases. The photolyases are a class of flavoproteins
that catalyze the light dependent repair of pyrimidine dimers in DNA damaged by UV
light (Sancar and Sancar 1988). The homology of amino acid sequence of HY4 with
microbia photolyases was high in the regions of chromophore binding site which is
likely to be a flavin. However, a tryptophan residue which is conserved in microbial
photolyases and essentia for specific recognition of the pyrimidine-dimer substrate, is
not conserved in HY 4. The molecular nature of other blue absorbing photoreceptors is
not known, but the study of other blue light mutants has poi nted to the presence of
additional blue photoreceptors for controlling photomorphogenesis and phototropism
(Khurana and Poff, 1989).

Since phytochrome aso absorbs blue and UV light, it has been difficult in the
past to exclude the possibility that phytochrome may be involved in many blue-light
mediated responses. The usage of photomorphogenic mutants defective in BL
perception has now shown that, 1) low fluence blue responses are mediated by
phytochrome, 2) high fluence responses are mediated by BL receptors, and 3) there is
an independent photoreceptor for UV-A perception (Liscum and Hangarter 1994).
These studies point to the presence of a least three distinct photoreceptors for blue
responses, one for UV-A, another for hypocotyl elongation, and a third for phototrop-

ism.



2.2. UV-B receptors

Though physiological studies have clearly established the presence of UV-B
photoreceptor in a number of species (Wellmann 1971; Drumm-Herrel and Mohr
1981), to date, the bi ochel'nical or molecular identity of these receptors has not been
elucidated. Using photomorphogenic mutants and flavin quenching compounds,
Balaré et al., (1995) showed that it is likely that flavins act as chromophores for UV-
B photoreceptors. There are many physiological responses known to be mediated by
UV-B receptors such as phototropism (Baskin and lino 1987), hypocotyl growth
(Bdlareé et a., 1991), flavonoid induction (Tevini et al., 1981, 1991; Beggs and
Wellmann 1985), hormone inactivation (Tevini et al., 1991) etc. UV-B and blue/UV-
A were the most effective wave bands in stimulating anthocyanin synthesis. A step
has been taken in the direction of identifying the UV-B receptor by isolation of UV-B
mutants such as wvrl and uvkhl. These mutants were found to be hypersenstive to

UV-B radiation (Britt et al., 1993; Harlow et al., 1994).

2.3. Phytochrome

The advent of molecular-genétic analyss and its application to
photomorphogenesis revedled several additiona facets governing plant devel opment,
particularly with respect to the phytochrome molecule, its function and signd
transduction. Phytochrome is encoded by a small multi-gene family in Arabidopsis
consisting of at least five genes (Quail 1991). However, information on the molecular
properties of phytochrome is restricted only to phytochrome A, which is the only
photoreceptor to be purified to homogeneity. It is a bluish chromoprotein of about
116-127 kD monomeric size, with an open chain tetrapyrrole as a chromophore
(Kendrick and Kronenberg 1986). The tetrapyrrole chromophore is linked to the
apoprotein moiety via a thioether linkage a a cystein residue 321 (Lagarias and
Rapoport 1980; Hershey et al., 1985). This chromophore absorbs light and brings
about conformational changes in the apoprotein.

Phytochrome exists in two photointerconvertible forms;, Pr- the red-light
absorbing form which converts to Pfr form after absorbing RL; and Pfr- the far-red
absorbing form which converts to Pr form after absorbing FRL. Photoconversion of Pr
to Pfr likely involves aZ to E isomerization about the C15 double bond between the
C- and D-tetrapyrrole rings of the phytochrome chromophore (Terry et a., 1993).



Phytochrome is synthesized in the Pr form, and accumulates as a soluble cytoplasmic
protein. When seedlings are exposed to light, the Pr form of phytochrome converts
into the Pfr form, which initiates many photoresponses including the ateration of
plant gene expression, involving either transcriptional activation or repression of
specific genes (Quail 1991; Thompson and White 1991), bringing changes in severa
metabolic pathways (Pratt 1982).

2.4. Types of phytochrome

Physiologica (Hillman 1967), spectrophotometric (Jabben and Holmes 1983),
biochemical and immunochemical (Shimazaki et al., 1983; Tokuhisa and Quail 1983,
1987, 1989; Shimazaki and Pratt 1985 1986; Tokuhisa et al., 1985; Cordonnier et al.,
1986; Pratt et al., 1991; Wang et a., 1991) studies demonstrated that there are at least
two pools of phytochrome in plants. The most abundant species of phytochrome,
which is present in the etiolated tissues in plants is referred to as type | phytochrome
(Quail 1991), it is light-labile and present at substantially lower levels in green tissue
when compared to etiolated tissue. Since type | phytochrome is encoded by PHYA
genes it can be referred to as phytochrome A (Quail 1991). Phytochrome A has been
purified and extensively characterized. Type Il phytochrome is light-stable and
present at approximately the same levels in light-grown and etiolated tissues.
Molecular studies on this phytochrome has made it clear that type Il phytochrome
consists of severa phytochrome species (Quail 1991).
2.4.1. Phytochrome types. biochemical evidences

Butler (Siegelman and Butler 1965) was the first to propose the existense of
multiple phytochrome species in plants. A smilar suggestion was made by Heim et
al., (1981) on the basis of spectroscopic examination of the kinetics of phytochrome
degradation in light-grown tissues of Amaranthus caudatus. Subsequently severa
groups reported immunological evidences for the presence of more than one
phytochrome. Tokuhisa et al., (1985) reported that phytochrome in light-grown oat
seedlings differed both spectrally and immunochemically from that purified from
etiolated oat seedlings. Shimazaki and Pratt (1985) aso found that chlorophyllous oat
leaves contained a phytochrome which was immunologically distinct from the most
abundant phytochrome present in etiolated oat and pea. Pratt et al., (1991) prepared
seven different monoclonal antibodies using phytochrome puriffed from green oat



leaves. Out of these only one cross reacted with the abundant phytochrome species
present in etiolated oat shoots. Using monoclonal antibodies raised against different
domains of phytochrome isolated from light-grown oat seedlings, Wang et al., (1991)
found three phytochrome apoproteins in oat seedlings with molecular weights of 123
kD, 124 kD and 125 kD. The 124 kD phytochrome protein accumulated in relatively
high levels in etiolated seedlings. The other two phytochromes accumulated in
relatively low levels and had almost the same leve in both light- and dark-grown
seedlings.

Abe et a., (1989) compared the partial amino acid sequences of the
phytochrome purified from green pea leaves with phytochrome purified from etiolated
tissues. They found that the N-terminal segment of the green tissue phytochrome is
different from that of the etiolated tissue phytochrome, and is likely derived from a
gene other than that encoding the more abundant phytochrome. The multiple species
of phytochrome have been detected in severa species by immunodetection. For
example, in Arabidopsis three different apoproteins of phytochrome namely,
phytochrome A, phytochrome B and phytochrome C were immunodetected by Parks
and Quail (1993). In tomato, both phytochrome A and phytochrome B were detected
using monoclonal antibodies raised against phytochrome A of pea (mAP) and
monoclona antibodies raised against phytochrome B of tobacco (mAT) (Sharma et
al., 1993).

2.4.2 Phytochrome types. molecular evidences

The first unequivoca evidence for the existence of multiple phytochrome
species was provided by molecular cloning. In Arabidopsis, phytochrome was found
to be encoded by a smal multi-gene family consisting of five distinct
Apophytochrome-encoding genes, The full-length cDNAs representing al five of
these, PHYA, PHYB and PHYC (Sharrock and Quail 1989), PHYD and PHYE (Clack
et a., 1994) have aso been cloned and sequenced. In tomato, five genes have been
cloned and sequenced {PHYA, PHYB1, PHY2, PHYE, PHYF) and the presence of at
least three more genes have been predicted (Prait 1995).

In sorghum, three PHY named as PHYA, PHYB, PHYC have been identified by
sequence comparisons of PCR fragments to known PHY (Cordonnier-Pratt et al.,
1994). In rice both PHYA and PHYB have been sequenced (Kay et al., 1989; Dehesh



et a., 1991) and PHYC has been reported in a preliminary fashion (Quail et al., 1991).
In addition, complete cDNA sequences have been reported for PHY. A and PHYB from
potato (Heyer and Gatz 1992a,b), and tobacco (Adam et al., 1993; Kern et a., 1993).

It is now known that type | phytochrome, which is light-labile, is encoded by
the PHYA gene. Type Il phytochrome consists of several phytochrome proteins-
phytochrome B, phytochrome C etc., that are light-stable (Quail 1991). The amino
acid sequences of these proteins diverged from each other during evolution
(Schneider-Potesch et al., 1994). Among these phytochrome B is the most primitive

and the other phytochromes have apparently evolved from it.

2.5. Purification of phytochromes

To unravel the molecular mechanism by which phytochrome regulates
developmental responses in plants, a knowledge of its structure is necessary. To
decipher the structure, structure-function relationship and other biochemical
properties, it is necessary to purify phytochrome. Since distinct phytochrome species
have been identified in higher plants, their individual purification becomes necessary
to understand their role.

2.5.1. Assay

Purification of phytochrome started promptly after its discovery, but it took
amost twenty-four years to develop a successful protocol for purifying the
phytochrome molecule with properties apparently identica to those of the native
phytochrome (Vierstra and Quail 1983). Severa problems are encountered during
phytochrome purification. Firstly, due to the interference of other pigments like
chlorophyll, it is very difficult to quantitate and purify phytochrome from green
tissues. Secondly, Phytochrome also undergoes rapid degradation in light, particularly
phytochrome A. Moreover, phytochrome is highly susceptible to proteases liberated
during homogenization.

During the process of purification, a good assay system should be available, to
monitor the purified protein level at different stages of purification. Since the
molecular properties of phytochrome are largely unknown and it is not an enzyme, its
activity can not be monitored during purification using conventiona methods.
However, its chromoprotein nature and capacity to exist in two form has been highly

useful to estimate it by spectrophotometry during purification.
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Spectrophotometric assay can be accomplished by either direct measurement
or by difference spectroscopy, making use of phytochrome's unique property to
undergo photoreversible absorbance changes. The direct absorbance assay can be used
for any clear solution which contains no appreciable absorption from other pigments
in the red spectra region. While, the difference spectroscopic method is preferable
while measuring samples containing other molecules absorbing in the visible region,
this method has the advantage that it can be used to measure phytochrome in opaque
samples such as intact tissues or turbid samples.

Phytochrome can adso be quantitated using antibodies raised against it by
different immunological techniques. Though these techniques have high sensitivity,
are insensitive to other pigments and can detect spectrally aberrant molecules, but
these techniques can not discriminate between spectraly active and inactive
phytochrome molecules.

2.5.2. Purification of light-labile phytochrome

To date only one light-labile phytochrome i.e. phytochrome A has been found.
Earlier attempts to purify phytochrome A were based on the procedure established by
Siegelman and Firer (1964). They reported 60 fold purification from isolated oat
seedlings using ammonium Sulfate fractionation, ion-exchange and ge filtration
chromatography. Mumford and Jenner (1966) reported 750 fold purification of
phytochrome from oats. This protein had a molecular weight of 55 kD to 62 kD.
Hopkins and Butler (1970) obtained a similar preparation with the same molecular
weight, with a little higher yield than that reported by Mumford and Jenner. This
phytochrome molecule was subsequently shown to be derived artificidly from a
larger molecule with an apparent monomeric molecular weight of 120 kD by in vitro
proteolysis during purification which could be prevented by incluson of PMSF in
buffers (Gardner et a., 1971). In order to decrease the time required for purification,
Hunt and Pratt (1979) developed immunoaffinity purification procedure which
yielded phytochrome with molecular weight of 120 kD. Smith and Daniels (1981)
employed agarose-immobilized Cibacron Blue chromatography with a combination of
brushite chromatography and purified phytochrome from rye with a molecular weight
of 120 kD.
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By cell-free synthesis of phytochrome 2poprotein in both rabbit-reticulocyte
lysate and wheat germ systems, using poly(A) RNA from etiolated oat shoots, Bolton
and Quail (1982) reported that the monomeric molecular weight of the protein is 124
kD. Finally, Vierstra and Quail (1983) were able to develop a protocol with a few
modifications to isolate the native form of phytochrome with a monomeric molecular
weight of 124 kD. They included PMSF, a serine protease inhibitor, in the extraction
buffer, and also maintained the protein in its Pfr form throughout the purification.
With this protocol pure oat phytochrome A with a SAR vaue of 0.67 and yield of
13% was obtained (Table 2.1)

Thereafter, several groups improved upon the protocol based on Vierstra and
Quail (1983) mainly to reduce the time required for purification and to increase the
yield and purity. Litts et al., (1983) developed a different protocol which included
pentylagarose chromatography step followed by two hydroxyapatite chromatography
steps. They purified phytochrome with a monomeric molecular weight of 124 kD
(70%) with a SAR value of 0.65 and about 20% vyield. Datta and Roux (1985)
concentrated phytochrome dfter hydroxyapatite chromatography with polyethylene
glycol and subjected it to another hydroxyapatite chromatography step. They were
able to complete the purification process within 14 h and obtained an average yield of
10%. This procedure is advantageous when compared to that of Litts et al., (1983) as
it can be completed in shorter time due to the use of fast flow hydroxyapatite. This
procedure also eliminates pentylagarose column used by Litts et a., (1983) and adds a
Fractogel molecular sieve column step.

Grimm and Riidiger (1986) developed a smple and rapid method for the
isolation of 124 kD phytochrome from oat seedlings. These authors used the
differential  solubility of phytochrome and other contaminant proteins at different
concentrations of potassum phosphate buffer to purify phytochrome.  After
hydroxyapatite chromatography, phytochrome was precipitated with ammonium Sul-
fate and the pellet was washed with 10 mM and 100 mM potassium phosphate buffer
to eliminate contaminating proteins including the degraded products of phytochrome,
i.e. 114/118 kD proteins. They dso included a polyvinylpyrrolidone precipitation step
for further purification. They reported an yield of 16% with a SAR value of 0.90-0.99.
Cha e a. (1987) used ammonium Sulfae back extraction, hydroxyapatite



Table 2.1 Comparative evaluation of different methods of 124
kD phytochrome A purification in oat

Vierstraand Quail (1983) 0.67 13 3 48
.Lifts_:etal,,.-(ié_gsa | o 20 3 36
Datta };nd Rmzx(1985) '_ __ 108092 10 3 4
'fGri mrﬁ and l:{;idiger (1986) { 0.92-0.99 25 1 16
Chai e__t'..:al., (1§87) ; 095113 22 2 >10
Lapko and Song (1995) T>1.00 20 1 :
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chromatography and Bio-Gd filtration chromatography and reported a SAR vaue of
0.99-1.13 and yield of 22% for the purified 124 kD oat phytochrome.

Nakazawa et al., (1990) purified native phytochrome from etiolated pea
seedlings using several columns such as pentyl agarose, DEAE-Sepharose, phenyl
Toyopearl, Red Toyopearl and Sephacryl S-300. They obtained pure phytochrome
with a SAR vaue of 0.98 with a yield of 7% and molecular weight of 121 kD. Re-
cently Lapko and Song (1995) reported a simple procedure for purification of
phytochrome from oat seedlings, using a combination of ammonium Sulfate back
extraction and phosphate washings. The phytochrome sample was further subjected to
Toyopearl HW-65S gd filtration chromatography and pure phytochrome with a SAR
value greater than 1 was obtained. For the first time, these authors could eliminate
hydroxyapatite chromatography, which is the mgor time consuming step in the
purification procedure by using the property of differentia solubility of phytochrome.
2.5.3. Purification of light-stable phytochromes

Mogt information regarding the molecular properties of phytochrome has
come from the studies on the phytochrome isolated from etiolated tissues. But
physiological and in vivo spectrophotometric studies clearly implied presence of
phytochrome(s) with different properties in green tissues. Recent molecular evidences
confirmed the presence of a different pool of phytochrome- light-stable phytochromes.
This light-stable pool of phytochrome consists of several distinct phytochrome species
in higher plants. In Arabidopsis, four PHY genes have been cloned, encoding four
light-stable phytochromes, namely phytochrome B, C, D and E. The discovery of
multiple species of phytochromes initiated efforts to purify and characterize them
individually. So far, purification of light-stable phytochrome has been attempted only
in oat (Pratt et al., 1991) and pea (Abe et a., 1985) and in both instance only partial
purification could be achieved. The attempts to isolate it from other species have not

yet been reported.
2.5.3.1. Limitations in purification of light-stable phytochrome

The mgor limiting factor in achieving homogeneous purification of light-
stable phytochrome is its extremely low amount that is 50-100 fold lower than that of
light-labile phytochrome (Pratt 1982). In agueous crude extract of green oat |eaves,
its level was estimated to be about 0.002-0.003% of the total proteins (Tokuhisa and
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Quail 1989). Additionally the presence of pigments like chlorophyll in green tissues
strongly interferes during spectrophotometric assay of phytochrome during
purification (Pratt 1982).

Earlier approaches to this problem included the use of achlorophyllous tissue
(Butler et a., 1963; Jabben and Deitzer 1978) or extracts of chlorophyllous tissue
treated either with organic solvents (Taylor and Bonner 1967), with various precipi-
tating agents (Hunt and Pratt 1979; Bolton and Quail 1981) or simply with respective
fractionation using ammonium Sulfate and chromatography (Lane et al,. 1963).
2.5.3.2. Purification of light-stable phytochrome

Tokuhisa et a., (1985) developed a method to concentrate and estimate
phytochrome from green oat tissues, reducing the chlorophyll content using
polyethylenimine and ammonium Sulfate fractionation. The difference spectrum of the
partialy purified phytochrome showed two peaks, a 652 nm and 729 nm.
Immunaoblot probed with antibodies raised againgt 124 kD phytochrome, recognized
two bands; a faint band with a molecular weight of 124 kD and another strong band
with amolecular weight of 118 kD. Peptide mapping with Staphylococcus aureus 'V 8
protease has proved that 118 kD phytochrome from green oats was different from the
124 kD phytochrome from etiolated oats.

Tokuhisa and Quail (1989) extended the above findings by developing an
improved protocol based on Vierstra and Quail (1983) method. After PEI and
ammonium Sulfate fractionation, they included HA chromatography and PEI-agarose
chromatography. They also found that PMSF, a serine protease inhibitor is not effec-
tive in controlling proteolysis. But iodoacetamide and leupeptin which block thiol
specific proteases, are effective for the isolation of phytochrome from green plant
tissues. With these modifications they reported about 55 pg yield of phytochrome per
kilogram of plant tissue. This partialy purified phytochrome showed a monomeric
molecular weight of 118 kD on immunoblot. The difference spectrum maxima of this
partialy purified phytochrome were a 654 nm and 731 nm.

Immunoblot analysis of green-oat extracts prepared with non-denaturing
buffers and incubated at 20°C for 2 h probed with antibodies raised against oat type |
phytochrome showed a shift in phytochrome mobility from 118 kD to 112 kD. Inthe
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Immunoblot, the extracts from fresh or freeze-dried green oat tissue extracted directly
into boiling sodium dodecyl sulfate-containing buffer also showed a predominant
band with a molecular weight of 118 kD. In contrast, Cordonnier et a., (1986)
reported a molecular weight of 121 kD to 125 kD for this phytochrome isolated from
green oat shoots. Abe et a., (1985) partialy purified phytochrome from green pea
seedlings using immunoaffinity chromatography. They used agarose columns coupled
to monoclona antibodies raised against 121 kD pea phytochrome, the predominant
species in dark-grown seedlings.

Pratt et al., (1991) developed a purification method for the large-scale isolation
of phytochrome from light-grown oat seedlings. Using sequential polyethylenimine
and ammonium Sulfate fractionation, followed by hydroxyapatite chromatography,
they achieved 250 fold purification with about 0.6% yield of pure protein. The
purified protein showed absorbance peaks at 659 nm and 720 nm. The monomeric
molecular mass of the partidly purified sample was 123 kD which is different from
118 kD vdue reported by Tokuhisa and Quail (1989). With this method the
approximate yield was 100 pg of phytochrome per kilogram fresh weight of sample.
This partialy purified phytochrome sample was used to raise monoclonal antibodies
(Pratt et a., 1991). Kidd and Lagarias (1990) purified phytochrome from
Mesotaenium caldariorum, a unicelular green alga with a monomeric molecular
weight of 120 kD and a SAR vaue of 0.78. The purified protein showed in the
difference spectrum, two peaks, one at 646 nm and another at 720 nm.

In general, purification of phytochrome to homogeneity from green tissues
was not successful in higher plants. Only one light-stable phytochrome, probably
phytochrome B, has been partially purified. Further work is needed to purify other
phytochrome species like phytochrome C, phytochrome D and phytochrome E etc.
Overexpression of these proteins in transgenic mutants will offer a system for
achieving homogeneous purification, though the overexpressed protein may not be
exactly smilar to the native phytochrome present in the plant system for structural
studies. Cloning of phytochrome genes has enabled antibodies to be raised against
particular conserved constructs to produce more universaly applicable antibodies.
Lopez-Juez et a., (1992) raised monoclonal antibodies against tobacco phytochrome
B by overexpressng PHYB C-termina fragment in E. coli. Using this technique,
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antibodies against phytochrome B and phytochrome C in Arabidopsis (Somers et a.,
1991) and against phytochrome B in rice (Dehesh et a., 1991) have also been raised.
2.6. Chromophore biosynthesis and hoioprotein assembly

There are two convergent pathways in the biogenesis of the phytochrome
hoioprotein. One involves the synthesis of the apoprotein and the other, the synthesis
of the chromophore and its attachment to the apoprotein. The knowledge about the
chemical path of phytochromobilin biosynthesis is lacking (Elich and Lagarias 1987).
But it is known that the ste of phytochromobilin synthesis is the plastid and it is
exported to the cytoplasm (Terry and Lagarias 1991), where the formation of the
hoioprotein occurs. Moreover, the synthess of both the apoprotein and
phytochromobilin are found to be independent.

The phytochrome chromophore bears a close structura resemblance to the
chromophores of phycobiliprotein- phycocyanin and phycoerythrin; the light-
harvesting pigments of rhodophyte and cryptophyte algae and cyanobacteria (Rudiger
et a., 1980; Lagarias et a., 1979). Heating these phycobiliproteins with methanol or
strong acids, cleaves the thioether bilin-protein linkages and liberates free bilins that
have been characterized by spectroscopy (Cole et al., 1967; Crespi et a., 1967).
Cleaved bilin free acids have proven to be useful reagents for the study of the
biosynthesis of the free phytochrome chromophore and its assembly with the
phytochrome apoprotein. Because phytochromobilin has not been readily available,
the intermediacy of this pigment in phytochrome biosynthesis has been inferred from
the ability of phycocyanobilin to substitute for the natural chromophore precursor
both in vivo (Elich et a., 1989) and in vitro (Elich and Lagarias 1989; Lagarias and
Lagarias 1989; Wahleithner et a., 1991; Deforce et al., 1991; Kunkd et al., 1993).

The use of two inhibitors of plant tetrapyrrole synthesis, gabaculine (Gardner
and Gorton 1985) and 4-amino-hexynoic acid (Elich and Lagarias (1987) have
facilitated the analysis of the pathway of phytochrome chromophore biosynthesis.
These inhibitor blocks phytochrome chromophore synthesis resulting in accumulation
of phytochrome apoprotein in vivo. Etiolated oat seedlings grown in the presence of
gabaculine, administered with 5-aminolevulinic acid, or with biliverdin, or with
phycocyanobilin- putative precursors of chromophore, exhibited a rapid increase of
spectrophotometrically detectable phytochrome (Elich and Lagarias 1987; Elich et al.,



16

1989). The phycocyanobilin derived photochromic adduct exhibited blue-shifted
optical properties, thus providing a unique signature of this newly formed species.
Similarly, hyl, hy2 mutants of Arabidopsis and pewl-I mutant of tobacco,
characterized as chromophore deficient mutants, were rescued by feeding them with
exogenoudly supplied tetrapyrrole chromophore analogs like biliverdin IXa and
phycocyanobilin (Parks and Quail 1991; Kraepidl et al., 1994).

Elich and Lagarias (1989) showed that addition of phycocyanobilin to soluble
extracts of 4-amino-5-hexynoic acid (an inhibitor of chromophore) treated seedlings
results in a rapid increase in spectrally active phytochrome holoprotein in vitro.
Further, it was proved that the formation of photochemically active holophytochrome
is spontaneous and occurs in the absence of any enzyme or cofactors Also,
phytochrome apoprotein produced by in vitro transcription and trandation of a full-
length oat phytochrome cDNA clone combines with phycocyanobilin to produce a
photoreversible holoprotein (Lagarias and Lagarias 1989; Wahleithner et al., 1991). It
Is believed that the phytochrome apoprotein itself may have the bilin C-S-lyase
activity which is necessary for the attachment of the chromophore to the apoprotein.

In another study, it was shown that pea type | phytochrome apoprotein
expressed in yeast assembled in vitro with phycocyanobilin to produce a
photoreversible phytochrome like adduct (Deforce et al., 1991). Recently Li and
Lagarias (1994) showed that yeast cells expressing recombinant oat apophytochrome
A can take up exogenoudy supplied linear chromophore analogs to form photoactive
holophytochrome in situ. In another study, the light-stable tobacco apophytochrome B
expressed in yeast could be assembled with phycocyanobilin to give a photoreversible
adduct (Kunkel et a., 1993). The ligation of the chromophore to the dimeric
apoprotein resulted in a PHY B-phycocyanobilin adduct with the spectral properties of
the Pr form of PHYB. Since the assembly of the chromophore to the apophytochrome
is not only restricted to PHYA aone, but also takes place in the case of PHY B, it can
be assumed that the same is dso possible for other phytochromes like PHY C, PHYD
etc.
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2.7.Phytochrome expression and distribution

2.7.1 Transcript level and distribution

In contrast to phytochrome A which has been extensively characterized both
by spectrophotometry and immunocytochemistry, the expression of PHY encoded
MRNA has been little investigated (Pratt 1995). Using in situ hybridization, in maize
PHYA transcript was found to accumulate preferentialy in the root cap (Johnson et
a., 1991). This is consistent with PHYA distribution assessed in other grasses by
immunocytochemistry (Pratt and Coleman 1974). Seelay and Colbert (1992) found
that in 4-d-old etiolated oat seedlings, PHYA mRNA amount is maximal within 10
mm of the tip of the coleoptile and in the coleoptile node, with almost none in the
enclosed primary leef. These observations are again consistent with PHYA
distribution assessed immunocytochemicaly (Pratt and Coleman 1974). These data
support the assumption that PHYA mRNA accumulates in the same region of the
etiolated seedlings as the PHYA protein. In potato, Heyer and Gatz (1992a) found
PHYA transcripts to be most abundant in dark-grown sprouts and seedlings. However,
in light-grown potato seedlings, PHYA mRNA was abundant in the root.

Other than the comparative anaysis of PHYA and PHYB expression in rice
(Dehesh et al., 1991), there has been no comparative analysis of PHY transcript level
in a monaocot. In rice, the level of PHYB transcripts are not much influenced by light,
whereas PHYA mRNA is strongly photoregulated. The relative expression levels of
different PHY in Arabidopsis has been well studied (Sharrock and Quail 1989; Clack
et a., 1994). Clack et al., (1994) reported that all five PHY in Arabidopsis are
generdly expressed constitutively, the only significant exception being the down
regulation of PHYA transcripts, either by light or as the plants age. On comparing the
transcript levels of al five PHY in roots, rosette leaves, flowering bolt stems and
whole flower, they found little organ specificity in distribution of the PHY mRNAs.

In contrast to the preceding observations made by the analysis of Northern
blots, Somers and Quail (1995) followed the transcriptional activity of PHYA and
PHYB promoter throughout the life cycle of Arabidopsis. This was done by preparing
fuson between the appropriate Arabidopsis PHY promoter and the B-glucuronidase
(GUS) reporter gene and by expressing the construct in transgenic Arabidopsis.
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Whenever a direct comparison can be made, the data are similar to those obtained by
Northern blots. Somers and Quail (1995) found the PHYA promoter to have 10 fold
lower activity in light-grown, when compared to etiolated seedlings, while, the PHYB
promoter decreased only 2 fold in activity. Interestingly, the activity of PHYA
promoter in light-grown seedlings was 2-5 fold greater in roots than in shoots which
agrees with the observation made for PHYA mRNA in potato and oat.

With these same transgenic plants, Somers and Quail (1995) determined both
the tempora and spatia distribution of PHYA and PHYB promoter. The mgor
findings of their studies can be summarized as a) only dight differences were found
between PHYA and PHYB with respect to the spatial distribution of their promoter
activities b) both PHYA and PHYB are active throughout the life cycle in Arabidopsis
and ¢) PHYA promoter activity is greater than that of PHYB. Both promoters are
active in light and dark and in both shoots and roots. Moreover, activities of the two
promoters are well correlated, with GUS accumulating in chlorophyllous cells, in both
the mesophyll and the epidermis of light-grown cotyledons, in vascular tissue;
essentially dl the cells of 4 week-old leaves, in root tips, in chlorophyllous tissues, in
sepals, carpels and in stamens. Discrete differences between the two activities are seen
in mature pollen, where only the PHYB promoter is active, and in the roots, where

only PHYA promoter is active.

More recently, Hauser et a., (1994) have assessed by Northern blotting the
distribution of five PHY mRNA in tomato through its entire life cycle. As in
Arabidopsis, the PHYA transcript is the most abundant throughout the life cycle of
green house grown tomato plants. All the mRNAs increase in quantity during the first
56 d of development, irrespective of whether the seedlings are grown in darkness or
light. All the transcripts begin to decline by 6-7 d except for PHYE which is abundant
in older plants. The expression of the different PHY in tomato is constitutive, with
PHYA mRNA amost aways predominating just as in Arabidopsis. In contrast to all
other transcripts whose abundance peaks at an early age, PHYE mRNA is several fold
more abundant in mature plants than in seedlings. PHYF mRNA is present at a very
low leve in the seedling stage, but it reaches the levd of other PHY transcripts in both

leaves and reproductive organs of mature plants.
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Adam. et al., (1994) demonstrated that in transgenic tobacco plants, al the
transgenes, i.e., PHY-A1-GUS, PHY-A2-GUS, PHY-A1-CAT and PHY-A2-CAT were
expressed identically as that of the PHY-A gene at al developmental stages. Their
findings show that i) expression of both PHYA genes in tobacco is controlled by the
same regulatory mechanism ii) PHYA mRNA abundance is mainly influenced by
transcription rather than mRNA stability, iii) the transcription of the two PHYA genes
Is autoregulated by phytochrome and is not affected by the circadian clock. They aso
reported that the transcription of PHYA genes is down regulated very effectively by
light in the early stage of development. Wheress at later stages of development, the
down regulation by light becomes less effective and this transition is regulated
developmentally. In addition, the expression of PHYA genes shows a characteristic
organ specific pattern, with expression being maximum in the root tip, hook region
and to lesser extent in cotyledons and vascular tissues.

2.7.2. Phytochrome expression: proten level

In order to understand the function of phytochrome, it is important to study its
intra- and inter-cellular localization. The two different methods employed to study the
localization of phytochrome are @) spectroscopic assay method b) immunological

assay method.
2.7.2.1. Inter-cellular distribution

2.7.2.1.1. Spectrophotometry

After the advent of the spectroscopic assay for phytochrome, severd
investigators used it as a tool to establish its distribution in different tissues and
organs. Using this technique, phytochrome has been detected in a wide variety of
plant species. Briggs and Siegelman (1965) studied phytochrome distribution using
the spectroscopic assay method. In monocots i.e. barley, oat and maize they reported
that high amount of spectroscopically detectable phytochrome was present at the base
and the gpex of the coleoptile and leaf. The aso found that phytochrome level was
high at the mesocotyl node and very low in the remaining mesocotyl.

In light-grown plants, phytochrome measurements were made using tissues in
which chlorophyll was diminated by herbicide bleaching (Jabben and Deitzer 1978)
or in tissues lacking chlorophyll such as roots, tubers and cauliflower curd. Phyto-

chrome was detected in monocot and dicot leaves, roots, cotyledons, fruits,
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inflorescence, hypocotyls, petioles, bulbs etc. (Kendrick and Kronenberg 1986). In
Norflurazon bleached tissue which lacks chlorophyll, phytochrome was found
throughout the secondary leaves of corn, primary leaves of oat seedlings and
cotyledons of various dicot plants. By microbeam irradiation, Tepfer and Bonnett
(1972) found that phytochrome was present in the root gpex of Convolvulus arvensis.
Gravitropism of roots of this plant was influenced by RL via phytochrome. In
rhizomes of 12-14 week-old johnson grass plants, phytochrome was assayed in vivo
and a basipeta decrease from the apex through the 8 nodes was found (Duke and
William 1977). Though spectroscopic assay suffers from the disadvantage of non-
specificity, it can be presumed that in etiolated seedlings it largely represents phyto-
chrome A didribution, whereas in light-grown plants, that of light-stable
phytochrome.

2.7.2.1.2. Immunocytochemistry

Pratt and Coleman (1971) were the first to agpply immunocytochemical
technique to study phytochrome distribution. This technique is superior to the
spectroscopic assay, as it alows the examination of phytochrome in different tissues
of the same organ. In coleoptiles of etiolated oat seedlings, immunochemically
phytochrome was localized near the tip and at the coleoptilar node, at the tip of
developing adventitious roots and in the root cap (Prait and Coleman 1971). In
etiolated pea seedlings, phytochrome was abundant in the subepidermal and the
cortica cdls (Saunders et al., 1983). In the epidermis, guard cells had high
phytochrome content. Later Pratt and Coleman (1974) studied phytochrome
distribution in etiolated grass seedlings by using an indirect antibody-labeling method.
They confirmed that phytochrome amount was high near the tip of the coleoptile and
the shoot gpex in etiolated seedlings such as oat, rye, barley and rice.

Rice, barley and rye aso had high concentrations of phytochrome in their |eaf
bases, but oat leaves were devoid of measurable phytochrome. In cross sections, its
amount appeared to be more in the vascular tissues. In phytochrome A overexpressed
transgenic tobacco also, phytochrome A was detected in the stem and the petiole
vascular tissue, implicating the vascular tissue as a potential site of phytochrome A
action (Jordan et a., 1995). In roots, high level of phytochrome was found only in the

root caps, with lesser amount in other parts of the root.
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In another study, Schwartz and Schneider (1987) studied phytochrome
distribution using enzyme linked immunosorbent assay (ELISA) in maize seedlings.
Phytochrome level was high in the coleoptile tip, root cap and shoot apex, whereas the
mesocotyl and the leaf contained relatively low amounts of phytochrome. The
maximal amount of phytochrome was present in 5 d-old dark-grown maize Seedlings.

Recently Wang et al., (1993a,b) studied the expression of three different
phytochromes in etiolated oat seedlings using specific monoclonal antibodies by
western blotting. They reported that in 3-d-old dark-grown seedlings, al the three
phytochromes were expressed in three different organs i.e. the shoot, scutellum and
the root. Phytochrome amount was high in the shoots followed by the scutellum and
the root. But light-labile phytochrome was more abundant in the root than in the shoot
or the scutellum of light-grown seedlings. |
2.7.2.2. Intra-cellular |ocalization

Microbeam irradiation experiments showed that phytochrome that controls
Chloroplast orientation in the green algae Mougeotia (Haupt 1970) was associated
with the periphery of the cytoplasm. Similar conclusions were obtained using the
protonema of the fern Adiantum (Wada et al., 1983). When phytochrome was
visualized by immunocytochemistry in non-irradiated etiolated plants, it was found to
be distributed uniformly throughout the cytosol. Using immunofluorescence method
Saunders et al., (1983) studied the subcellular localization of phytochrome in dark-
grown pea seedlings in both cortical and stomatal guard cells of the epicotyl and
found that phytochrome exhibits a homogeneous cytoplasmic distribution.

Cope and Pratt (1992) studied the intracellular distribution of phytochrome in
hypocotyl hook of etiolated soybean by immunofluorescence technique using
monoclona antibodies. Cortical cells in the hook region were found to exhibit the
strongest phytochrome associated fluorescence which is diffusdy distributed
throughout the cytosol in etiolated seedlings.
2.7.2.3. Sub-cellular localization

By spectroscopic assays of isolated organelles, phytochrome was found to be
associated with amyloplasts, etioplasts, etioplast envelopes, Chloroplast envelopes,
mitochondria, nuclel, plasma membr