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Phytochrome in green tissue: 
Spectral and immunochemical evidence 
for two distinct molecular species of phytochrome 
in light-grown Avena sativa L. 

J.G. Tokuhisa, S.M. Daniels and P.H. Quail 
Department of Botany, University of Wisconsin, Madison, WI 53706, USA 

Abstract. A method is described for the extraction 
of phytochrome from chlorophyllous shoots of 
Arena sativa L. Poly(ethyleneimine) and salt frac- 
tionation are used to reduce chlorophyll and to 
increase the phytochrome concentration suffi- 
ciently to permit spectral and immunochemical 
analyses. The phototransformation difference 
spectrum of this phytochrome is distinct from that 
of phytochrome from etiolated shoots in that the 
maximum in the red region of the difference spec- 
trum is shifted about 15 nm to a shorter wave- 
length. Immunochemical probing of electroblotted 
proteins (Western blotting), using a method sensi- 
tive to 50 pg, demonstrates the presence of two 
polypeptides in green tissue that bind antiphyto- 
chrome antibodies: a predominant species with a 
relative molecular mass (Mr) of 118 000 and a less- 
er-abundant 124000-M r polypeptide. Under non- 
denaturing conditions all of the 124000-M r species 
is immunoprecipitable, but the 118 000-Mr species 
remains in the supernatant. Peptide mapping and 
immunochemical analysis with monoclonal anti- 
bodies show that the 118 000-M r species has struc- 
tural features that differ from etiolated-oat phyto- 
chrome. Mixing experiments show that these struc- 
tural differences are intrinsic to the molecular spe- 
cies from these two tissues rather than being the 
result of post-homogenization modifications or in- 
terfering substances in the green-tissue extracts. 
Together the data indicate that the phytochrome 
that predominates in green-tissue has a polypeptide 
distinct from the well-characterized molecule from 
etiolated tissue. 

Abbreviations and symbols: Ig = immunoglobulin; M r :  relative 
molecular mass; Pfr, Pr = far-red-absorbing and red-absorbing 
forms of phytochrome respectively; SDS-PAGE : sodium do- 
decyl sulfate-polyacrylamide gel electrophoresis; 2~.x, 2~x= 
maxima of the phototransformation difference spectrum in the 
red and far-red region 

Key words: Arena (phytochrome) - Immunopre- 
cipitation - Monoclonal antibody - Phytochrome 
from green tissue - Western blotting (immunoblot 
analysis). 

Introduction 

Phytochrome regulates growth and development 
throughout the life cycle of green plants, including 
the vegetative and floral stages (for a recent review, 
see Shropshire and Mohr 1983). However, under- 
standing of the molecular properties of the photo- 
receptor has been derived exclusively from studies 
on the apparently homogeneous pool of phyto- 
chrome extracted from dark-grown tissue (Smith 
1983; Vierstra and Quail 1983). While the possibili- 
ty exists that there is only one species of phyto- 
chrome whose properties remain constant through- 
out the life cycle, this has never been established 
directly in biochemical studies. Indeed, the ex- 
istence of more than one pool of phytochrome has 
been suggested in the literature over the years to 
explain a variety of physiological and in-vivo spec- 
troscopic data (Hillman 1967; Jabben and Holmes 
1983). Thus, the question has remained open as 
to whether the phytochrome molecule that func- 
tions in light-grown tissue is identical to that in 
etiolated tissue. 

The principal reason for lack of information 
on phytochrome from chlorophyllous tissue is the 
technical difficulty of isolating and assaying the 
molecule from such tissue (Pratt 1982). Light- 
grown tissues (i) contain chlorophyll which inter- 
feres with the spectral analysis of phytochrome 
through screening, fluorescence and irreversible 
photobleaching (Siegelman and Butler 1965; Jose 
et al. 1977; Bolton and Quail 1981), and (ii) con- 
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tain approx. 50-fold lower levels of the photorecep- 
tor than etiolated tissue (Pratt 1982). Previous ap- 
proaches to this problem have included the use 
of achlorophyllous tissue (Butler et al. 1963; Jab- 
ben and Deitzer 1978) or extracts of chlorophyl- 
lous tissue treated either with organic solvents 
(Taylor and Bonner 1967), with various precipitat- 
ing agents (Hunt and Pratt 1979; Bolton and Quail 
1981), or simply with repetitive fractionation using 
(NH4)2SO4 and chromatography (Lane etal. 
1963). These extracts required extensive prepara- 
tion time or the use of a scattering agent such as 
CaCO 3 (Butler and Norris 1960) to amplify the 
absorbance changes in order that phytochrome 
could be detected spectrally. Thus, the limited sen- 
sitivity of the assay and the interference by chloro- 
phyll have prevented the use of the spectrophoto- 
metric assay for detailed analysis of the molecule. 

The advent of the immunochemical assay for 
phytochrome, developed by Pratt and coworkers 
(Pratt 1982), circumvented the two major limita- 
tions to the spectrophotometric assay. This tech- 
nology has recently permitted preliminary charac- 
terization of phytochrome from light-grown plants 
using enzyme-linked immunosorbent assays (EL- 
ISA) in microtiter plates (Shimazaki et al. 1983; 
Thomas et al. 1984). However, because these cur- 
rent immunochemical assays neither measure 
structural integrity nor permit the detection of the 
chromophore, the spectrophotometric assay is still 
needed. 

We describe here a rapid, simple procedure for 
the extraction of phytochrome from chlorophyl- 
lous tissue and a highly sensitive immunoblot pro- 
cedure for the detection of phytochrome polypep- 
tides following sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis (SDS-PAGE). These 
procedures reduce chlorophyll to a level that does 
not interfere significantly with spectrophotometric 
analysis and permit detection of as little as 50 pg 
of phytochrome in a gel band. With these methods, 
the spectral, immunochemical and structural prop- 
erties of phytochrome from green and from etio- 
lated tissue of oat have been compared and found 
to be different. Preliminary reports of this research 
have been presented elsewhere (Bolton and Quail 
1981; Tokuhisa and Quail 1983; Tokuhisa et al. 
1984). 

Material and methods 

Chemicals and supplies. Ethylene glycol and poly(ethyleneimine) 
(PEI) were obtained from Eastman Kodak (Rochester, NY, 
USA). Acrylamide, bisacrylamide and sodium dodecyl sulfate 
(SDS) were purchased from BioRad Laboratories (Richmond, 
Cal., USA). Bovine serum albumin, 5-bromo-4-chloro-3-indolyl 

phosphate (BCIP), gelatin, nitro blue tetrazolium, phenylmeth- 
ylsulfonyl fluoride (PMSF), Staphylococcus aureus V8 protease 
and Tween 20 (Polyoxyethylenesorbitan monolaurate) were ob- 
tained from Sigma Chemical Co. (St. Louis, Mo., USA). Goat- 
antirabbit and rabbit-antimouse antibodies, and rabbit-anti- 
goat and goat-antirabbit immunoglobulins (Ig) conjugated with 
alkaline phosphatase were purchased from Kirkegaard & Perry 
(Gaithersburg, Md., USA). 

Plant material. Oat seeds (Arena sativa L. cv. Garry; Olds Seed 
Co., Madison, Wis., USA) were planted on a 6-cm bed of coarse 
vermiculite in plastic boxes (19-28 cm2), using 150 ml of seeds 
and 1200 ml of tapwater. Etiolated seedlings were grown in 
the dark for 4 d at 25 ~ C. Aerial portions were harvested under 
dim green light (Bolton and Quail 1982). Chlorophyllous seed- 
lings were grown under continuous light from white fluorescent 
lamps (F96T12/CW/SHO, Westinghouse Electric, Pittsburgh, 
Pa., USA) supplemented with light from incandescent lamps 
(11 Wm -z PAR) for 7 d at 25 ~ C. Aerial portions were har- 
vested under laboratory lighting. Both tissue types then were 
processed identically. The tissue was chilled to 4 ~ C and irradi- 
ated with red light for 20 rain (2re,x=660 rim; Vierstra and 
Quail 1982 b). It was then frozen at - 8 0  ~ C, lyophilized, ground 
to a powder (Wiley-Mill No. 1; A.H. Thomas Co., Philadel- 
phia, Pa., USA) and stored in air-tight jars at - 20 ~ C. 

Extraction procedure. All manipulations were performed under 
dim green light with samples maintained at or below ice temper- 
atures unless stated otherwise. Powder of lyophilized, green-oat 
tissue (9.0-9.5 g dry weight=100 g fresh weight) was mixed 
with extraction buffer at a ratio of 1 : 1.5 (g fresh weight equiva- 
lents to ml of buffer). Extraction buffer contained 25 % ethylene 
glycol, 50 mM 2-amino-2-(hydroxymethyl)-l,3-propanediol 
(Tris-HC1), 75 mM (NHg)2SO4, 5 mM tetrasodium ethylenedi- 
aminetetraacetic acid (Na4EDTA) and was adjusted to 25 mM 
NaHSO3, pH 8.5 (4 ~ C) ,  and 2 mM PMSF just prior to use. 

The brei was mixed with 5 ml of 10% (v/v) PEI (pH 7.8; 
Jendrisak and Burgess 1975) per 100 ml extract, incubated for 
10 min, and centrifuged at 27000 g for 30 min. The supernatant 
was filtered through Miracloth (Calbiochem, San Diego, Cal., 
USA), adjusted to 4 mM PMSF, and irradiated with red light 
for 10 rain (16 J m -2 s-1;  660 nm interference filter, PTR Op- 
tics, Waltham, Mass., USA). Then 25 g of (NH4)2SO r were 
added per 100 ml of PEI supernatant. The superuatant was 
stirred for 10 min and centrifuged at 27000 g for 30 min. The 
pellet was resuspended in 5 ml of extraction buffer minus 
(NH4)2SOr per 9 g dry weight of tissue and clarified at 48000 g 
for 20 min. Etiolated-oat extract was prepared in the identical 
fashion. 

Protein and chlorophyll assay. The method of Lowry et al. 
(1951) was used to quantitate protein precipitated in 5% tri- 
chloroacetic acid. Bovine serum albumin was used as the stan- 
dard. Chlorophyll concentration was estimated as described by 
Vernon (1960). 

Spectral assay of phytochrome. Continuous spectra 
(525-815 nm) were recorded with a Perkin-Elmer 557 Spectro- 
photometer (Perkin-Elmer Co., Norwalk, Conn., USA) as de- 
scribed by Vierstra and Quail (1982a). Wavelengths were cali- 
brated with a holmium oxide filter (Beckman Instruments, Ful- 
lerton, Cal., USA). Alternatively, phytochrome was measured 
in a custom-built, dual-wavelength spectrophotometer (L.H. 
Pratt, University of Georgia, Athens, USA) using CaCO3 as 
a scattering agent (Butler and Norris 1960). The monitoring 
wavelengths were obtained with a 730-nm interference filter 
(Corion Corp., Hilliston, Mass., USA) and an 800-nm interfer- 
ence filter (Baird-Atomic, Bedford, Mass., USA). 
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Dark reversion. All phytochrome samples were in extraction 
buffer (pH 7.8) containing 5 mM sodium dithionite. At various 
times after the samples were irradiated with red light to maxi- 
mize conversion from the red-absorbing form of phytochrome 
(Pr) to the far-red-absorbing form (Pfr), aliquots were removed 
from the sample that was kept in the dark at 4 ~ C and assayed 
for unreverted Pfr (Pike and Briggs 1972a). 

Etiolated-oat phytochrome : Purification and antibody purifica- 
tion. Phytochrome with a relative molecular mass (Mr) of 
124000 from etiolated oats was purified by the Affigel-Blue 
procedure (Vierstra and Quail 1983) and used to generate poly- 
clonal rabbit antisera (Vierstra et al. 1984) and mouse mono- 
clonal antibodies (Daniels and Quail 1984). The 
114000/118 000-M r phytochrome was purified by the immuno- 
affinity procedure (Hunt and Pratt 1979) and used to generate 
polyclonal antibodies in rabbit (Vierstra and Quail 1982b) and 
in eight-week-old, female 1CR mice (Harlan Industries, Mad- 
ison, Wis., USA). Polyclonal-antibody production in mice was 
amplified by the generation of ascites fluid (Sartorelli et al. 
1966). 

Immunoprecipitation. Immunoprecipitations were performed as 
described in Vierstra et al. (1983). The samples were incubated 
with antiphytochrome or preimmune Igs for 30 min at 4 ~ C. 
Aliquots of 10% (v/v) Staphylococcus aureus Cowan I suspen- 
sion, prepared according to Kessler (1976), were added as an 
immunoadsorbent at 3 gl: 1 gg Ig, incubated for 15 rain, and 
then centrifuged for 5 min (Beckman Microfuge B). The super- 
natants and washed pellets were assayed for phytochrome spec- 
tral activity. 

Immunochemical detection of electroblotted proteins. This proce- 
dure was performed as described by Vierstra et al. (1984) with 
modifications that enhance sensitivity 20-fold. Samples were 
subjected to SDS-PAGE according to the method of Laemmli 
(1970). The acrylamide gel consisted of a 5.3% resolving gel 
with a 4.5%, l-cm-deep stacking gel (acrylamide: bisacrylamide 
ratio of 30:0.8). Specific lanes were marked by adding 0.1% 
methyl green in 50% glycerol to the wells; methyl green binds 
to nitrocellulose. The proteins were blotted onto nitrocellulose 
(HAHY 304 FO; Millipore Corp.) with a Trans-blot cell 
(BioRad Laboratories) at 150 mA constant current for at least 
8 h (Burnette 1981). Remaining protein-binding sites on the 
nitrocellulose were quenched with saturation buffer (3% gela- 
tin, 1% bovine serum albumin, 0.02% NaN 3 in Tris-buffered 
saline pH 9.0) ; for i h at 25 ~ C or overnight at 4 ~ C. 

Molecular-mass markers (Vierstra and Quail 1982a) and 
other protein profiles were visualized by using Tris-buffered 
saline (TBS; 20 mM Tris (pH 7.5, 25 ~ C), 150 mM NaCI) con- 
taining 0.1% Tween 20, incubating for 30 min followed by incu- 
bating with Coomassie stain (0.1% Coomassie Brilliant Blue 
R, 25% ethanol, 10% acetic acid) for less than I rain, and 
lastly rinsing with H20. Alternatively, prestained molecular- 
mass markers (Bethesda Research Laboratories, Gaithersburg, 
Md., USA) were used. 

The primary antibody solution was prepared by diluting 
the serum 1:200 with antibody dilution buffer (1% gelatin, 
1% bovine serum albumin, 0.02% NaN 3 in TBS, pH7.5, 
25 ~ C). The blot was incubated with the solution at room tem- 
perature for 2 h (monoclonal Igs for 3 h), removed, and incu- 
bated in three changes of TBS-0A% Tween 20 for a total of 
1 h followed by a rinse in TBS. 

All subsequent antibody incubations were for 2 h at 25 ~ C 
with antibody solutions diluted 1:200 as above and followed 
by incubation with three changes of TBS-0.1% Tween 20. Sec- 
ond antibody incubations were done with antibodies directed 

against the primary antibody (goat-antirabbit or rabbit-anti- 
mouse). Strong background stain was eliminated by using more 
stringent washes (TBS-0.1% Tween 20, 0.05% SDS). Third an- 
tibody incubations were done with rabbit-antigoat or goat-anti- 
rabbit Ig conjugated with alkaline phosphatase. 

The enzyme substrate was prepared according to R. Di- 
mond (University of Wisconsin, Madison, personal communi- 
cation) and Leary et al. (1983). An aliquot of 15 mg of BCIP 
was dissolved in approx. 100 gl dimethyl sulfoxide, diluted with 
two volumes of 2.0 M Tris (pH 9.0) and adjusted to approx. 
5 ml with color buffer (0.1 M Tris, 0.1 M NaC1, 5 mM MgC12, 
pH 9.0, 25 ~ C). An aliquot of 30 mg of nitro blue tetrazolium 
was dissolved by suspending the powder in 1 ml of color buffer 
and adding 4 ml of boiling color buffer with very rapid mixing. 
The remaining particles of nitro blue tetrazolium were dissolved 
by additional heating. This solution was diluted rapidly to 75 ml 
with room-temperature color buffer and rapidly stirred during 
the addition of the BCIP solution. The total volume was ad- 
justed to 100 ml. This amount was sufficient for two 13.15-cm 2 
blots. The blots were rinsed in TBS and incubated in the color 
reagent for 10-60 min in the dark as the color reagent is light 
sensitive. The reaction was terminated by rinsing the blot in 
0.02% (w/v) sodium azide. The developed blots were stored 
in 0.02% (w/v) NaN 3 or wrapped in plastic film. Azide mini- 
mizes nonspecific color development during storage. 

Peptide mapping. Peptides were prepared and analysed accord- 
ing to Cleveland (1983). Purified oat phytochrome from etio- 
lated tissue with MrS of 124000 or 114000/118000 and green- 
oat extract containing spectrally measurable phytochrome were 
subjected to SDS-PAGE on a 5.3% slab gel (Laemmli 1970). 
The gel was stained (0.1% Coomassie Blue, 50% methanol, 
10% acetic acid) for 30 min and destained (5% methanol, 10% 
acetic acid) for 60 min. The purified samples of etiolated-oat 
phytochrome were used as stainable markers to locate the re- 
gion corresponding to 118 000 Mr in the lanes containing green- 
oat extract. Gel pieces from relevant regions were excised, equi- 
librated for 1 h in three changes of equilibration buffer 
(0.125 M Tris, pH 6.8, 10% glycerol, 0.3% 2-mercaptoethanol, 
0.1% sodium dodecyl sulfate, 1 mM Na4EDTA), and loaded 
on an acrylamide gel consisting of a 15% resolving gel and 
a 1-cm-long, 4.5% stacking gel. The gel pieces in each lane 
were overlayed with 10 gl of a buffer (0.125 M Tris, pH 6.8, 
20% glycerol, 0.3% 2-mercaptoethanol, 0.1% sodium dodecyl 
sulfate, 1 mM Na4EDTA) and with 5 10 gl of S. aureus V8 
protease diluted with equilibration buffer. The samples were 
subjected to electrophoresis until stacked at 20-35 mA/0.15-cm- 
thick gel, incubated without applied voltage for 30 min, and 
subjected to electrophoresis at 35-40 mA/0.15-cm-thick gel un- 
til resolved. The gel was processed for immunoblot analysis 
as above. 

Terminology. The following terms are used to describe the two 
different types of mixtures of etiolated- and green-oat phyto- 
chrome. These mixtures contain etiolated-oat phytochrome that 
has been introduced into an environment that is predominantly 
green-oat extract. 

Mixed extracts: An extract from lyophilized tissue of green 
oats and an extract from lyophilized tissue of etiolated oats 
were prepared separately according to the described procedure. 
Just before analysis, the two extracts were mixed to obtain 
a defined amount of spectrally measurable phytochrome con- 
tributed by each of the extracts. For a 1:1 ratio of spectral 

�9 activity, the extract was 90% green-oat extract. 
Mixed-tissues extract. Lyophilized tissue from etiolated 

oats and lyophilized tissue from green oats were mixed and 
processed together as a single extract from homogenization on- 
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ward according to the described procedure. Thus, etiolated-oat 25 
phytochrome experienced the same environment as green-oat 
phytochrome during the extraction procedure. The ratio of the 
tissues was varied to achieve the desired ratio of spectrally de- 
tectable phytochrome contributed by each of the tissues. For 2o 
a 1:1 ratio of phytochrome spectral activity from green and ~" 
etiolated tissue, the extract was 98% green-oat tissue. J, 

The introduction of the etiolated-oat phytochrome at these .~ 
two stages in the preparative procedure was designed to differ- -~ 15 
entiate between any potential modifications induced by green- :~ 
tissue components in the final (NHa)2SO 4 pellet ("mixed ex- 
tracts"), and by the preparative manipulations in the presence a= I0 
of green-tissue components from the point of homogenization 
onward (" mixed-tissues extract") respectively, o 

Results and discussion 

Extraction procedure. Four extraction procedures 
(Taylor and Bonner 1967; Hunt and Pratt 1979; o 
Bolton and Quail 1981; Vierstra and Quail 1983) 
were assessed for their capacity to (i) provide unde- 
graded 124000-M~ phytochrome from etiolated- 
oat tissue, (ii) yield consistent recovery of phyto- 
chrome from green-oat shoots, (iii) effectively re- 
move chlorophyll from homogenates of green-oat 
shoots, and (iv) effect rapid extraction. Each of 
the procedures was deficient in at least two of the 
four criteria. The final method described under 
"Materials and methods" optimizes these four pa- 
rameters. We have characterized phytochrome 
from green oats at the earliest stages of purification 
to minimize the possibility of time-dependent, in- 
vitro artifacts. 

Both the extraction of phytochrome as Pfr and 
the selection of buffer conditions were based on 
experience with etiolated tissue. Vierstra and Quail 
(1983) have shown that extraction as Pfr increases 
the recovery of 124000-M~ phytochrome because 
Pfr is relatively resistant to the proteolytic degrada- 
tion to 114000/118 000 M s that occurs as Pr. Inclu- 
sion in the buffer of PMSF, 75 mM (NH4)2SO 4 
and 25% ethylene glycol and the exclusion of 
2-mercaptoethanol also have been shown to maxi- 
mize recovery of the 124000-M r species (Litts et al. 
1983; Vierstra and Quail 1983). 

The use of green plant material that is lyophi- 
lized and then powdered results in the extraction 
of two- to threefold more phytochrome than that 
extracted from fresh plant tissue (data not shown). 
Consistent recoveries of phytochrome could not 
be obtained with homogenates of fresh tissue due 
to either incomplete cell breakage or extensive 
foaming of the homogenate. The advantages of 
using lyophilized tissue have been described by 
Smith (1983). 

Treatment of the brei from green-oat shoots 
with poly(ethyleneimine) enhances the precipita- 
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Fig. 1. Poly(ethyleneimine) (PED fractionation of chlorophyll 
and protein in crude extracts of green oat tissue. Powder from 
lyophilized, green-oat shoots was mixed with buffer (50 mM 
Tris pH 8.5, 25% ethylene glycol, 75 mM (NH4)2SO 4, 25 mM 
NaHSO 3, 5 mM NagEDTA, 2 mM phenylmethylsulfonyl fluo- 
ride. The extract was adjusted to various concentrations of po- 
ly(ethyleneimine) and centrifuged at 27000 g for 30 rain. The 
supernatant was measured for chlorophyll (o) and protein (m) 

tion of chlorophyll and protein (Fig. 1, and Bolton 
and Quail 1981). The standard, final concentration 
of 0.5% poly(ethyleneimine) was found to reduce 
residual chlorophyll in the brei to 1.2% of the min- 
us-poly(ethyleneimine) control. Although 0.1% 
poly(ethyleneimine) was almost as effective in elim- 
inating chlorophyll, 0.5% removed the additional 
amount necessary for spectral characterization of 
phytochrome free of chlorophyll interference. The 
amount of chlorophyll remaining was 0.2 ~tg per 
ml of poly(ethyleneimine) supernatant. 

Although poly(ethyleneimine) treatment en- 
hances precipitation of some proteins, the data 
strongly indicate the quantitative recovery of phy- 
tochrome in the supernatant. Litts et al. (1983), 
and Vierstra and Quail (1983) have demonstrated 
85-95% recoveries of phytochrome from extracts 
of etiolated-oat tissue that had been treated with 
poly(ethyleneimine). With the brei from green-oat 
shoots, concentrations of 0.35 or 0.70% poly(ethy- 
leneimine) resulted in identical recoveries of phyto- 
chrome at the subsequent (NH4)2SO 4 stage while 
total protein concentration was halved in the post- 
poly(ethyleneimine) supernatant of the 0.7% treat- 
ment (data not shown). 

Phytochrome is concentrated from the post-po- 
ly(ethyleneimine) supernatant by (NH4)2SO 4 frac- 
tionation. The addition of 25 g/100 ml of poly(eth- 
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Fig. 2a, b. Absorbance and difference spectra of green-oat ex- 
tract and of etiolated-oat extract with or without added chloro- 
phyll. Crude extracts of green- and etiolated-oat tissue were 
concentrated with (NH4)2SO 4. The (NH4)2SO4 precipitates 
were resuspended in a buffer (50 mM Tris, pH 8.1, 25% ethyl- 
ene glycol, 25 mM NaHSO 3, 5 mM Na4EDTA, 2 mM phenyl- 
methylsulfonyl fluoride) and clarified by centrifugation. Ab- 
sorbance spectra (lower curves in each panel) and Pr-Pfr differ- 
ence spectra (upper curves in each panel) were recorded, a The 
spectra of green-oat extract (thick lines) compared with those 
of etiolated-oat extract (thin lines). The spectra of etiolated-oat 
extract were obtained with a preparation diluted to equivalent 
phytochrome spectral activity with the above buffer (pH 7.8) 
containing 75 m M  (NH4)2SO 4 (pH 7.8). b The spectra of etio- 
lated-oat extract from panel a (thin lines) compared to the spec- 
tra of etiolated-oat extract to which has been added chlorophyll 
at the concentration found in the green-oat extract (thick lines). 
Chlorophyll was extracted from green oat shoots with 50% 
ethanol 

yleneimine) supernatant permits recovery of 
6.10- 3-8.10- 3 A (A A)/ml of green-oat extract. 
This is 80-90% of the spectrally measurable phyto- 
chrome in the poly(ethyleneimine) supernatant 
(data not shown). Using the extinction coefficient 
for etiolated-oat phytochrome (Litts et al. 1983), 
the photoreceptor is 0.03% of the total protein 
found in this green-oat extract. These data indicate 
that soluble phytochrome in green-oat shoots is 
present at least at a concentration of 
3" 10-4-4 �9 10 -4 A(AA)/g fresh weight or 
270-360 ng/g fresh weight. This is approx. 2% of 
the phytochrome concentration found in etiolated- 
oat shoots (Vierstra and Quail 1983). The phyto- 
chrome preparation permits characterization by 
spectral assay in a clear solution without the use 
of a scattering agent. 

Spectral characterization. Comparison of the pho- 
totransformation difference spectrum (Pr-Pfr) of 
phytochrome in green-oat extracts with phyto- 
chrome in etiolated-oat extracts shows differences 
between the two preparations (Fig. 2 a). The differ- 
ence-spectrum maximum in the red region R (&,.x) 
of phytochrome from green-oat extracts is at 
652 nm and the isosbestic point at 681 nm. These 
values deviate 14 and 8 nm, respectively, from 
those of the difference spectrum of phytochrome 
from etiolated oats (Fig. 2a; Vierstra and Quail 
1982b). This shift in R )'max has also been observed 
in extracts from herbicide-treated, light-grown oats 
(Jabben and Deitzer 1978) as well as in vivo with 
herbicide-treated maize (Jabben 1980). 

Other parameters such as the spectral change 
•max o f  729 nm ratio (A AR/A AVR ) of 1.09, and the FR 

(Fig. 2a) are similar to those described for 
124 000-M r phytochrome from etiolated oats. They 
are different, however, from those of degraded, 
] 18 000-Mr phytochrome from etiolated oats, indi- 
cating the absence of in vitro proteolysis and spec- 
tral denaturation of an etiolated-tissue-type mole- 
cule (Vierstra and Quail 1982b; Litts et al. 1983). 
In the absence of precautions against proteolysis, 
we have obtained preparations of green-oat phyto- 

FR chrome which exhibit the A AR/AAvR and 2 ~  x 
more characteristic of the 114000/118000-M~ de- 
graded phytochrome from etiolated oats, albeit 

R with a 2m, x of 652 nm. 
The possibilities were tested that the shift ob- 

served in the difference spectrum was generated 
either by residual chlorophyll or by in vitro modifi- 
cations of the phytochrome in the green-oat ex- 
tract. First, the difference spectrum of an extract 
of etiolated oats was compared with that of an 
identical extract containing chlorophyll added such 
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Fig. 3. Comparison of dark reversion rates for green- and etio- 
lated-oat phytochrome. Phytochrome preparations were in ex- 
traction buffer adjusted to 5 mM sodium dithionite. Samples 
were irradiated to maximize Pfr and maintained in the dark 
(4 ~ C). Aliquots were removed at various intervals and were 
measured for remaining Pfr. "Green"  (�9 "etiolated/green" 
(*) and "et iolated:124" ( i )  extracts were prepared according 
to the standard procedure. "Etiolated/green" extract was a 
mixed-tissues extract containing a 1 : 9 ratio of green- and etio- 
lated-oat phytochrome as determined spectrally. "Etio-  
la'ted: 114/118" (A) was a purified preparation of 
114000/118 000-M~ phytochrome from etiolated oats (Hunt and 
Pratt 1979) 

that the absolute absorbance contributed by the 
chlorophyll was the same as in the extract from 
green oats (Fig. 2b). Secondly, a difference spec- 
trum was obtained from a mixed-tissue extract 
which was prepared by mixing the powdered tissue 
of green and etiolated oats prior to extraction to 
generate a 1 : 9 ratio (green: etiolated) of spectrally 
detectable phytochrome (data not shown). In both 
cases, the difference spectra were similar to that 
of etiolated-oat phytochrome. These data indicate 
that the different R 2m, ~ of green-oat phytochrome 
results neither from (i) chlorophyll interference nor 
(ii) modification of the spectral properties of an 
etiolated-oat-type phytochrome by green-oat-ex- 
tract components or the extraction procedure. 

The extent of dark reversion, the nonphoto- 
chemical conversion of phytochrome from Pfr to 
Pr, can indicate the degree of NH2-terminal pro- 
teolysis of etiolated-tissue phytochrome (Vierstra 
and Quail 1982b). Figure 3 demonstrates that 
when phytochrome-containing samples in ethylene 
glycol-containing buffers are maintained at 4~ 

in the presence of sodium dithionite, an accelerant 
of reversion (Pike and Briggs 1972a), 124000-M r 
phytochrome from etiolated oats exhibits little re- 
version over 3 h whereas 114 000/118 000-M, phy- 
tochrome from etiolated oats exhibits appreciable 
dark reversion. In green-oat extracts, limited dark 
reversion is observed (Fig. 3). Of the total photore- 
versible activity, 20% reverted in the first hour 
with kinetics similar to those of 114 000/118 000-Mr 
phytochrome. The remaining 80% of the spectral 
activity showed negligible rates of reversion up to 
180 min. Adjusting the extract to 10 mM sodium 
dithionite at 120 min did not stimulate further re- 
version. 

The occurence of limited dark reversion indi- 
cated the possibility that there was at least partial 
NH2-terminal proteolysis of the type that occurs 
in vitro with etiolated-oat phytochrome. Pike and 
Briggs (1972b) demonstrated protease activity in 
extracts of green oats similar to the activity asso- 
ciated with the induction of dark reversion in phy- 
tochrome from etiolated oats. This possibility was 
tested by preparing a mixed-tissues extract and 
monitoring dark reversion (Fig. 3). Powder of 
green and etiolated shoots was mixed such that 
the final extract contained a 1:9 ratio of spectral 
activity from green- and etiolated-oat tissue (95% 
green-tissue environment). The rate and extent of 
dark reversion in this preparation (10% reversion) 
is more like that predicted by a 1:9 mixture of 
phytochrome from green oats and 124000-M r phy- 
tochrome from etiolated oats (6%) than that pre- 
dicted by phytochrome from green oats alone 
(20%) or a 1:9 mixture of phytochrome from 
green oats and 114000/118 000-Mr phytochrome 
from etiolated oats (40%). This result demon- 
strates that minimal proteolysis of phytochrome 
from etiolated oats occurs in the environment of 
green-oat extract and indicates that the majority 
of the 20% dark-reverting phytochrome from 
green tissue is not generated by in vitro, proteolytic 
action on a phytochrome molecule of the type 
found in etiolated tissue. 

Immunochemical characterization by immunoblot 
analysis. To detect the very low levels of phyto- 
chrome in green-oat extracts, we had to use a 
highly sensitive immunoblot procedure. To this 
end, we have modified the procedures of Dimond 
and colleagues (Knecht and Dimond 1984; Vier- 
stra et al. 1984) such that the procedure described 
here can detect, under optimal conditions, as little 
as 50 pg of phytochrome from etiolated oats using 
polyclonal anti-phytochrome Igs, and 1 ng of phy- 
tochrome using monoclonal Igs. When immuno- 



J.G. Tokuhisa et al. : Two phytochromes in green tissue of Arena 327 

Fig. 4A, B. Immunoblot analysis of green-oat extract using 
polyclonal antiphytochrome Igs. Various phytochrome-con- 
taining samples were prepared and subjected to SDS-PAGE 
in a 5.3% acrylamide gel, and electrohlotted onto nitrocellulose. 
The nitrocellulose blot was quenched with 3 % gelatin and incu- 
bated with A polyclonal rabbit Igs directed against 124000-M, 
phytochrome from etiolated oats or B, nonimmune serum from 
rabbit. Both blots were incubated sequentially with goat-anti- 
rabbit Ig and rabbit-antigoat Ig linked with alkaline phospha- 
tase. Lanes 1, 6 contain approx. 15 ng of purified 
114000/118000-M r and 124000-M r, etiolated-oat phytochrome 
(Hunt and Pratt 1979; Vierstra and Quail 1983); lane 2, green- 
oat extract containing 7 ng of spectrally detectable phyto- 
chrome; lane 3, mixed extracts containing 12 ng of an approx. 
1.4:1 ratio of spectrally detectable green- and etiolated-oat phy- 
tochrome; lane 4, 12 ng of phytochrome from a mixed-tissues 
extract containing a 1.4:1 ratio of spectrally detectable phyto- 
chrome prepared by mixing etiolated- and green-oat shoots and 
extracting according to the standard procedure; and lane 5, 5 ng 
of phytochrome from etiolated-oat extract 

blots of  green-oat extracts were probed with poly- 
clonal Igs directed against 124000-Mr, etiolated- 
oat phytochrome, two principal bands were ob- 
served (Fig. 4a, lane 2): a major one at 118000 
M~ and a minor one at 124000 M r (barely visible). 
Other antiphytochrome preparations, namely rab- 
bit and mouse Igs directed against 
114000/118 000-M r phytochrome from etiolated 
oat, generate a similar pattern (data not shown). 
These data establish that green- and etiolated-oat 
phytochrome carry common epitopes. 

The possibility was investigated that the 
118 000-Mr species from green oats was generated 
by the same in vitro proteolysis that produces the 
118 000-M r degradation product from etiolated-oat 

phytochrome (Vierstra and Quail 1982a). A 
mixed-extracts preparation was made by mixing, 
just before electrophoresis, separate extracts to 
provide a 1 : 1.4 ratio of  spectrally measurable phy- 
tochrome from green- and etiolated-oats (Fig. 4, 
lane 3). A mixed-tissues extract was prepared con- 
taining a 1 : 1.4 ratio of spectrally measurable phy- 
tochrome from green and etiolated oats (Fig. 4, 
lane 4). The mixed-tissues extract contains two 
bands corresponding to 124000- and 118 000-Mr, 
with the band at 124000 M r enhanced in intensity 
relative to green-oat extract alone (Fig. 4, lane 4). 
This pattern and the stain intensity are identical 
to those of the mixed extracts (Fig. 4, lane 3). The 
stain intensity of the band at 118 000 M r in the 
three preparations containing green-oat extract 
(Fig. 4, lanes 2-4) is constant and correlates with 
the constant amount of green-oat extract applied 
to each lane. These data demonstrate stability of 
the 124000-M~, etiolated-oat phytochrome in the 
extract and indicate that the presence and amount 
of the 118 000-M r band in green-oat extracts is not 
due to time-dependent, in vitro proteolysis of  the 
type that can occur with phytochrome from etio- 
lated tissue. Immunoblot  analysis of  the post-po- 
ly(ethyleneimine) supernatant demonstrated an in- 
tensity and molecular-mass pattern identical with 
that shown here, again indicating that time-depen- 
dent modifications are not occurring between the 
two steps in the procedure (data not shown). This 
result further supports the notion that the two mo- 
lecular species of phytochrome observed are intrin- 
sic to shoots of green oats. 

To define the immunochemical relationship be- 
tween phytochrome from green and etiolated oats 
more precisely, the immunoblots of  green-oat ex- 
tracts were probed with monoclonal antibodies di- 
rected against three spatially distinct regions of  
124000-M r, etiolated-oat phytochrome (Daniels 
and Quail 1984). These three classes of monoclonal 
antibody, designated Types 1, 2 and 3, recognize, 
in this order, epitopes in the NHz-terminal region, 
the central chromophore-bearing region and the 
COOH-terminal region of the polypeptide. Be- 
cause of the lowered sensitivity inherent in probing 
immunoblots with monoclonal as opposed to poly- 
clonal antibodies, higher nonimmunospecific back- 
grounds were experienced when we tested the 
green-oat extracts with the three monoclonal types 
(Fig. 5). Nevertheless, immunospecifically positive 
bands are readily identifiable by direct comparison 
of each lane with its corresponding lane in the non- 
immune-serum control. 

In this and numerous identical experiments, 
only monoclonal Type 3 was found to exhibit clear 
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Fig. 5A-D.  Immunoblot analysis of green-oat extract using 
monoclonal Igs directed against phytochrome (124000 Mr) 
from etiolated oats. Phytochrome-containing samples were sub- 
jected to SDS-PAGE in a 5.3% acrylamide gel and electroblot- 
ted onto nitrocellulose. Four replica blots (A, B, C, D) were 
prepared and probed with either one of three groups of mono- 
clonal Igs specific for three spatially discrete epitopes on 
124000-M r phytochrome from etiolated oats (Daniels and Quail 
1984): A Type 1 (NHz-terminal region), B Type 2 (chromphore- 
bearing region), C Type 3 (COOH-terminal region), or D mouse 
nonimmune antiserum. The blot was then incubated with rab- 
bit-antimouse Ig followed by goat-antirabbit Ig linked with al- 
kaline phosphatase. Lane 1, 110 ng of phytochrome from mixed 
tissues extract (1:1 ratio of green- and etiolated-oat phyto- 
chrome); lane 2, 46 ng of phytochrome from etiolated-oat ex- 
tract; lane 3, 70 ng of phytochrome from green-oat extract, and 
lane 4, 50 ng of purified 114000/118000-M r and 124000-Mr, 
etiolated-oat phytochrome 

Fig. 6. lmmunoblot analysis of peptides generated by S. aureus 
V 8 protease digestion of etiolated- and 118000-M r green-oat 
phytochrome. Purified 124000-M r and I18000-M r phyto- 
chrome from etiolated oats and green-oat extract containing 
phytochrome were subjected to SDS-PAGE in a 5.3% SDS- 
acrylamide gel. The gel was stained with Coomassie Blue R 
and destained according to Cleveland (1983). Both the phyto- 
chrome bands from etiolated oats and the region corresponding 
to 118000 M r in the lanes containing green-oat extract were 
cut from the gel. These gel pieces were loaded on a second 
15% gel with various concentrations of S. aureus V 8 protease, 
subjected to electrophoresis until stacked, incubated without 
applied voltage for 30 min and subjected to electrophoresis to 
resolution. The gel was processed for immunoblot analysis us- 
ing polyclonal rabbit antisera directed against 124000-M r phy- 
tochrome from etiolated Oats as the primary antibody. Lanes 1, 
3, 5, 7, 8 contained 200 ng of 124000-M r, etiolated-oat phyto- 
chrome; lanes 2, 4, 6, 8, 200 ng of ll8000-Mr, green-oat phyto- 
chrome; lane 9, 200 ng 118 000-M r, etiolated-oat phytochrome; 
lane 10, 100 ng 124000-Mr, etiolated-oat phytochrome; lanes 1, 
2, 2 ng protease; lanes 3, 4, 20 ng, lane 10, 100 ng; and lanes 5-  
9, 200 ng 

recognition of green-oat phytochrome (Fig. 5c, 
lane 3). Thus within the limits of resolution of the 
procedure as employed here, these data indicate 
that Type 1 and Type 2 antibodies have little or 
no affinity for green-oat phytochrome and that 
there is an epitope defined by Type 3 in common 
between green- and etiolated-oat phytochrome. 
Figure 5 demonstrates further that all monoclonal 
antibody types recognize etiolated-oat phyto- 
chrome that has experienced the extraction condi- 
tions of green-oat extract (lane 1). These data sup- 
port the notion that the apparent lack of recogni- 
tion of the 118 000-M r species by the Type 1 and 
2 antibodies reflects inherent structural differences 
compared with etiolated-oat phytochrome rather 
than post-homogenization proteolysis of an etio- 
lated-oat-type phytochrome. 

Peptide mapping. Peptide mapping with S. aureus 
V 8 protease has been used to detect differences 
between proteins that differ only 2% in primary 
sequence (Cleveland 1983). This technique permit- 
ted further testing of the possibility that the 
118000-M r species from green oats was different 
from the 124000-M r phytochrome from etiolated 
oats. The very low levels of 124000-Mr, green-oat 
phytochrome have thus far precluded direct com- 
parison of the two green-oat polypeptides. Peptide 
fragments of the 118000-M r species from green 
oats, generated by S. aureus V 8 protease (Cleve- 
land 1983) and visualized by immunoblot analysis, 
exhibit a different pattern from that of 124000-Mr 
phytochrome from etiolated oats at all protease 
concentrations investigated (Fig. 6, lanes 1-7). In 
contrast, 118 000-M r and 124 000-M r phytochrome 
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from etiolated oats exhibit an identical pattern 
(lanes 7 and 9) which is also similar to that ob- 
tained by Gottman and Sch/ifer (1983). The fewer 
bands associated with the green-oat species may 
represent fewer antigenic determinants separately 
located on that peptide than on etiolated-oat phy- 
tochrome, or fewer peptide fragments generated 
by the partial proteolysis. In either case, this result 
indicates differences in the structures of green- and 
etiolated-oat phytochrome. 

Figure 6, lane 8, shows that the pattern of pro- 
tease digestion of a mixture of green- and etiolated- 
oat peptides is the composite of the individual pat- 
terns shown in Fig. 6, lanes 5 and 6. The pattern 
generated by 100 ng of etiolated-oat phytochrome 
(lane 10) is identical to the one generated by a 
200-ng load (all other lanes). These data demon- 
strate that the different patterns are not caused 
by differences in the concentration of phyto- 
chromes nor different ratios of protein and pro- 
tease. We conclude that the pattern differences be- 
tween the green-oat and etiolated-oat phyto- 
chrome species reflect differences in the primary 
structure of the two polypeptides. 

Immunoprecipitation of green-oat phytochrome. Im- 
munoprecipitation experiments were performed to 
determine the degree of recognition of the photore- 
ceptor in the undenatured state and to correlate 
directly immunochemical recognition of the chro- 
mopeptide with spectral activity. As we reported 
earlier (Tokuhisa and Quail 1983), immunoprecipi- 
tation of spectral activity from green-oat extract 
is incomplete using polyclonal Igs directed against 
114000/118 000-Mr phytochrome from etiolated 
oats (Fig. 7). Only 30% of the total spectral activi- 
ty of green-oat phytochrome is immunoprecipi- 
tated under conditions which immunoprecipitate 
all of an identical amount of etiolated-oat phyto- 
chrome. The shape and extent of the antibody ti- 
tration curve indicate reduced affinity and limited 
recognition of green-oat phytochrome. Other au- 
thors have now obtained similar indications of im- 
munochemical differences from microtiter plate, 
enzyme-linked immunosorbent assays (Shimazaki 
et al. 1983; Thomas et al. 1984). 

The possibility was investigated that the limited 
immunochemical recognition was because the ex- 
tract from green oats either inhibited the immuno- 
chemical reaction or masked antigenic determi- 
nants. This possibility was addressed either by im- 
munoprecipitating phytochrome from a mixed-ex- 
tracts preparation containing a 1 : 1 ratio of spec- 
tral activity from green- and etiolated-oat extracts 
or by immunoprecipitating phytochrome from a 
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Fig. 7. Immunoprecipitation of spectrally measurable phyto- 
chrome from green-oat extract with polyclonal lgs. Separate 
green- (o, o) and etiolated- (R, n) oat extracts were prepared 
and adjusted to equivalent phytochrome spectral activity with 
buffer (50mM Tris pH 7.8, 25% ethylene glycol, 75mM 
(NH4.)2SO4, 25 mM NaHSO3. 5 mM EDTA, 2 mM phenyl- 
methylsulfonyl fluoride). Aliquots were incubated for 30 min 
(4 ~ C) with various concentrations of  either polyclonal rabbit 
Igs directed against 114 000/118 000-M r phytochrome from etio- 
lated oats (o, m) or rabbit nonimmune serum (o, t~). Staphylo- 
coccus aureus cells were added as an immunoadsorbent and 
after 15 rain collected by centrifugation. Supernatants and 
washed pellets were assayed for phytochrome using CaCO 3 as 
a scattering agent. The data are presented as spectral activity 
precipitated as a percent of the total spectral activity in both 
fractions 

mixed-tissues extract. This latter extract also con- 
tained a 1:1 ratio of spectral activity contributed 
by green- and etiolated-oat shoots. Figure 8 (a, b) 
shows that at the antibody concentrations used 
(17 gg of Ig/ml of extract), 11% of the spectrally 
detectable phytochrome from green-oat extract 
was precipitated (compare Fig. 7). In contrast, the 
spectral activity precipitated from either of the two 
mixed preparations (Fig. 8c, d, e, f) was well in 
excess of 11%. In both cases, the spectral activity 
precipitated was the sum of all the phytochrome 
contributed by the etiolated-oat shoots and the 
11%-immunoprecipitable fraction of green-oat 
phytochrome. These data indicate that the lack of 
immunorecognition of spectral activity from green 
oats is a consequence neither of factors in the ex- 
tract inhibiting immunoprecipitation nor of post- 
homogenization modifications of a phytochrome 
of the type extracted from etiolated-oat tissue. 
Thus there are two populations of spectrally de- 
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Fig. 8 a-f. Immunoprecipitation of spectrally measurable phyto- 
chrome from mixed extracts and mixed-tissues extract. Three 
preparations: (1) green-oat extract, "Green"  (a, b); (2) green- 
oat extract and etiolated-oat extract prepared in parallel and 
mixed in a 1 : 1 ratio of spectral activity, "Mixed extracts" (c, 
d); and (3) extract prepared from a mixture of etiolated and 
green oat shoots with a 1 : 1 ratio of spectral activity "Mixed- 
tissues extract" (e, f), were subjected to immunoprecipitation 
with either polyclonal rabbit Igs directed against 
114000/118000-M r phytochrome from etiolated oats (17 gg/1 
of extract) (M) or 17 gg/ml of nonimmune serum (N). Phyto- 
chrome spectral activity in the supernatants (a, c, e) and washed 
pellets (b, d, f) was measured using CaCO 3 as a scattering agent. 
The dotted line (d, f) indicates the amount of spectral activity 
that would have been immunoprecipitated (11%) if strictly pro- 
portional to that observed in the green-oat extract in a, b 

Fig. 9A, B. Immunoblot analysis of fractions obtained by im- 
munoprecipitation from green-oat extract. Green-oat extract 
was subjected to immunoprecipitation with either A polyclonal 
rabbit Igs directed against 114000/118000-M~ phytochrome 
from etiolated oats (50 gg/ml of extract) or B a comparable 
amount of nonimmune Ig. The first supernatants were subjected 
to a second immunoprecipitation under identical conditions. 
The resultant fractious were each applied to the lanes of a 
5.3% acrylamide gel and subjected to SDS-PAGE, The gel was 
processed for immunoblot analysis using monoclonal mouse 
Ig (Type 3) directed against 124000-M r phytochrome from etio- 
lated oats as the primary antibody. Lane 1, first immunoprecipi- 
tate; lane 2, second immunoprecipitate; lane3, green-oat ex- 
tract before immunoprecipitation; lane 4, first supernatant; and 
lane 5, second supernatant 

tectable phytochrome in green oats that are distin- 
guishable by the presence or absence of  one or 
more epitopes recognizable in the undenatured 
form of the molecule. 

Immunoblot analysis of immunoprecipitated frac- 
tions. To determine the relative molecular mass of  
the immunoprecipitable phytochrome from green 
oats, we subjected the various fractions obtained 
from immunoprecipitation to gel electrophoresis 
and immunoblot analysis. The blots show prefer- 
ential immunoprecipitation of  the 124000-M~, 
green-oat species (Fig. 9A, lane 1). The superna- 
tant from this immunoprecipitation contains exclu- 
sively the 118 000-M~ species (Fig. 9 A, lane 4). A 
second immunoprecipitate from the depleted su- 

pernatant did not recover any of  the remaining 
spectral activity and contained no polypeptide im- 
munospecifically recognizable on the blot 
(Fig. 9 A, lane 2). 

Thus the limited proportion of  spectral activity 
that is immunoprecipitable from green-oat extracts 
under nondenaturing conditions is associated with 
the 124000-M r band. These data indicate that this 
small population of  the phytochrome of  green oats 
is of  the etiolated-tissue type. However, the appar- 
ently reduced affinity demonstrated in the anti- 
body titration curve for the green-oat extract 
(Fig. 7) might mean that the 124 000-M r band from 
green-oat tissue is not identical to the 124000-Mr 
species from etiolated oats. 

The remaining spectral activity from green-oat 



J.G. Tokuhisa et al. : Two phytochromes in green tissue of Arena 331 

Table 1. Comparison of phytochrome from green and etiolated 
oats 

Phytochrome source 

Green Etiolated 

Concentration in plant tissue 0.3 19.0 a 
(gg/g FW) 

Difference spectrum maxima 652, 729 665, 730a 
for Pr, Pfr (nm) 

Dark reversion (%) 20 6 

Immunoprecipitation (%) 30 100 

M r 124000; 124000 
118000 

Reactivity with monoclonal antibodies 
Type 1 - + 
Type 2 - + 
Type 3 + + 

Peptide pattern non-identical 

a From Vierstra and Quail 1983 

bility that defines the photoreceptor, differs from 
etiolated-oat phytochrome to the extent that the 
relative molecular mass is lower, the peptide map 
is different, the nature and extent of  immunochem- 
ical reactivity with anti-etiolated oat Ig is limited, 
and the absorbance maximum of Pr is shifted to 
shorter wavelength (Table 1). Various mixing ex- 
periments indicate that these differences are intrin- 
sic to the phytochrome molecule present in green- 
oat cells. The presence of two species of  phyto- 
chrome in green tissue and the preponderance of 
a species which is different in a number of respects 
from phytochrome from etiolated oats raises fun- 
damental questions as to the function or functions 
of these two molecules in photomorphogenesis and 
as to the source of the heterogeneity. The hetero- 
geneity could be a manifestation of two gene prod- 
ucts or a post-translational modification of the 
124000-M r chromoprotein from etiolated oats 
(Colbert et al. 1983). 

extracts that is not immunoprecipitated appears 
to be associated with the l I8000-M r species of 
phytochrome. The immunochemical recognition of 
the 118 000-M r species by immunoblot analysis and 
the lack of recognition by immunoprecipitation are 
probably related to the conformation of the chro- 
moprotein. The immunoblot procedure which in- 
volves denaturation of the protein, may expose an 
epitope on the 118 000-Mr polypeptide that is inac- 
cessible in the presumptively native conformation 
of the phytochrome during immunoprecipitation. 

Conclusions 

The extraction procedure described here provides 
preparations from chlorophyllous tissue that are 
suitable for investigations on the spectrophotomet- 
ric and immunochemical characteristics of phyto- 
chrome from light-grown plant material. A labora- 
tory with a standard refrigerated centrifuge and 
a spectrophotometer can use this procedure and 
obtain extracts within 4 h. The enhanced sensitivity 
of the immunoblot procedure described should be 
of general value in the detection of other low-abun- 
dance proteins in relatively crude plant extracts. 

The data presented here indicate the presence 
of two distinct molecular species of phytochrome 
in green oats. One species is like etiolated-oat phy- 
tochrome in the similarity of its molecular mass 
and in the immunochemical recognition of this spe- 
cies in the undenatured state as demonstrated by 
immunoprecipitation. The second species, while 
exhibiting the diagnostic red/far-red photoreversi- 
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Note added in proof: Recent data (Cordonnier et al. (1985) Eu- 
ropean Symposium Photomorphogenesis in Plants, Wagen- 
ingen, The Netherlands, April 15-19, Book of Abstracts, p. 18) 
confirm that green-oat tissue contains a phytochrome species 
distinct from that in etiolated tissue, but indicate that this green- 
tissue-type molecule is preferentially susceptible to rapid, partial 
proteolysis in green oat extracts yielding the 118 000-M r species 
reported here. Etiolated-oat-type phytochrome appears to be 
comparatively resistant to this proteolysis in green-tissue ex- 
tracts under the same conditions. 


