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CHAPTER I 

INTRODUCTION 

Virtually all forms of life on our planet depend on 

light. Light energy is captured by the photosynthetic 

machinery of green plants and transformed into potential 

chemical energy in the form of organic substances. These 

green plants will directly or indirectly serve hetero

trophic organisms as food sources. Photosynthesis provides 

the energy for plant growth and development but does not in 

any major way regulate the pattern of development. Three 

well studied major types of developmental photoresponses 

are phototropism, photoperiodism, and photomorphogenesis. 

No photoreceptors have yet been identified for phototropism 

and photoperiodism. However, the blue-green pigment pro

tein, phytochrome, is known to be a primary photoreceptor 

of photoraorphogenic responses in plants. This chromoprotein 

has the unique property of photoreversibiiity; it exists in 

two forms, Pr and Pfr, that are interconvertible by light. 

The Pr form (absorption maxima at 660 nm) is consid

ered physiologically inactive, while the Pfr form (absorp

tion maxima at 730 nm) is believed to be the physiologi

cally active form (Pratt, 1979; 1982; Schmidt and Mohr, 

1982; Kendrick and Frankland, 1983; Song, 1984). The Pfr 

form is produced from the Pr form by red light. The Pfr 
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form can be converted back to the Pr form by far-red light 

irradiation. 

660 nm light 

P^ ^ Pfr > Biological responses 

730 nm light 

There are two major phytochrome-mediated morphogenic 

and developmental processes in plants. These are the rapid 

response effects and the slow response effects. The rapid 

response effects, occurring within a minute, involve 

changes in membrane function promoted by light, i.e., leaf 

movement of Mimosa (Kendrick and Frankland, 1983), chloro-

plast rotation in Mougeotia (Haupt, 1973), phytochrome 

pelletability (Pratt and Marme, 1976; Pratt, 1978) and 

changes in membrane potential (Tanada, 1968; Racusen and 

Miller, 1972). On the other hand, in the slow response, the 

physiologically active form (Pfr) is assumed to affect the 

transcription of several genes in the plant cell (Tobin and 

Silverthorne, 1985; Tobin e_t al. , 1985). These genes can 

induce the synthesis of enzymes for morphogenic and devel

opmental responses, such as, seed germination, seedling 

development, and flowering. Figure 1 shows a scheme shelving 

the possible actions of phytochrome in the plant cell. The 

mechanism by which Pfr regulates the rapid and slow 

responses in plant cells are not well understood. 



A number of different approaches to the study of the 

phototransformation of phytochrome have been reported 

(Pratt, 1978; 1979; 1982; Song, 1983; 1984; 1985; Lagarias, 

1985; Rudiger el d . , 1985). However, no definitive 

mechanism has emerged. This is partially due to the diffi

culties encountered with the isolation and purification of 

native phytochrome from plant cells. Native phytochrome can 

be easily degraded by endogenous proteases during extrac

tion and isolation. In fact, without precaution to minimize 

proteolysis during extraction, the native phytochrome pro

tein (124-kilodalton [kDaj) rapidly degrades to a heteroge

neous mixture of large (118/114-kDa) and small (60-kDa) 

phytochromes. Figure 2 shows a proteolytic model of phyto

chrome. In addition to proteolysis, phenolic contaminants 

can also interfere with phytochrome extraction and purifi

cation. Thus, purification of homogeneous phytochrome with

out any phenolic contaminants is one of the most critical 

steps for characterization of phytochrome In vitro. 

This dissertation describes a modified purification 

procedure for native phytochrome, various physicochemical 

properties of native phytochrome, and the topography of 

conformational changes in the protein moiety of the Pr and 

Pfr forms of native phytochrome. 

Recently purification procedures yielding apparently 

undegraded phytochrome (as indicated by spectroscopy and 

electrophoresis) have been reported by several laborator i t̂s 
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(Kerscher and Nowitzki, 1982; Kerscher, 1983; Vierstra and 

Quail, 1982a; 1983a; Litts el d . , 1983; Datta and Roux, 

1985). However, most of the previously published procedures 

for the purification of 124-kDa phytochrome require 30 h or 

longer (Litts eld.., 1983; Vierstra and Quail, 1983a). 

Some faster procedures that can be completed within 24 h 

have been shown to produce lower yields of phytochrome with 

altered absorption spectra (Vierstra and Quail, 1983a), and 

lower purity (Datta and Roux, 1985). A protocol, based on 

the modification of the Affi-Gel Blue affinity procedure 

that yields purified phytochrome rapidly (within 15 h) has 

also been described (Vierstra and Quail, 1983). In this 

procedure, phytochrome is isolated along with a poiyphe-

nolic contaminant. These results show that there are dif

ferences of several spectroscopic parameters, such as phos

phorescence lifetime and near UV-CD spectra, compared to 

phytochrome from contaminant-free preparations. Thus, sev

eral spectroscopic properties of the phytochrome prepared 

by the procedure described below have been examined to 

assess the effect of polyphenolics on the spectroscopic 

properties of 124-kDa phytochrome. 

Subtle conformational differences have been shown to 

exist between the Pr and Pfr forms. These differences have 

been suggested by results obtained using several 

approaches, such as exogenous enzymatic probes (Lagarias 

and Mercuric, 1985: Jones e_t al. , 1985), phosphory Lat ion 
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(Wong et d . , 1986), solubility (Pratt, 1978, 1982), CD 

signal (Vierstra e l d . , 1987), chemical accessibility 

(Pratt, 1978; 1982; Song e l d . , 1982; Song, 1983), and 

amino acid accessibility (Gardner el d., 1974; Hunt and 

Pratt, 1981). Whether or not these conformational alter

ations in phytochrome apoprotein have any role in the 

molecular mechanism(s) governing biological responses to 

phytochrome is not obvious. Nevertheless, it is useful to 

evaluate these alterations to better understand how phyto

chrome might regulate different processes at the molecular 

level. Phytochrome has been shown to undergo topographical 

change (or protein environmental change around the cliro-

mophore) with respect to tetrapyrroiic chromophore during 

its phototransformation from Pr to Pfr and vice versa 

(Song, 1983; 1985). Various fluorescence and phosphores

cence techniques were used in this particular study. In 

addition, fluorescence quenching of intrinsic tryptophan 

residues by several quenchers has been used to probe the 

topography of phytochrome in its Pr and Pfr forms. Since 

there are ten tryptophan residues in 124-kDa phytochrome 

protein (Hershey el d^., 1985), this different accessibil

ity to different kinds of quenchers will provide useful 

information concerning the conformational changes that 

occur during the phototransformation of phytochrome. 

Significant differences in the molecular properties 

between 12i-kDa phytochrome and its proteolytica1ly 
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degraded forms have been reported (Furuya, 1983; Quail el 

al. , 1983; Lagarias, 1985; Song, 1985). As mentioned ear

lier, native phytochrome (124-kDa) has an additional 

6/10-kDa peptide, compared to that of large phytochrome. 

The Pr and Pfr forms of degraded phytochrome (large and 

small) have been shown to have no differences in the far 

UV-CD region (Anderson el d., 1970; Hopkins and Butler, 

1970; Tobin and Briggs, 1973; Song el d., 1979; Hunt and 

Pratt, 1981). However, 124-kDa phytochrome shows about 3% 

photoreversible differences in a-helix content (Pfr has 

more negative ellipticity) during phototransformation from 

Pr to Pfr and vice versa. Because there is no dark rever

sion in the Pfr form of 124-kDa phytochrome. It is reason

able to assume that the 6/10-kDa N-terminus has a critical 

role in the stability of the protein and phototransforma

tion (Vierstra el al* » 1984; Jones el al. , 1985). To verify 

this suggestion and to ascertain the structural relation

ship between the chromophore and the apoprotein, several 

monoclonal antibodies having different epitope characteris

tics on phytochrome were used to confirm the role of N-ter

minus of the phytochrome protein. Monoclonal antibody tech

niques have emerged as valuable tools for studying phyt o-

chrome because each monoclonal antibody binds uniquely to a 

specific epitope. In order to ascertain the relationship 

between the chromophore and its environment, the role of 



chromophore in apoprotein conformation has also been stu

died . 

In summary, experiments described in this dissertation 

include (1) a protocol used to obtain a highly purified 

native phytochrome, (2) characterization of the physico-

chemical properties of phytochrome, (3) fluorescence 

quenching studies of tryptophan residues in phytochrome to 

ascertain the topography of phytochrome, (4) monoclonal 

antibody binding studies to confirm conformational differ

ences due to phototransformation, and (5) chemical modifi

cation of the chromophore to ascertain the chromophore-

apoprotein relationship during phototransformation. 

The results elucidate the molecular characteristics 

and mechanism of light induced conformational changes of 

phytochrome. 
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Figure 2. Proteolytic domains of the Pr form of 
124-kDa phytochrome. A: ca. 60,000 Da, with chromo
phore, "small phytochrome"; B: ca. 60,000 Da, without 
chromophore; c: 6,000 Da, without chromophore, "6-kDa 
peptide"; A •f B: ca. 118,000 Da, with chromophore, 
"large phytochrome" (this preparation 
114,000 Da protein as a contaminant); 
124,000 Da, with chromophore, "native 
Taken from Song (1985). 

may contain a 
A -f B -J- C: ca 
phytochrome". 
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CHAPTER II 

LITERATURE REVIEW 

Phytochrome is the photoreceptor that regulates a 

large range of growth and developmental processes in plants 

(De Greef, 1980, Mitrakos and Shropshire, 1972; Mohr, 1972; 

Shropshire and Mohr, 1983). Since the discovery of phyto

chrome (Borthwicks and Hendricks, 1960), most of the inves

tigations concerning the mode of action of this chromopro

tein have emphasized the study of phytochrome mediated 

responses and the physicochemical properties of the mole

cule itself. 

A number of books (Mohr, 1972; Smith, 1975; 1981; 

Haupt and Feinleib, 1979; Kendrick and Frankland, 1983; 

Shropshire and Mohr, 1983; Smith and Holmes, 1984), reviews 

and symposium volumes (Smith and Kendrick, 1976; Kendrick 

and Spruit, 1977; Pratt, 1978; 1979; 1982; 1983; Smith, 

1982; Quail e l d . , 1983; Song, 1983; 1984; 1985; Smith, 

1983; Braslavsky, 1984; Roux, 1984; Rudiger e l d . , 1985; 

Schaffner el d.. , 1985; Tobin and Silverthorne, 1985) 

concerning different aspects of phytochrome research are 

available. This review will exclusively deal with past 

research on the characterization of the molecular proper

ties of purified 124-kDa (native) phytochrome that are 

closely related to the dissertation problems. 

12 
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The two most serious problems in the isolation and 

purification of phytochrome were (1) the low concentration 

of phytochrome in plant tissue and (2) the susceptibility 

of the phytochrome to endogenous proteases. Phytochrome 

isolation and purification methods were derived from the 

initial extraction and Iri vitro spectrophotometric detec

tion of phytochrome by Butler el d.. (1959), who identified 

phytochrome as a chromoprotein, and the success of initial 

partial purification of phytochrome by Siegelman and Firer 

(1964) using brushite chromatography (conventional chroma

tographic procedure). The homogeneous monomeric 60-kDa phy

tochrome was reported by Mumford and Jenner (1966). In the 

early 1970s, Rice and Briggs (1973a; 1973b) isolated a phy

tochrome molecule with a monomer size of about 120-kDa. It 

was demonstrated that the 60-kDa phytochrome product was 

derived from the large phytochrome due to proteolysis by 

endogenous proteases during purification (Gardner el al., 

1971, Rice and Briggs, 1973a; 1973b; Rice el d., 1973). 

Thus, the 120-kDa phytochrome became accepted as the native 

chromoprotein (Pratt, 1978; 1982). Two different kinds of 

affinity purification methods were introduced to minimize 

the proteolytic degradation of phytochrome. An immuno-

affinity system was developed by Hunt and Pratt (1979) and 

improved by Cordonnier and Pratt (1982). Highly purified 

phytochromes from several plant seedlings were prepared by 

this modified protocol. Another affinity purification 
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procedure was developed by Smith and Daniels (1981; Smith, 

1981). This method is based on an interaction between phy

tochrome and agarose-immobilized Cibacron Blue F3GA and 

yields highly purified phytochrome (Song el d., 1981). One 

of the methodological difficulties of this protocol was 

that the phytochrome bound to the immobilized dye was 

eluted by flavin mononucleotide (FMN). 

A common contaminant of commercial FMN is lumichrome 

which binds tightly to phytochrome and is known to alter 

its properties (Song el al. , 1981). However, phytochrome 

purified by this method prior to 1982 yielded partially 

degraded large (118/114-kDa) phytochrome (Vierstra and 

Quail, 1982a; 1982b; 1983a) as a result of endogenous pro

tease activity during the extraction. 

124-kDa phytochrome that was extracted and purified in 

the Pfr form using the Affi-Gel Blue method (Vierstra and 

Quail, 1983a) is more stable, however because the isolation 

procedure starting with the Pr form is more susceptible to 

the proteolytic degradation than the Pfr form as determined 

by time-course proteolysis and inhibitor studies (Vierstra 

and Quail, 1982a; 1982b; Vierstra el d., 1984; Jones el 

al., 1985). Similarly, limited proteolysis experiments were 

performed with extracts of different plant seedlings such 

as zucchini, rye, and pea, the results indicating the gen

erality of the degradability of Pr (Vierstra and Quail, 

1985). The Pr form of phytochrome has also been isolated 
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using hydrophobic affinity chromatography (Litts el al.. 

1983) and hydroxyapatite chromatography (Datta and Roux, 

1985). Without special precaution to minimize endogenous 

protease activity during the extraction and purification of 

phytochrome, the native phytochrome rapidly degrades to a 

large or small phytochrome (see Figure 2). All these 

species of phytochrome show red and far-red photoreversi-

bility in absorption spectra; however, their absorption 

spectra of the Pfr form differ considerably. The properties 

determined for 124-kDa phytochrome are identical to those 

of undegraded, undenatured phytochrome iji vivo (Quail el 

al. , 1983) . 

According to the gene sequence, the molecular mass of 

the native oat phytochrome is 125-kDa with 1128 amino acids 

(Hershey el al. , 1985). On the basis of the hydropathy 

index, 124-kDa phytochrome is a typical water-soluble pro

tein containing 46.8% polar residues (Vierstra and Quai, 

1983a; Hershey §1 al., 1985). The quaternary structure of 

the native oat phytochrome, as determined by size-exclusion 

chromatography, shows that it has an apparent molecular 

mass of 350-kDa (Lagarias and Mercuric, 1985) or 300 to 

350-kDa (Jones and Quail, 1986) under nondenaturing condi

tions. Stokes radius determined from these values for oat 

phytochrome is 56 ^ 61 X, (Litts, 1980; Lagarias and Mercu-

rio, 1985; Jones and Quail, 1986) compared to 81 \ as 

determined by quasi-elastic light scattering measurements 



16 

(Sarkar el al., 1984). Phytochrome is a dimer in solution 

as determined by sedimentation equilibrium centrifugation, 

cross linking measurements, and size-exclusion chromatogra

phy using concentrations well above and below In vivo 

levels. Phytochrome dimer has elongated monomers, each with 

a globular amino-terminal domain. The possible contact site 

for the dimer is located within 42-kDa from the carboxyl 

terminus and may be partially ionic in nature (Jones and 

Quail, 1986). 

On the basis of CD spectra, secondary structure has 

been estimated. Large phytochrome has been reported to have 

20 % a-helix, 30% j8-pleated sheet, and 50% random coil con

formation (Tobin and Briggs, 1973). However, Hunt and Pratt 

(1981) reported 35% a-helix and 23% /3-structure for the 

large phytochrome. The isoelectric point (pi) of 124-kDa 

phytochrome has been reported to be 5.9 (Vierstra and 

Quail, 1982a) and 6.4 (Lagarias, personal communication). 

Molar extinction coefficient of 124-kDa phytochrome has 

been estimated to be 1.21 X 10= M-^cm-i for (the Pr form; 

Cha el d . , 1983; Kelly and Lagarias, 1985) and was 

recently been revised to be 1.32 X lO^ M-^cm-^ (at the red 

absorption maximum for the Pr form using the quantitative 

amino acid analysis; Lagarias el d., 1986). Quantum yields 

for the Pr to Pfr and Pfr to Pr phototransformations under 

constant red and far-red illumination were reported to be 

0.152-0.154 and 0.060-0.065 for the Pr and Pfr forms of 
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124-kDa oat phytochrome, respectively (Lagarias el al., 

1986) . 

It has been confirmed that 124-kDa phytochrome con

tains one chromophore per monomeric subunit (Lagarias and 

Rapoport, 1980; Brandlmeier el al., 1981; Hershey et al., 

1985). The chemical structure of the Pr chromophore is now 

well established (Klein and Rudiger, 1978; Lagarias and 

Rapoport, 1980). The tetrapyrrole chromophore is covalently 

linked to the apoprotein through a thioether linkage. On 

the basis of the detailed spectroscopic analysis, the Pr 

chromophore is most likely to be in a semicircular confor

mation (Song and Chae, 1979; Song el al. , 1979) as shown in 

Figure 3. However, proteolytically produced chromopeptides 

show a fully cyclic conformation for the Pr chromophore and 

a semicircular conformation for the Pfr chromophore (Thum-

mler and Rudiger, 1983; Rudiger el d^., 1985). 

To understand the molecular differences between the Pr 

and Pfr forms of 124-kDa phytochrome, several experimental 

approaches have been utilized. No significant differences 

were found in examining the electrophoretic mobility (Vier

stra and Quail, 1982a). The quaternary structure of the 

124-kDa phytochrome was not significantly altered upon pho

totransformation as reported using quasi-elastic light 

scattering, sedimentation velocity, cross linking measure

ments, and size-exclusion chromatography (Sarkar el al-, 

1984; Lagarias and Mercuric, 1985; Jones and Quail, 1986). 
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Some monoclonal antibodies (oat-13, oat-22, oat-28, oat-26) 

show no differences in the binding affinity between the Pr 

and Pfr forms of 124-kDa phytochrome (Cordonnier el al., 

1984; Cordonnier e l d . , 1985; Shimazaki e l d . , 1986). 

However, the possibility of significant conformational 

changes was suggested on the basis of an increase in iH-^H 

exchange kinetics upon Pr to Pfr phototransformation (Hahn 

el al., 1984), and an increased retention time for the Pr 

form using size-exclusion high performance chromatography 

with Tris buffers on the TSK 3000 SW column (Lagarias and 

Mercuric, 1985; Jones and Quail, 1986). Several monoclonal 

antibodies that have different binding affinity with the Pr 

and Pfr forms of 124-kDa phytochrome were reported (Cordon

nier el al- , 1984; 1985; Thomas el al. , 1984; Shimazaki el 

al.. 1986; Thomas and Penn, 1986). The different reactivity 

of the Pr and Pfr forms of phytochrome toward various chem

ical reagents has been taken as an indication of light-

induced changes in structure and accessibility of the chro

mophore environments (specific amino acid residues). The 

Pfr form is more susceptible to tetranitromethane (TNM), 

8-anilinonaphthalene-1-sulfonate (ANS) and bilirubin oxi

dase treatments than the Pr form of 124-kDa phytochrome 

(Hahn el al., 1984; Thummler el d., 1985; Kwon el al., 

1986). In the experiments using TNM, there was a striking 

difference in the rate of bleaching of the Pr and Pfr forms 

of 124-kDa phytochrome. The Pfr form was bleached eight 
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times more rapidly than the Pr form in 124-kDa phytochrome. 

In the case of large phytochrome, the Pfr form was bleached 

forty times faster than the Pr form. However, the results 

of the oxidation studies of 124-kDa phytochrome with ozone 

showed that Pr and Pfr bleached at approximately the same 

rate (Thummler el al. , 1985). On the basis of these 

results, the intrinsic chemical reactivities of Pr and Pfr 

forms toward oxidation by TNM and ozone are identical 

(Lagarias, 1985). However, the degree of exposure of the 

chromophore deptends on the size of protein, indicating in 

particular that the 6/10-kDa peptide segment shields and 

interacts closely with the Pfr chromophore (Song, 1985). 

The degraded Pfr form of phytochrome bleached faster than 

the Pr form in the presence of hydrophobic probe ANS. In 

the case of bilirubin oxidase experiments, the Pr form was 

not as susceptible to the enzyme as the Pfr form. Further 

information on the molecular mechanism of the phototrans-

formations of 124-kDa phytochrome are yet to be investi

gated , 
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CHAPTER III 

MATERIALS AND METHODS 

Materials 

Plant Materials 

Oat seeds (Avena sativa L., cv, Garry) were purchased 

from Stanford Seed Company (Buffalo, NY). All seeds were 

stored in a cold room (4 oc). The seeds were planted as 

follows: After adding 900 ml of water to about 1 liter of 

vermiculite, the mixture was placed on a plastic tray (15" 

X 20"). After soaking in running tap water for 2 h, seeds 

were sown on the surface of wetted vermiculite (500 ml of 

soaked seeds per tray), covered with a wire mesh screen to 

facilitate harvesting and then placed in the growing cham

ber . 

Seedlings were grown in the dark at 25 oc with more 

than 80% humidity. The etiolated tissues were harvested 

after 4 days, wrapped in aluminum foil, and stored at 4 oc 

for use within 12 h for isolation of phytochrome. 

Chemicals 

Fast flow, hydroxyapatite (HA) X'7as purchased from Beh-

ring Diagnostic (Calbiochem, San Diego, CA). Polyethyle-

neimine (PEI) was from Eastman Kodak (Rochester, NY). Ammo

nium sulfate (Ultrapure, special enzyme grade) was pur

chased from Schwarz/Mann (Orangeburg, NY). Acrylamide, 

ammonium persulfate, Affi-Gel blue, bis-acry lamide, Bio-Ciel 

22 
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A-1.5m (200-400 mesh) were from BioRad Laboratories (Rich

mond, CA). CaCl2t H2HPO4 for brushite preparation and 

ethylene glycol (EG) were from Fisher Scientific Company 

(Fair Lawn, NJ). Tris-Base, EDTA, 2-mercaptoethanol (ME), 

glycerol, Coomassie Brilliant Blue R, flavin mononucleotide 

(FMN), bovine serum albumin (BSA), KCl, isopropanol, sodium 

dodecyl sulfate, L-tryptophan, sodium bisulfite, sodium 

borohydride, tetranitromethane (TNM), antifoam, KOH, urea, 

polyvinylpolypyrrolidone (PVPP), and phenylmethylsulfonyl-

fluoride (PMSF) were obtained from Sigma Chemical Company 

(St. Louis, MO). PVPP was acid-washed as described by 

Loomis (1974), collected by filtration, and stored as a 

damp powder. 

Buffers 

All solutions and buffers were made with deionized 

double distilled water. The extraction buffer contained 100 

mM Tris-HCl, (pH 8.3, at 4 oc), 140 mM (NH4)2S04, 10 mM 

EDTA, 50 % (V/V) EG, 20 mM ME, 20 mM Na2S20 5 (added 

immediately prior to homogenization), and 4 mM PMSF (added 

freshly and diluted from 0.2 M in isopropanol). TEG buffer 

contained 50 mM Tris-HCl (pH 7.8, at 4 oc), 5 mM EDTA, 25 % 

(V/V) EG, and 14 mM ME. TASEG buffer contained 70 mM 

(NH4)2S04 in TEG buffer (pH 7.8, 4 oc). Potassium phosphate 

buffer (KPB, pH 7.8, at 4 oc) contained 5 mM or 60 mM of 

KPB with 14 mM ME, 5 mM EDTA and 25 % (V/V) EG. Bio-Gel 
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equilibrating buffer (pH 7.8, at 4 OQ) contained 20 mM KPB 

and 1 mM EDTA. Preparation of lumichrome-free FMN was per

formed with the method of Song el al. (1981) in the dark 

immediately prior to use. 

Chromatographic Materials 

Hydroxyapatite preparation 

Brushite (CaHP04•2H2O), was prepared by modification 

of the procedure of Siegelman el al. (1965) as described by 

Song el d . (1981). Two liters each of 1 M CaCl2 and 1 M 

K2HPO4 were poured into a beaker containing 0.4 liter of 1 

M CaCl2. The flow rate of each solution was maintained at 2 

ml per min by using a peristaltic pump and the mixture was 

gently stirred with a mechanical stirrer. After the addi

tion was completed, the precipitate was stored undisturbed 

for a week and then washed five times with distilled water. 

The washed brushite was stored in a cold room (4 oc) until 

needed (in a 1:1 ratio of brushite and water). 

Conversion from brushite to hydroxyapatite 

[Cai0(PO4)6(OH)2 J was completed using the method of 

Siegelman el al. (1965). One mole of KOH was slowly added 

to one mole of the above brushite-water mixture while stir

ring gently. The slurry in a stoppered flask was allowed to 

stand for 72 h at room temperature. The product was then 

washed five times by decantation with distilled water to 

remove fines and salts and then stored at 4 or as HA-water 
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mixture with 1:1 ratio until used. This HA-water mixture 

(200 ml) was packed into a column to yield a gel volume of 

about 100 ml. After packing, the column was equilibrated 

overnight with five column volumes of TASEG (or distilled 

water) using a flow rate of 100 ml per h. 

With commercial (fast flow) HA, the amount of dry pow

der was determined prior to use. In order to make the col

umn material, (hydrated HA occupies about 3 ml per dry 

gram), dry HA gel material was added to TASEG (or distilled 

water) in a ratio of 1:6 with gentle swirling using a 

mechanical stirrer. The slurry was allowed to settle for 10 

min. 

Recycling of HA 

The HA column could be re-used 3-4 times with the fol

lowing treatment after each use. The HA gel was first 

treated with 2 column volumes of 0.5 M KPB (pH 7.8 at 4 

OC), followed by 10 column volumes of the TASEG (or dis

tilled water) at a flow rate of 100 ml per h. 

Recycling of Affi-Gel blue gel 

Affi-Gel blue was purchased from BioRad Laboratories, 

and re-used by recycling the gel as described by Song el 

al. (1981). After each use, the gel was subsequently 

treated with distilled water (until the yellow color disap

peared), 8 M urea (3 times), and 3 M KCl (4 times). After 

packing into a column, the column was equilibrated with 10 
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mM KPB, pH 7.8 (at 4 oc), containing 5 mM EDTA, 14 mM ME, 

and 2 mM PMSF. 

Other chromatographic materials 

Bio-Gel A-1.5m and Bio-Bead SM-2 were purchased from 

BioRad Laboratories (Richmond, CA). XAD-4 and Dowex-1 were 

obtained from Sigma Chemical Co. (St. Louis, MO). XAD-4 

(Amberlite) was cleaned following procedures described in 

Loomis el al (1979), and washed with distilled water until 

free of chloride ion. 

Monoclonal Antibodies 

Six monoclonal antibodies to 124-kDa oat phytochrome, 

which are designated oat-13, oat-22, oat-25, oat-26, 

oat-28, and oat-31, were provided by Drs. L. H. Pratt and 

M.-M. Cordonnier, University of Georgia, Athens. 

Methods 

Phytochrome Isolation From 
Etiolated Oat Seedlings 

Purification Procedures 

Native oat phytochrome of monomer subunit molecular 

mass of 124-kDa, as determined by NaDodSO4-polyacrylamide 

gel electrophoresis (SDS-PAGE), was isolated and purified 

from etiolated oat seedlings by a modified procedure of 

Vierstra and Quail (1983a). This method was used to obtain 

phytochrome which usually had low purity (specific 
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absorbance ratio, A666/A280, with phytochrome in its 

red-absorbing form [SAR], SAR = 0.85) and not enough yield 

for preliminary experiments (especially fluorescence 

quenching). The modified procedure (described later in this 

text) was introduced later to obtain higher purity (SAR > 

0.95) and higher yield (20-25%). The initial steps for both 

purification protocols are identical, employing the extrac

tion buffer and polyethyleneimine (PEI) and ammonium sul

fate precipitation steps of Bolton (1979) and Vierstra and 

Quail (1983a). The method of ammonium sulfate back-

extraction (Cooper, 1973) was introduced after the HA chro

matography instead of the usual application to Affi-Gel 

blue column (Vierstra and Quail, 1983a) for further purifi

cation . 

All manipulations were performed at 0 to 4 oc under 

dim green safe light obtained by filtering 20 watt cool 

white fluorescent lamps (General Electric) with 1 layer 

each of blue and green Plexiglas (blue, # 877; green, # 

874, Dallas Stage Lighting Equipment, Dallas, TX) unless 

otherwise noted. 

Extraction 

Fresh oat seedling tissues (1.6 kg) were illuminated 

for 10 min (phytochrome was converted to Pfr) in a cold 

chamber (4 oc) with a gold fluorescent lamp (8 mW/cm2, 

absorbance maximum 585 nm, F40G0, Gold, General Electric) 
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immediately prior to homogenization. The tissue was ground 

in a Waring blender (at medium speed for 50 s) with 1.2 

liter of 100 mM Tris-HCl, pH 8.3 (4 oc), containing 140 mM 

ammonium sulfate, 10 mM EDTA, 50 % (V/V) EG and 20 mM ME 

with the addition of 20 mM Na2S205 (added fresh), and 4 mM 

PMSF just prior to use (James, 1978). The slurry was 

squeezed through four layers of cheesecloth into a beaker 

on ice bath as described by Bolton (1979) and by Vierstra 

and Quail (1983a) with the exception that 20 mM ME was 

included in the modified extraction buffer. 

Polyethyleneimine (PEI) Precipitation 

To the crude extract, 10 ml of 10% (V/V) PEI (pH 7.8) 

(Jendrisak and Burgess, 1975) was added to 1 liter of fil

trate and was stirred for 15 min, after adjusting the pH to 

7.8 with 3 M Tris-base or HCl. The filtrate was centrifuged 

for 20 min at 11,000 x g. The precipitate was discarded and 

PMSF (2 mM) was added to the supernatant. 

Ammonium Sulfate Precipitation 

Phytochrome was precipitated by adding 250 g of ammo

nium sulfate (solid) per liter of PEI supernatant, and 

stirred for 1 h at 4 oc. After centrifugation at 11,000 x g 

for 30 min, the light blue-green pelleted phytochrome \̂ as 

dissolved in 200 ml of 50 mM Tris buffer, pH 7.8, contain

ing 5 mM EDTA, 2 5 % (V/V) EG, 14 mM ME and 2 mM PMSF. After 

15 min of stirring, the resuspended solution was clarified 
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by centrifugation at 24,000 x g for 10 min. The clarified 

phytochrome solution was saved and the light-yellow pellet 

was discarded. The difference absorption spectrum of Pr 

versus Pfr from the supernatant is shown in Figure 4. 

The reader should consult Figures 4 - 2 0 and Tables 1 

and 2 for the following discussion. 

Hydroxyapatite (HA) Chromatography 

The resulting clarified phytochrome solution was 

loaded to a (2.5 X 10 cm) HA column equilibrated with at 

least 5 column volumes of TASEG buffer, 50 mM Tris-HCl (pH 

7.8, at 4 OC), 70 mM ammonium sulfate, 5 mM EDTA, 25 % 

(V/V) EG and 14 mM ME (or distilled water) at a flow rate 

of 100 ml per h. The column was subsequently washed with 2 

column volumes of 5 mM potassium phosphate buffer (KPB), pH 

7.8, containing 5 mM EDTA, 11 mM ME and 25 % (V/V) EG. Phy

tochrome was then eluted with 20 mM KPB, pH 7.8, containing 

5 mM EDTA, 14 mM ME, 2 mM PMSF for the Affi-Gel procedure 

(Figure 5; Vierstra and Quail, 1983a), or with 60 mM KPB, 

pH 7.8, containing 5 mM EDTA, 14 mM ME, 25 % (V/V) EG and 2 

mM PMSF for the modified procedure (Figure 12), at a flow-

rate of 100 ml per h. Phytochrome containing active frac

tions (higher than A730 = 0.2) was pooled in 100 -150 ml. 

Figure 6 (see Figure 13 for the modified procedure) shows 

the absorption spectrum of an active fraction obtained from 

HA column chromatography. The spectrum shows typical 
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characteristics of the native Pfr (red shifted absorption 

maxima, higher Pfr content) and relatively purified state 

(SAR = 0.1). 

Subsequent steps involved either Affi-Gel Blue column 

chromatography (for the original method) or the method of 

ammonium sulfate back-extraction (for the modified proce

dure; See Figure 11). 

The Original Procedure 

Affi-Gel blue column chromatography 

Phytochrome-containing fractions from the above HA 

column were pooled, and phytochrome was then converted to 

Pr by a 10 min far-red light (730 nm) irradiation. The 

pooled phytochrome was precipitated by adding of 65 ml of 

3.3 M ammonium sulfate solution containing 50 mM Tris-HCl 

(pH 7.8, at 4 oC) per 100 ml of phytochrome pool (Smitn and 

Daniels, 1981). After stirring 10 min at 4 oc, it was 

centrifuged for 20 min at 24,000 x g. The pellet was dis

solved in 30 ml of 10 mM KPB, pH 7.8 at 4 oc, containing 5 

mM EDTA, 14 mM ME and 2 mM PMSF. After clarification by 

centrifuging for 5 min at 48,000 x g, the supernatant phy

tochrome solutions were loaded on to a 2.3 x 20 cm Affi-Gel 

blue column equilibrated in the same buffer without P̂ ISF. 

The column was subsequently washed with 4 column volumes of 

equilibrating buffer (washing buffer I), 4 column volumes 

of 100 mM KPB, pH 7 . 8 containing 1 M KCl, 14 mM ME and 5 in>1 
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EDTA (washing buffer II), and 2 column volumes of 100 mM 

KPB, pH 7.8, containing 250 mM KCl, 14 mM ME and 5 mM EDTA 

(washing buffer III). Bound phytochrome was eluted with the 

washing buffer III containing 10 mM FMN solution at a flow 

rate of 50 ml per h. Figure 7 shows an elution profile of 

Affi-Gel blue column chromatography. Phytochrome containing 

active fractions (higher than Aeee = 0.05) were pooled. The 

absorption spectrum of the active fraction obtained from 

the Affi-Gel Blue chromatography is shown in Figure 8. 

Gel filtration chromatography 

The eluted phytochrome pool was then collected and 

fractionated with 90 ml of 3.3 M ammonium sulfate solution 

containing 50 mM Tris (pH 7.8, at 4 oc) per 100 ml of 

phytochrome pool, and the mixture was clarified by centri

fugation for 10 min at 24,000 x g. The resulting phyto

chrome pellet was resuspended in 5 ml of 20 mM KPB, pH 7.8 

at 4 oc, containing 1 mM EDTA and 2.8 mM ME, and clarified 

by centrifugation for 5 min at 40,000 x g and loaded to a 

(2.3 X 40 cm, 200 - 400 mesh) Bio-Gel A-1.5m column with a 

flow rate of 20 ml per h. 

In the final preparation, SAR values ranging from 0.8 

to 0.95 were obtained. An elution profile of Bio-Gel A-1.5m 

is shown in Figure 9. Figure 10 shows the absorption spec

tra of the Pr and Pfr forms of Affi-Gel purified native 

phytochrome following the Bio-Gel column in a typical 
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preparation. After the Affi-Gel column, phytochrome was 

still contaminated by some FMN, but the contaminating FMN 

was completely removed in the final preparation (Bio-Gel 

column). 

The Modified Procedure 

Ammonium sulfate back-extraction 

Figure 11 shows an outline of the modified protocol. 

The phytochrome obtained from HA column was precipitated by 

adding 45 ml of 3.3 M ammonium sulfate solution containing 

50 mM Tris-HCl (pH 7.8, at 4 oc) per 100 ml of phytochrome-

containing pool from HA column chromatography and swirled 

gently for 15 min. After centrifugation for 20 min at 

24,000 X g, the phytochrome pellet was resuspended in 1 ml 

of Bio-Gel buffer (20 mM KPB and 1 mM EDTA, pH 7.8, at 4 

OC) per 2.0 units [1 unit of phytochrome (as Pr) per 1 ml 

has A6 66 = 1.0 (1.0 cm pathiength cell)] of HA pooled 

phytochrome. The above pellet was resuspended by first 

adding 2 to 3 drops of Bio-Gel equilibrating buffer to make 

a homogeneous slurry of the pelleted phytochrome using a 

glass rod. Phytochrome suspension was obtained by adding 

remaining buffer to the slurry in 2 or 3 steps making 

homogeneous slurry at each step. The resuspended phyto

chrome was swirled for 5 min and clarified by centrifuga

tion for 5 min at 40,000 x g. This supernatant (Supernatant 

I) was discarded, and the deep blue-green phytochrome 
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pellet was dissolved in the same buffer, 1 ml per 2.4 units 

of HA pooled phytochrome, and clarified for 5 min at 40,000 

x g to obtain the phytochrome containing Supernatant II. 

(If the pellet retains blue color, then repeat the resus-

pension and clarification steps, by adding 1 ml of buffer 

to the remaining phytochrome pellet until a white pellet is 

obtained or until blue color is no longer present in the 

pellet). Figures 14 and 15 show the differences between 

Supernatants I and II. Until this step, the manipulations 

were performed under a golden fluorescent lamp. 

Gel filtration chromatography 

After phytochrome-containing supernatant (Supernatant 

II) was converted to Pr by a 5 min far-red light irradia

tion, it was applied to Bio-Gel A-1.5m column (2.3 x 40 cm, 

200-400 mesh) equilibrated with Bio-Gel buffer and eluted 

with the same buffer at a flow rate of 20 ml per h. An elu

tion profile of Bio-Gel column chromatography is shown in 

Figure 16. Figure 17 shows the absorption spectra of Pr and 

Pfr forms of native phytochrome isolated by this protocol. 

The phytochrome-containing fractions were assayed for 

purity and spectral quality, then stored in small aliquots 

at 4 oc for short term use or at -70 oc in buffer contain

ing 5% glycerol for long term storage. 
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Ammonium sulfate re-fractionation 

In the case of experiments where a high concentration 

of phytochrome was needed. Supernatant II was re-extracted 

with 0.5 ml of 3.3 M ammonium sulfate containing 50 mM Tris 

(pH 7.8 at 4 OC) per 1 ml of Supernatant II and the ammo

nium sulfate back-extraction procedure was repeated as 

described in the previous section. This process yielded 

relatively pure (SAR value > 0.95) and high concentrations 

of phytochrome solution (Aeee > 1.5) without using Bio-Gel 

column chromatography (Table 1). 

Assay 

Purified phytochrome was assayed by measuring the 

absorbance at 666 nm (for Pr) and at 730 nm (for Pfr). One 

unit of phytochrome was defined by Aeee = 1 in 1 ml (Pratt, 

1978). When phytochrome solution was turbid (assay of phy

tochrome after the ammonium sulfate precipitation during 

extraction procedure, as well as before it was loaded to an 

HA column), the difference absorption spectra were recorded 

using the procedure described by Jung and Song (1979) to 

estimate the amount and the concentration of phytochrome in 

solution. Protein and other contaminants were estimated by 

measuring the absorbance at 280 nm. Phytochrome (Pr) con

centrations were estimated using the molar extinction coef

ficients of 132,000 M-icm-i at 666 nm for native phyto

chrome (Lagarias el al., 1986). 
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Purity of phytochrome was defined by its SAR, which is 

A666/A280 for phytochrome in its red-absorbing form (Pr) . 

For purified native phytochrome, SAR values ranges from 

0.95 to 1.13. 

There was no dark reversion (Vierstra and Quail, 

1983a; Song, 1984), of native phytochrome from oat. Rates 

of phytochrome dark reversion with and without addition of 

dithionite were measured as described by Pike and Briggs 

(1972a) to determine whether or not purified phytochrome 

had any degraded phytochrome. 

The native Pfr form of phytochrome has a distinct 

absorption spectrum compared to large phytochrome, and this 

characteristic is a good index to classify the phytochrome 

as native or degraded species. Purity of phytochrome was 

also checked with SDS-PAGE. 

SDS-Polyacrylamide Gel 
Electrophoresis 

SDS-PAGE was performed in 1.5 mm thick slab gel 

according to the method of Laemmli (1970) employing 7.5% 

acrylamide and the resulting gels were stained with Coom

assie brilliant blue R. Figure 18 shows a single band with 

apparent molecular weight of 124-kDa for purified phyto

chrome on the gel without any noticeable contaminants. The 

molecular mass of the phytochrome band was estimated by 

using the following standard molecular weight proteins; 

myosin (200,000), j8-galactosidase (116,250), phosphory lase 
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b (92,500), bovine serum albumin (66,200) and ovalbumin 

(45,000). 

Absorption Spectra 

Absorption spectra of phytochrome were recorded with 

Gary 118C (Varian), Lambda 3B (Perkin-Elmer) or HP 8451A 

(Hewlet-Packard) spectrophotometers with a circulating ice 

water system (2 or 3 ^C) to maintain temperature in the 

sample cell under a green safety light as described else

where (Hahn el d . , 1984; Moon el d . , 1985). 

Circular Dichroic Spectra 

Circular Dichroic spectra of phytochrome were recorded 

on a modified JASCO-20 CD/ORD spectropolarimeter equipped 

with a Morvue photoelastic modulator (PEM-3) and a lock-in 

amplifier (Ithaco Model 3941), instead of a Pockels cell 

with its related circuitry to increase signal-to-noise 

ratio (Jung e l d . , 1980). 

The CD instrument was calibrated with cis-androsterone 

(Kirk and Klyne, 1976). Reproducibility of results were 

regularly checked with standard substances, such as known 

proteins (e.g. BSA; Barnes e l d . , 1972), as well as by 

repeating runs on several replicates of phytochrome solu

tions . 

Recording of CD spectra in the far-UV (200 to 250 nm) 

region employed cells of 2 mm pathiength and phytochrome 

monomer concentrations of about 0.6 to 1.6 >JM. The CD 
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tra of each given phytochrome solution (or mixture of phy

tochrome and monoclonal antibody) were obtained from an 

average of two or more consecutive scans. The CD spectrum 

of phytochrome (Pr or Pfr) was scanned first, and each phy

tochrome sample was then photoconverted to the other form 

for a second CD scan. The CD spectra were recorded at least 

in duplicate with different phytochrome sample preparations 

and frequently in triplicate. In all recordings, the CD 

spectra were reproducible. 

Mean residue ellipticity was calculated from 

[Q]^ - -{33(M/100)(AL-AR)}/(1C) 

where, 

[8]x = decimolar ellipticity at given wavelength, 

M = mean residue weight, 

(AL-AR) = the observed difference in absorbance of 

left and right circularly polarized light, 

1 = pathiength in dm, and 

c = concentration of protein in g/ml. 

Concentration of phytochrome was calculated from an 

extinction coefficient of 1.32 x lOSM-icm-i (Lagarias el 

d., 1986). The mean residue weight of 110.7 was calculated 

from a molecular weight of 124,870 on the basis of the 

known amino acid sequence of phytochrome (Hershey el d., 

1985). Estimates of apparent a-helix, ^-pleated sheet. 
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|3-turn, and unordered (random) coil were computed by the 

method of Chang el al. (1978) based on a linear least-

squares analyses of the reference CD spectra of fifteen 

proteins of known X-ray crystallographic structure. 

The spectra, after conversion to molar ellipticity, 

were fitted by a linear combination of four different basis 

functions for a-helix, j8-sheet, j3-turn, and unordered 

structure and by the equation: 

[8]^ = fH[e]H° + fB[e]B + fiCeiT + fpCeiR 

where, 

[Q]\ = the mean residue ellipticity at any wavelength 

H = oc-helix 

B = j8-pleated sheet 

T = /3-turn 

R = unordered structure 

n = the average number of amino acid residues per hel

ical segment, n = 10 is used for this study, 

with two constraints: 

Sf j = 1 

1 >_ f j 1 0 . 

As part of the least-squares fitting program, the sum 

of the fractions of a-helix, /3-sheet, i3-turn, and unordered 

structures were constrained to unity. 
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The secondary conformation of 124-kDa phytochrome was 

also determined by the computed circular dichroism curves 

in the 190 to 250 nm region for combinations of experimen

tally determined curves for poly-L-lysine in the Q:-helix, 

)3-pleated sheet, and random coil conformations (Greenfield 

and Fasman, 1969). The percentage of a-helix is determined 

to a first approximation by the equation: 

[0] 208nm - 4,000 
% a-helix = X 100 

33,000 - 4,000 

A computer program has been written to solve these 

equations to determine the mean residue ellipticity from 

the measured values of (AL-AR) and known concentrations of 

samples. The computer program for the CD analysis of pro

tein conformations was provided by Drs. C.-S. C. Wu and J. 

T. Yang, University of California, San Francisco. 

Fluorescence Measurements 

Fluorescence measurements were carried out at 3 oc in 

a 1-cm pathiength quartz fluorescence cuvette on a Perkin-

Elmer Model MPF-3 spectrofluorometer equipped with a 

150-watt xenon lamp. Low temperature was obtained with a 

ice cold water circulator attached to the sample housing. 

Fluorescence spectra are shown in Figure 19 for excitation 

and Figure 20 for emission, respectively. Fluorescence 

quantum yields were calculated by comparing the integrated 
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fluorescence intensity of the solution of L-Trp in Bio-Gel 

buffer and of the phytochrome sample corrected to the 

sample absorption at the exciting wavelength and using the 

value of 0.13 as the quantum yield for L-Trp (Chen, 1967). 

Fluorescence Quenching 

Fluorescence quenching studies were done with a Per

kin-Elmer MPF-3 spectrofluorometer in an ice bath, by vary

ing the concentration of different quenchers. Small ali

quots (i.e., 1 to 10 ^1) of a very concentrated quencher 

solution, such as 5 M KI (containing 10-* M of S2O5-2 to 

prevent 1-3 formation), 5 M CsCl, 3.36 M succinimide, 

and 8 M acrylamide were added to 0.7 ml of a single sample 

solution (Pr and Pfr) in a fluorimetric cuvette, having an 

absorbance of 0.1 or less at the excitation wavelength 

(Eftink and Ghiron, 1976a; Lakowicz, 1983). After each 

addition of quencher, the solutions were mixed by inversion 

and the fluorescence intensity was recorded. Corrections 

for the dilution of the concerned fluorophore were made by 

using the computer. 

Phytochrome (with or without quenchers) was excited at 

295 nm. This wavelength is used for the quenching studies 

to ensure that the light was absorbed entirely by tryptoph-

anyl groups in proteins (Eftink and Ghiron, 1975; 1976a; 

1976b; Lehrer and Leavis, 1977; Omar and Schleich, 1981; 

Lakowicz, 1983) and to minimize the amounts of light 
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absorbed by quencher (such as acrylamide). The intensity of 

fluorescence of phytochrome was monitored at its emission 

maxima, since the shape and position of the emission spec

trum were not altered by addition of quencher. 

Quenching constants were calculated according to the 

Stern-Volmer equation (Stern and Volmer, 1919): 

Fo/F = 1 + K Q [ Q ] = 1 + kqroCQ] 

where, 

Fo = the fluorescence intensity in the absence of the 

quencher. 

F = the fluorescence intensity in the presence of a 

given concentration of the quencher, Q. 

KQ = the Stern-Volmer quenching constant 

[Q] = the concentration of quencher, 

kq = the bimolecular quenching constant 

'"•= the lifetime of the fluorophore in the absence of 

quencher. 

Quenching data are presented as a plot of Fo/F versus 

[Q], using an Apple or IBM computer with an IMI computer 

program. 

Certain quencher (acrylamide) absorbs light at the 

excitation wavelength (295 nm) and a correction factor was 

applied for the attenuation of the incident light, as 

described previously by Helene and Brun (1969). 
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IF = lMdo/d(l - 10-d) 

where, 

do = the optical density of the phytochrome solution 

alone at the exciting wavelength (295 nm) 

d = the total optical density at the same wavelength 

after the addition of the quencher. 

IF = the true fluorescence intensity 

IM = the measured fluorescence intensity. 

In the case of a protein containing many tryptophanyl 

side chains, part of which are accessible to quencher; Fo/F 

can be calculated according to the modified Stern-Volmer 

equation as described by Lehrer (1971). 

Fo/AF = l/faKe[Q] + 1/fa 

where, 

Fo = the fluorescence intensity in the absence of the 

quencher 

AF = the difference in fluorescence intensity in the 

presence and absence of the quencher at given 

concentration [QJ 

KQ = Stern-Volmer quenching constant of the accessible 

fraction 

[Q] = the concentration of quencher 
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fa = the fraction of the initial fluorescence which is 

accessible to quencher. 

Phosphorescence Measurements 

Phosphorescence measurements were carried out in an 

Aminco-Bowman spectrofluorometer with a phosphoroscope 

attachment (to cut off short-lived signals, fluorescence or 

stray light) or with a phosphorescence lifetime attachment 

(for phosphorescence lifetime) at 77 K. Excitation wave

length was at 290 nm and emission was observed at 90o to 

the incident beam (Longworth, 1968; Charlton and Henry, 

1974). Phosphorescence decay curves were obtained using a 

Tektronix oscilloscope (Model 564 B ) . Quartz tubes of 3-mm 

diameter in a liquid nitrogen optical Dewar were used for 

phosphorescence measurements. 

Phototransformation 

Phytochrome was photoconverted by irradiating with a 

Bausch and Lomb microscope illuminator combined with a 666 

nm interference filter (Oriel C572-6600) for red light, and 

with a far-red cut-off filter (Ealing 26-4457) for far-red 

light. Fluence rates were 7.5 W/m2 and 1.6 kW/m2, respec

tively. 

Calculation of the percentage of Pfr at red light pho-

toequilibrium was determined from the quantum yield ratio 

and the solution absorbances at 666 nm following saturation 
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by red and far-red irradiations according to Butler (1972) 

and Kelly and Lagarias (1985). 

Dark Reversion 

Rates of dark reversion for native phytochrome were 

determined by the absorbance difference between 666 nm 

(red) and 730 nm (far-red) maxima from the time dependent 

spectra of Pfr at 273 K with or without the addition of 

sodium dithionite (Pike and Briggs, 1972a). Sodium dithion

ite was added to final concentration of 5.1 mM from a 0.5 M 

stock solution which was prepared in the same buffer, 

Tetranitromethane Oxidation and 
Borohydride Reduction of 

Native Phytochrome 

Absorbance measurements were carried out with a Lambda 

3 (Perkin-Elmer) or HP 8451A (Hewlet-Packard) spectropho

tometer. A stock solution of 2 mM TNM was prepared in etha

nol (99.99%) (Hunt & Pratt, 1981). Samples for CD measure

ments were incubated for various times after addition of 5 

jul of 2 mM TNM to 495 ^l of Pr (or Pfr) form of 124-kDa 

phytochrome (final concentration of 40 juM TNM and l-OxlO-* 

g/ml phytochrome) at room temperature. The CD measurements 

were carried out as a function of absorbance bleaching 

(i.e., 50% of original absorbance at 666 nm for Pr or 730 

nm for Pfr). Steady state absorbance measurements were per

formed with a Lambda 3 spectrophotometer at 4 oc. Samples 

for each steady state measurement v>?ere incubated for 
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various times after addition of 5 jal of a 1 M solution of 

NaBH4 in 20 mM KPB, pH 7.8 (4 oc), to 495 pi of Pr and Pfr 

forms of phytochrome (final concentrations of 20 mM NaBH4 

and 1.0 X 10-^ g/ml phytochrome). After partial bleaching, 

CD measurements were obtained with the mixture at room tem

perature . 

Spectral Bleaching Kinetics 

Chromophore oxidation of phytochrome with TNM and 

chromophore reduction with sodium borohydride were followed 

spectrophotometrically at 660 nm (for Pr) and at 730 nm 

(for Pfr) immediately following addition of freshly pre

pared oxidant or reductant in the same buffer as for CD 

measurements. 

Monoclonal Antibodies 

Six monoclonal antibodies to 124-kDa oat phytochrome, 

which are designated oat-13, oat-22, oat-25, oat-26, 

oat-28, and oat-31, were obtained as described previously 

(Cordonnier el al- , 1983, 1984, 1985). These monoclonal 

antibodies have epitope characteristics as shown in Table 

2. 

For CD measurements, 200 pi of a monoclonal antibody 

[in 0.1 M NaPB containing 1 mM EDTA and 0.02% NaN3, at pH 

7.8 (4 OC)] was mixed with 200 pi in 20 mM KPB containing 1 

mM EDTA, pH 7.8 (4 oc) to make a final concentration of 9.5 

X 10-4 g/ml. Two hundred JJI of each monoclonal antibody 
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were also mixed with 200 ;ul of 1.9 x lO-^g/ml of Pr or Pfr. 

At these concentrations, virtually all phytochrome in solu

tion is complexed with antibody, since there is an approxi

mately 8:1 molar ratio of antigen binding sites to phyto

chrome monomer. The far UV-CD spectra of monoclonal antib

ody and its mixture with 124-kDa phytochrome were recorded 

in a 2 mm pathiength cell at room temperature. The CD spec

trum of phytochrome in its Pr form was first run in the 

presence of monoclonal antibody (oat-25), followed by suc

cessive CD recordings after photoconverting the phytochrome 

to its Pfr form with red light and then back to the Pr form 

with far red light (photocycled). When the Pfr form pre

pared in the absence of the monoclonal antibody was mixed 

with the antibody, the mixture (monoclonal antibody, 

oat-25-Pfr) was then either photoreverted to the Pr form or 

cycled back to the Pfr form with red light. The short wave

length CD spectra (X < 205 nm) were recorded with diluted 

solutions when the PMT voltage saturated. Solution stabil

ity and/or aggregation of phytochrome-monoclonal antibody 

mixtures was monitored by CD and by absorbance at 280 nm. 

Analysis of Phenolics 

Extraction of Phenolics 

Polyphenolics were isolated by the method of Burns 

(1963) and used for the study of adsorption with adsor

bents. Fresh etiolated oat seedlings were chilled in liquid 
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N2 until brittle and ground in the presence of liquid N2 in 

a Waring blender. The suspension of fine powder was poured 

into a Dewar flask and stored in liquid N2 until used. 

Experimental extractions were performed by mixing 2.5 g of 

oat powder with a specific amount of absorbent in appropri

ate buffer. Since the amount of H2O in each adsorbent 

varied, the weight of adsorbent specified was based on dry 

weight, however, only hydrated resins were used during 

extraction. This mixture was stirred gently with a magnetic 

stirrer for 5 min and centrifuged at 14,500 x g for 10 min 

at 0 oc. The resultant extract was kept in ice until used 

(Sanderson, 1964; Smith and Montgomery, 1985). 

Absorption of purified polyphenolics 

Polyphenol solution (1 ml containing 2 mg purified 

polyphenolics) was mixed with 3 ml 20 mM KPB, pH 7.8, con

taining weighed amounts of the adsorbents for 30 s on a 

vortex mix (Gay, 1978). After centrifugation at 1,500 x g 

for 5 min to remove the adsorbents, the supernatants were 

assayed for polyphenol content by Folin-Denis assay (Folin 

and Denis, 1915; Swain and Hillis, 1959). 

Protein determination 

Total protein was determined according to the method 

of Lowry el d . (1951) with BSA as a standard. 
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Table 1 

Flow chart of the purification and representative yields of 
124-kDa phytochrome per kg of fresh etiolated oat tissue. 

Step 

PEI supernatant 

Ammonium sulfate A 

Hydroxyapatite pool 

Ammonium sulfate B, 

A 6 6 6 Un its 

0.088 

0.081 

SAR 

0.015 20.1 

13.7 

6.24 

0.008 

0.04 

0.08 

Yield 

100 

70 

31 

Supernatant I^ 0.302 0.94 0.11 

Supernatant II 

Ammonium sulfate C •>, 

1.842 4.78 0.85-0.95 24 

Supernatant III^ 0.243 0.46 0.41 

Supernatant IV 1.957 

Bio-Gel A-1.5m pool^ 0. 183 

3.67 0.95 (0.96)c 18 

4.54 0.9-1.13 22 

a. This supernatant was discarded. 

b. Supernatant II of ammonium sulfate B was extracted with 
0.5 ml 3.3 M ammonium sulfate per ml of Supernatant II. 

c. After dialysis. Occasionally, phytochrome with SAR 11.1 
was obtained at this stage without further Gel filtration 
chromatography. 

d. It was collected as pool A and pool B, using Supernatant 
II of ammonium sulfate II. Pool A had SAR values ranging from 
0.98 to 1.13 (yield = 16.5%, units = 3.31). Pool B had SAR 
values more than 0.9 (yield = 5%, units = 1.24). 



Table 2 

Monoclonal antibodies used in this study. 
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Antibody 

Oat-13 

Epitope location 

Chromophore domain 
away from the 
N-terminus 

Characterization 
(References ) 
Cordonnier el al. 
(1984,1985) 

Oat-22 

Oat-25 

Similar to Oat-13 
but does not compete 
for the same site 

N-terminus domain 

Cordonnier el al. 
(1984, 1985) 
Shimazaki, el al. 
( 1986) 

Cordonnier el al. 
( 1985) 
Shimazaki el al. 
( 1986) 

Oat-26 C-terminus domain 
(non-chromophoric 
domain) 

Chai et al. (1987) 

Oat-28 Similar to Oat-26 
but does not compete 
for the same site 

Chai et al. ( 1987) 

Oat-31 Undetermined Chai et al. ( 1987) 
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Figure 4. The difference absorption spectrum (Pfr 
- Pr) of 124-kDa phytochrome obtained from ammonium 
sulfate fractionation of the extracts just before 
hydroxyapatite chromatography. Calculated amounts of 
total phytochrome dissolved were about 14 mg from 1 kg 
of etiolated oat tissues. 
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Figure 5. An elution profile of hydroxyapatite 
column chromatography following ammonium sulfate frac
tionation of the 124-kDa phytochrome (Pfr) of the 
Affi-Gel procedure (the original method). The phyto
chrome containing solution was loaded in 50 mM Tris-
HCl buffer, pH 7.8 (4 OC), 5 mM EDTA, 25 % EG, 14 mM 
ME, and 2 mM PMSF to a 3.5 x 10 cm hydroxyapatite col
umn equilibrated in the same buffer. The column was 
washed sequentially with washing buffers (without 
using 25 % EG; see Materials and Methods). Phytochrome 
was then eluted with 60 mM KPB, pH 7.8 (4 oc), con
taining 5 mM EDTA, 2 mM PMSF and 14 mM ME. Each frac
tion contained 8 ml. The flow rate was maintained at 
100 ml/h. 
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Figure 6. The absorption spectrum of 124-kDa phy
tochrome (Pfr) after hydroxyapatite chromatography. 
Phytochrome containing active fractions (higher than 
A?3 0 = 0.02) was pooled. 
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Figure 7. An elution profile of Affi-Gel Blue 
affinity chromatography of the 124-kDa phytochrome 
(Pr) following hydroxyapatite chromatography. The phy
tochrome containing solution, in 10 mM KPB, 5 mM EDTA, 
14 mM ME, and 2 mM PMSF, pH 7.8 (4 oQ), was loaded to 
a 2.5 X 10 cm Affi-Gel Blue column equilibrated in the 
same buffer without PMSF. The column was sequentially 
washed with washing buffers (see Materials and Meth
ods). Bound phytochrome was eluted with 10 mM FMN 
solution in the Washing buffer III. Each fraction con
tained 5 ml. The flow rate was maintained at 50 ml/h. 



57 

0.3 -

cuO.2 
c 
o 

I 0.1 
< 

0 
15 20 25 30 
Fraction Nunnber 



58 



Figure 8. The absorption spectrum of 124-kDa phy
tochrome (Pr) prepared by the original method after 
hydroxyapatite chromatography. Phytochrome containing 
active fractions (higher than A730 = 0.02) were 
pooled. 
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Figure 12. A typical elution profile of HA column 
chromatography following ammonium sulfate fractiona
tion of 124-kDa phytochrome in the modified procedure. 
The sample was loaded in 50 mM Tris-HCl, pH 7.8 (4 
OC), 5 mM EDTA, 14 mM ME, 25 % EG and 2 mM PMSF to a 
3.5 x 10 cm HA column equilibrated same buffer or dis
tilled water. The column was sequentially washed with 
washing buffers (with 25 % EG in all buffer system; 
see Materials and Methods). Phytochrome was eluted 
with 60 mM KPB, pH 7.8 (4 O Q ) , containing 14 mM ME, 5 
mM EDTA, 2 mM PMSF, and 25 % EG. Fraction contained 9 
ml. The flow rate was maintained at 100 ml/h. 
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Figure 14. Absorption spectra (Supernatant I) of 
the Pr and Pfr forms of phytochrome in 20 mM KPB, pH 
7.8 (4 OC), containing 1 mM EDTA, after ammonium 
sulfate back extraction as purified by the modified 
procedure: Aeee = 0.2 to 0.5, SAR = 0.1 to 0.2. 

, Pr; , Pfr. 
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Figure 15. Absorption spectra (Supernatant II) of 
the Pr and Pfr forms of phytochrome in 20 mM KPB, pH 
7.8 (4 oc), containing 1 mM EDTA, after ammonium 
sulfate back extraction, as purified by the modified 
procedure: Aeee = 1.6 to 2.2, SAR = 0.85 to 0.95. 

, Pr; , Pfr. 
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Figure 16. Typical elution profiles of Bio-Gel 
A-1.5m (2.2 X 45 cm) gel filtration of the Supernatant 
II after ammonium sulfate fractionation. The flow rate 
was maintained at 20 ml/h. Each fraction contained 3.0 
ml. Buffer used was 20 mM KPB, pH 7.8 (4 oc), contain
ing 1 mM EDTA. The absorbance of phytochrome (Pr) at 
666 nm was greater than that at 280 nm. SAR = 1.08, 
from the gel filtration peak (#34). 
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Figure 17. Absorption spectra of Pr and Pfr m 20 
mM KPB, pH 7.8 (4 oc), containing 1 mM of EDTA as 
purified by the modified procedure. , Pr; , 
Pfr. 
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Figure 18. Sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) of purified 124-kDa 
phytochrome by the modified protocol, stained with 
Coomassie blue. (A) For determination of molecular 
weights, the following standard proteins were used: 
myosin (Mr = 200,000) ,/8-galactosidase (Mr = 116,300), 
phosphorylase b (Mr = 94,000), bovine serum albumin 
(Mr = 67,000) and ovalbumin (Mr = 43,000). (B) Lane B 
contain 1 jug of phytochrome as determined by the 
absorbance at 666 nm. The gel was 7.5 % acrylamide. 
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Figure 19. Fluorescence excitation spectrum of 
124-kDa phytochrome (Pr) in 20 mM KPB, pH 7.8 (4 oc), 
containing 1 mM EDTA at 3 oc. The emission wavelength 
and bandpass were 330 nm and 6 nm, respectively. 
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Figure 20. Fluorescence emission spectrum of 
124-kDa phytochrome (Pr) in 20 mM KPB, pH 7.8 (4 oc), 
containing 1 mM EDTA at 3 oc. The excited wavelength 
and bandpass were 295 nm and 6 nm, respectively. 
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CHAPTER IV 

RESULTS 

Isolation and Properties of Phytochrome 

Phytochrome Purification 

A simplified and high yield procedure for isolation 

and purification of native (124-kDa) phytochrome from Avena 

seedling has been developed in this work. Significant modi

fications have been made to obtain highly purified phyto

chrome in a much shorter time than previous protocols. This 

purification procedure can be completed within 15 h, with 

20 to 25% yields of the highly purified native phytochrome. 

Figure 21 summarizes the differences between the Affi-

Gel procedLire (Vierstra and Quail, 1983a) and the present 

modified protocol (Table 3), There are several important 

differences betv>?een the original and the modified methods, 

which are described later in this section. Following are 

the key points in the modified procedure. 

(A) The extraction buffer is identical to the original 

method except 20 mM ME is added in the modified 

protocol to prevent possible contamination due to 

phenolic compounds and/or x^henolic oxidase acti-

\' i t y . 

(B) 25% EG was added to stabilize the HA column and 

phytochrome in the modified protocol during HA 

chromatography. 

84 
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(C) In the original method, precipitation of phyto

chrome was performed with 28% (65 ml 3.3 M ammo

nium sulfate stock solution per 100 ml of the HA 

pooled phytochrome) ammonium sulfate saturation. 

However, in the modified protocol, it is carried 

out by using 45 ml 3.3 M ammonium sulfate stock 

solution per 100 ml of HA pooled phytochrome 

solution (18% ammonium sulfate saturation). 

(D) In the original method, the resulting resuspended 

phytochrome solution is loaded to Affi-Gel blue 

following the ammonium sulfate precipitation. 

However, in the modified method, it is loaded 

directly to Bio-Gel after the ammonium back-

extraction (or the steps of the ammonium sulfate 

back-extraction are done again). 

The flow chart of purification and representative 

yield of 124-kDa phytochrome per kg of fresh etiolated oat 

tissue was given in Table 1. The preparation, as described, 

is easily completed in less than 15 h. 

Extraction 

In this crude extraction of phytochrome, the composi

tion of homogenization buffer was changed to protect: (1) 

proteolysis of phytochrome from proteolytic enzyme (Vier

stra and Quail, 1982a; 1982b); and (2) from phenolic conta

mination (Cha e^ aj^. , 1983) of phytochrome during the 
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homogenization and extraction procedure. The modified 

extraction buffer system (140 mM ammonium sulfate, 50% EG, 

4 mM PMSF) was able to give more stable and undegraded phy

tochrome product. Twenty mM ME (Loomis, 1974) was added 

with 20 mM sodium metabisulfite (Pike and Briggs, 1972b) to 

the homogenization buffer to solve the problem 2. 

On the basis of the results of Folin-Denis assay, the 

etiolated oat seedling extracts contained large amounts of 

phenolic compounds (10 mg of total phenolics per 10 g of 

the fresh etiolated oat seedlings). 

According to Loomis (1969, 1974), ME and sodium meta-

bisulfite are essential to prevent contamination of phenol

ics. To remove phenolics, XAD-4 (amberlite; Paleos, 1969) 

or PVPP was used. However, this treatment also reduced the 

amount of proteins (Figure 22; Tables 4, 5, and 6). 

PEI and Ammonium Sulfate Precipitation 

10 ml of 10% PEI stock solution (pH 7.8 at 4 oc) was 

added to the above filtrate. However, PEI precipitates 

nucleic acids, nucleoproteins and acidic proteins (Jendri

sak and Burgess, 1975). Thus, PEI reduces the nucleic acid 

contamination and scattering, and helps clarification of 

the crude extract at low gravity (g) forces in centrifuga

tion . 
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Hydroxyapatite (HA) Chromatography 

An elution profile of HA chromatography has been pre

sented in Figure 12. The SAR values of HA pooled phyto

chrome varies from 0.05 to 0.2 with yield of 60%. Phyto

chrome was also eluted with 20 mM KPB, but the yield was 

low, consistent with the previous observation (Hahn, 1983). 

Ammonium Sulfate Back-extraction 

Figure 23 shows the results of adding ammonium sulfate 

to phytochrome. The use of ammonium sulfate precipitation 

was mainly to concentrate phytochrome from the HA pooled 

phytochrome in the original method. However, this step was 

used to fractionate phytochrome from HA pooled phytochrome 

in the modified protocol. Figure 14 showed the results 

(Supernatant I) of ammonium sulfate precipitation of the HA 

pooled phytochrome in the modified protocol. The yield was 

30% from the HA pooled phytochrome with SAR value about 0.1 

to 0.2, it contains mostly impurities. On the other hand, 

the results of Supernatant II are shown in Figure 15. This 

yield was 70% from the HA pooled phytochrome with SAR val

ues ranging from 0.85 to 0.95 (See Table 1). It contained 

relatively high purity phytochrome. 

Supernatant II was subjected to the same set-up of 

ammonium sulfate fractionation. The yield is 70% with an 

SAR value higher than 0.95 (See Table 1). This phytochrome 
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could be used for several studies that do not require phy

tochrome of very high purity. 

Gel Filtration Chromatography 

For obtaining high purity phytochrome, Supernatant II 

(or IV) was loaded to Bio-Gel A-1.5m gel filtration column 

and the elution profile is shown in Figure 16. The peak 

fraction had an SAR value of 1.13 and most of the fractions 

containing significant amounts of phytochrome had SAR val

ues higher than 0.98. The absorption spectra of the peak 

fraction were shown in Figure 17. 

Spectral Properties 

UV-VIS Absorbance Spectra 

The absorbance spectra of 124-kDa phytochrome in Bio-

Gel buffer (pH 7.8, at 4 oc) as Pr and Pfr purified by this 

modified protocol are shown in Figure 17. The absorbance 

spectra of 124-kDa phytochrome display maxima at 666, 379, 

280 nm for Pr and at 730, 400, 280 (673) nm for Pfr. A S T S 

is shown as a shoulder rather than the peak for Pfr. The 

difference spectrum (Pr-Pfr; Figure 24) shows prominent 

maxima and minima at 730, 666, 416, and 370 nm. The 

A730/A673 ratio in Pfr was found to be 1.5 to 1.6. The mole 

fraction of Pfr under red light photoequilibrium was 0.88. 

No loss of photoreversibility was observed. Comparison 

between the absorbance spectra of this modified protocol 

and the original method is shown in Table 3. 
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Fluorescence and Phosphorescence 

Figures 19 and 20 show the excitation and emission 

fluorescence spectra of phytochrome, respectively. The com

parisons of the fluorescence quantum yields of the tryp

tophan and phytochromes isolated by two different methods 

are shown in Table 7. The fluorescence quantum yield for 

phytochrome prepared by the modified protocol was signifi

cantly lower (0.062 for Pr and 0.067 for Pfr) than that for 

phytochrome prepared by the original method (0.077 for Pr 

and 0.097 for Pfr). This result shows that the phytochrome 

prepared by the modified protocol has virtually no phenolic 

contaminant in contrast to the phytochrome prepared by the 

original method. The absence of phenolics was also sup

ported by the results of other spectral analyses which will 

be discussed later. 

Figure 25 shows the phosphorescence spectra of 124-kDa 

phytochrome (Pr; for Pfr, Figure 26) at 77 K excited at 

several wavelengths. The phosphorescence spectrum of phyto

chrome excited at 280 nm indicated a very well resolved 

tryptophan phosphorescence peak. Phytochrome (Pr form) pre

pared by the Affi-Gel Blue procedure shows the structure

less phosphorescence emission spectrum as shown in Figure 

27. Phenolic contaminant was probably the reason for this 

structureless phosphorescence emission spectrum. The shoul

der below 400 nm was attributed to tyrosine emission. The 
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delayed fluorescence of the phytochrome chromophore (Pr 

form) was seen at 670 to 680 nm in Figures 25 and 27. 

Phosphorescence Lifetime 

Figure 28 shows the phosphorescence decay curve of 

tryptophan residue in the Pr form (for Pfr form of phyto

chrome prepared by the modified protocol, Figure 29) from 

the oscilloscope tracing upon excitation at 290 nm light. 

The phosphorescence lifetime has been calculated from the 

apparent first-order plot of the above decay curve (Shaklai 

and Daniel, 1972; Sokolovsky and Daniel, 1977). The shorter 

lifetime component for Pr phosphorescence decay has been 

resolved by the peeling procedure (Van Liew, 1967; Sarkar 

and Song, 1982a). 

Phosphorescence lifetimes of tryptophan in Pr and Pfr 

phytochrome prepared by the modified protocol were found to 

be 5.6 s and 5.14 s, respectively (Table 8). These values 

are drastically different for the phytochrome prepared by 

the original method (Figure 30). 

Circular Dichroic Spectra 

The CD spectra of 124-kDa phytochrome obtained using 

the present protocol in UV-visible region (250 -^ 740 nm) is 

shown in Figure 31. These CD spectra are essentially iden

tical for the phytochrome obtained from the original method 

except in the near UV region. The CD spectrum of Pr shows 

three major bands, at 284, 668 nm as two negative bands. 
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and at 370 nm for a positive band. The 370 nm positive band 

exhibits double fine peaks at 365 and 375 nm (Brandlmeier 

et al., 1981; Litts et al., 1983). The CD spectrum of Pfr 

shows less ellipticity than that of Pr. 

There are differences in the CD bands of the near 

UV-CD spectra of 124-kDa phytochrome purified by the origi

nal method and the present modified protocol. The overall 

near UV-CD spectra of the 124-kDa phytochrome purified by 

the present protocol shows less ellipticity than that of 

the original method (see Figure 31, and Table 3). The CD 

ratio AA2 8 4/AA6e6 for the Pr form purified by the present 

protocol shows significantly less than that for the Pr form 

from the original method (0.5 vs. 0.66). It indicates that 

phytochrome prepared by the original protocol has a conta

minant (chromophore "X") that absorbs strongly in this 

region. The near UV-CD signals arise due to the presence of 

aromatic groups in protein (Hopkins and Butler, 1970). 

The CD spectra of 124-kDa Pr and Pfr in the far UV-CD 

region (200 — 250 nm) are shown in Figure 32. The large 

negative ellipticity ^̂ ith minima at 222 nm and 209 nm is an 

indication of a-helix majority. The Pfr form of phytochrome 

prepared from the present protocol shows an increased 

(about 3% «-helix) signal compared to the Pr form. Photo

transformation of Pr to Pfr is accompanied by a photorever

sible CD signal. Photocycling of Pfr to Pr is shoxvn to have 

the same CD signal as the original Pr signal (Figure 32). 
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This result would suggest that reversible change in second

ary structure of the protein occurs upon phototransforma

tion of the phytochrome. The photoreversibility has been 

observed in the 124-kDa phytochrome isolated in the Pfr 

form (Vierstra et al., 1987), but not in the phytochrome 

isolated in the Pr form (Litts et. al. , 1983; Lagarias and 

Mercurio, 1985) or in degraded phytochrome (Hopkins and 

Butler, 1970; Anderson el al., 1970; Tobin and Briggs, 

1973; Song et aJ., 1979; Hunt and Pratt, 1981). The above 

result is consistent with the previously reported result 

(Vierstra e^ aJ.i 1987). 

The phytochrome protein conformation was estimated by 

the method of Chang et aJ. (1978). This method is based on 

computed CD in the 190 to 240 nm region that combines 

experimentally determined curves for 15 known protein con

formations having a-helix, /3-sheet, /8-turn, and random 

coil. Using this method, a-helix contents of Pr and Pfr 

were calculated using the ellipticity at each wavelength 

from 240 nm to 205 nm. Calculated protein conformation 

shows 52.5% of a-helix, 0% of /3-sheet, 21.1% of /3-turn, and 

27.7% of random coil (see Table 9). The amount of a-helix 

was also determined by a first approximation of the equa

tion of Greenfield and Fasman (1969). Calculated protein 

conformation shows 46% of a-helix. Even though this value 

is smaller than the value calculated by the method of Chang 

et al. (1978), it is higher than the previously reported 
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values for the large rye Pr (20%; Tobin and Briggs, 1973) 

and the small oat Pr (27%; Hopkins and Butler, 1970). 

Other Properties of Phytochrome 

Dark Reversion 

There was no dark reversion of Pfr prepared by this 

protocol up to 5 h at 3 oc, and only a small percentage of 

dark reversion occurred upon addition of 5.1 mM sodium 

dithionite during the same period as shown in Figure 33. 

This is compatible with the results of Vierstra and Quail 

(1983a). 

SDS-PAGE 

Figure 18 shows the SDS-PAGE of phytochrome from peak 

fraction after Bio-Gel filtration. One band at 124-kDa pro

tein can be seen in the same Figure. 

Fluorescence Quenching Studies 

In order to ascertain the surface topography of pro

tein, particularly with respect to the degree of exposure 

of the tryptophan residues, the fluorescence quenching 

experiments were performed using various low molecular 

weight agents, such as anionic, cationic and hydrophobic 

quenchers. These quenchers decrease the fluorescence inten

sity of the tryptophan residues via physical contact with 

the excited indole ring. The resulting quenching data are 
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analyzed by using both Stern-Volmer and modified Stern-

Volmer kinetics. Quenching constant, effective quenching 

constant, and fraction of accessible fluorescence were 

obtained by using the appropriate equations described in 

"Materials and Methods". 

The fluorescence maxima of 124-kDa phytochrome is at 

330 nm for both Pr and Pfr forms. 

Figure 34 shows the Stern-Volmer quenching of tryp

tophan fluorescence in phytochrome by acrylamide. The 

quenching was found to be non-exponential. In the present 

study, only the fluorescence of tryptophan residue or resi

dues preferentially or fully exposed was considered in the 

analysis of the fluorescence quenching. The decrease in 

fluorescence depicted was shown not to result from a gross 

change in the protein conformation upon addition of acryla

mide, since in its presence, the emission spectrum retained 

the characteristic fine structure (Figures 35 and 36). 

Figure 37 shows the fluorescence quenching of the 

tryptophan residues in both the Pr and Pfr forms of 124-kDa 

phytochrome by iodide, which is an anionic quencher. The 

data, as analyzed by Stern-Volmer kinetics, yields straight 

lines. However, as shown in the Figure, these plots devi

ated downward at higher iodide concentrations. Negative 

deviations result because the fluorescence of certain tryp

tophan residues is selectively quenched before others in a 

protein. At lower concentrations of quencher, the slope of 
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the Stern-Volmer plot reflects largely the quenching of the 

more accessible residue(s). Quenching constants were found 

to be 1.41 M-i for Pr and 1.16 M-i for Pfr (Figure 37; 

Table 10). The fluorescence quenching is shown to be 

largely dynamic rather than static, since a decrease (44%) 

in fluorescence lifetime was found upon addition of 0.25 M 

of acrylamide (see Figure 38; Singh, 1987). 

From the modified Stern-Volmer plots (Figure 39) of 

the fluorescence quenching data on 124-kDa phytochrome, the 

effective quenching constant, (KQ)eff, (intercept/slope) 

with iodide are found to be 1.37 M-i for Pr and 1.31 M-i 

for Pfr. The tryptophan fluorescence of Pr is quenched 

equally or slightly more than that of Pfr. The fractional 

maximum accessible fluorescence (fa)eff calculated from the 

intercepts of this plots for iodide are 0.59, 0.46, and 

0.98 for Pr, Pfr and free tryptophan, respectively (Table 

10) . 

To find out whether or not this KI accessibility was 

due to the surface charge differences, quenching studies 

were carried out with other quenchers. Results of quenching 

of the tryptophan fluorescence of both Pr and Pfr forms by 

other quenchers are shown in Table 10. 

Figure 40 shows the results of Cesium (CsM quenching 

of the tryptophan fluorescence of both Pr and Pfr forms. 

The Stern-Volmer quenching constants are 4.82 M'^ for Pr 

and 4.90 M-i for Pfr. The tryptophan fluorescence of both 
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Pr and Pfr are equally quenched by Cs* quencher. However, 

this quenching constant is very large as compared to the 

KI, depending upon the quencher concentration used. Cs+ is 

not a good quencher since its quenching constant is usually 

very low (Eftink and Ghiron, 1981). 

The fraction of tryptophan residues exposed, as deter

mined by the modified Stern-Volmer plot (Figure 41), using 

the cationic quencher (Cs+), also shows similar values for 

the Pr and Pfr forms, 0.37 and 0.34, respectively. 

In contrast to the case of large phytochrome 

(118-kDa), the hydrophobic quencher acrylamide quenched 

124-kDa Pfr tryptophan fluorescence slightly more than the 

Pr fluorescence. This suggests that Pfr tryptophan environ

ment of 124-kDa phytochrome may be slightly more hydropho

bic than Pr with exposed tryptophan residues. Quenching 

constants of acrylamide are 4.19 M-i for Pr and 4.54 M"i 

for Pfr (Figure 42). The fraction of exposed tryptophan 

fluorescence are 0.87 for Pr and 0.92 for Pfr from the 

modified Stern-Volmer plots (Figure 43). A quenching study 

was also carried out succinimide (Eftink and Ghiron, 1984), 

a chemically similar quencher to acrylamide, to compare the 

quenching of the fluorescence of 124-kDa phytochrome (Fig

ures 44 and 45). The ratios of the apparent rate constants 

for succinimide and acrylamide quenchers are 0.39 for Pr 

and 0.46 for Pfr. In the Pfr form, this suggests that 

almost all fluorescent tryptophan residues seem to be 
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exposed. This range of 7s/a values is due to a critical 

size dependence of the dynamic penetration of quencher 

through a protein matrix because of succinimide being bulk

ier than acrylamide. To further characterize this colli-

sional reaction, the energy of activation, Ea, for the 

tryptophan fluorescence quenching was calculated from an 

Arrhenius plot. The Arrhenius plot of the rate parameter 

(kq) is shown in Figure 46. An activation energy of 3.57 

kcal/mol is found. This Ea value is almost the same (3.7 

kcal/mol) for the quenching of free indole derivatives by 

acrylamide. 

The Photoreversible CD Spectral Change 

As mentioned earlier, 124-kDa phytochrome prepared by 

the present modified purification protocol showed a 3% 

increase in oC-helix in its Pfr form. There are no measur

able photoreversible CD spectral changes observed in the 

far UV-CD region of degraded phytochrome (Anderson ejt aJL* » 

1970; Hopkins and Butler, 1970; Tobin and Briggs, 1973; 

Song et̂  aJL̂  » 1979; Hunt and Pratt, 1981). To examine the 

effect of monoclonal antibodies on the photoreversible CD 

spectral change in phytochrome, the CD spectra of oat-25 

monoclonal antibody and oat-25 mixed with phytochrome have 

been recorded. Figure 47 shows the far UV-CD spectrum of 

oat-25, which has been calculated to have 15.0% of ^-sheet, 

36.5% of 13-turn, 48.5% of random coil, and no o<-helix. The 
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calculated conformation is similar to the previously pub

lished results for immunoglobulins (Yang, 1976). Figure 48 

shows the effect of oat-25 on the CD spectra of phyto

chrome. No photoreversible CD change was observed for the 

mixture (Pr-oat-25) on Pr to Pfr phototransformation or Pfr 

to Pr photoreversion (Figure 48; see Materials and Meth

ods). When the Pfr form was mixed with oat-25, its CD spec

trum remains at the level of the Pr form as shown in Figure 

48. No photoreversible CD change was observed when the Pfr-

antibody mixture was either photoreverted back to the Pr 

form nor when it was cycled back to the Pfr form (Figure 

49) . 

On the other hand, oat-22 (Figures 50 and 51), oat-26 

(Figures 52 and 53) and oat-28 (Figures 54 and 55) did not 

suppress the photoreversible CD change during the Pr to Pfr 

phototransformation. Since oat-26 and oat-28 have the spec

ificity epitope on non-chromophore domain, it does not sup

press the photoreversible CD change upon phototransforma

tion. However, those antibodies appear to inhibit the pho

toreversible CD change slightly (compare the CD changes in 

Figures 52 - 55 with those found in Figures 50 and 51). 

The CD spectrum of phytochrome bound by oat-31 is sig

nificantly diminished in intensity upon photoreversion from 

the Pr to Pfr form. In the case of oat-31 and oat-13, incu

bation of the photocycled phytochrome (Pr form) drastically 

reduced the CD intensity over the entire far-UV region 
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(Figures 56 and 57). The same CD spectral patterns were 

observable starting with phytochrome in its Pfr form. Thus, 

both the Pr and Pfr species substantially lost their CD 

intensity during incubation. Accompanying the gradual loss 

of CD intensity, absorbance at 280 nm also increased (Fig

ure 58) and the phytochrome-antibody precipitates could be 

seen visually. Similar aggregation phenomena were observed 

with phytochrome-oat-13 mixtures (Figures 59 and 60). How

ever, other phytochrome-antibody mixtures examined showed 

no apparent aggregation during incubation, as monitored by 

CD and by absorbance at 280 nm. 

The chromophores of the Pr and Pfr forms of phyto

chrome have been modified with tetranitromethane (TNM) and 

sodium borohydride to ascertain the role of the tetrapyr

role chromophore in the photoreversible CD change accompa

nying the phototransformation of phytochrome. Hahn e_t al . 

(1984) have observed that TNM preferentially oxidizes the 

chromophore, relative to tyrosine residues. TNM abolished 

the photoreversible CD change after a 50% bleaching of 

either Pr and Pfr (Figure 61). 

Borohydride reduces the tetrapyrrole chromophore pre

ferentially (Scheer, 1981). Figure 62 shows spectral 

bleaching curves for the Pr and Pfr species of degraded 

(118/114-kDa) and i2l-kDa phytochromes as a function of 

borohydride concentrations. The Pfr chromophore in 124-kDa 

phytochrome is more susceptible to bleaching by reduction 
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than is the Pr chromophore for both molecular mass species 

of phytochrome. The preferential accessibility of the Pfr 

chromophore, relative to the Pr chromophore, has also been 

observed with TNM (Hahn e^ al., 1984). 

The CD change was somewhat inhibited by borohydride 

after a 50% bleaching of either Pr and Pfr (Figure 48; com

pare the spectra between Figures 48 and 63; Table 9). 



101 

Table 3 

Comparison of properties for purified phytochrome prepared 
by the original method and by the present modified protocol. 

Property Original method Modified method 

Spectral properties: 

UV/VIS 
Absorbance maxima: 

Pr (nm) 666, 379, 280 666, 379, 280 

Pfr (nm) 730, 673, 400, 280 730, 400, 280^ 

AT 3O/A67 3 1 .45 1.5-1.6 

% Pfrb (%) 86 88 
CD: 

Near UV-CD (Pr)c 
AAa 8 4/AAe e e 

0.66 0.50 

Dark reversion*^ None None 

Time for complete purification 

30 h or longer 15 h or less® 

Yield (%) 10 to 15 2 0 to 2 5 

All the solutions were prepared in 20 mM KPB, pH 7.8, con
taining 1 mM EDTA, except for phosphorescence measurement. 

a. A6 7 3 (Pfr) does not appear as a distinct peak, but more 
like a shoulder (Figure 17). 

b. The mole fraction of Pfr under red light photoequilibrium 
(Kelly and Lagarias, 1985). 

c. Measurement in the near UV-CD (250 to 450 nm) region 
employed cells of 2 mm pathiength and phytochrome concentra
tions of about 0.6 to 1.6 uM (see Materials and Methods). 

d. No dark reversion was detected within 5 h at 3 oc. How
ever, dark reversion was observed (10.4%) with 5.1 mM sodium 
dithionite for 5 h at 3 oc. 

e. Phytochrome (supernatant IV) with SAR values greater than 
0.85 (with very high absorbance, Aeee > 1.8) was obtain-ni 
after ammonium sulfate fractionation within 9 h. 
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Table 4 

Effect of pH on binding of phenolics to PVPP. 

pH Protein^ Phenolics ̂  

6 . 5 c 0 . 5 3 2 0 . 2 2 2 

7 . 0 0 . 5 3 6 0 . 2 2 4 

7 . 8 0 . 5 3 9 0 . 2 2 8 

8 . 3 0 . 5 6 7 0 . 2 5 0 

8.2<i 0 . 7 1 2 0 . 3 1 3 

a. Protein determination was performed by Lowry e^ al̂ . 
(1951) . 

b. The amounts of phenolics were measured by the method of 
Folin-Denis assay (Swain and Hillis, 1959). 

c. 0.2 g dry weight of PVPP was mixed with 1 g of powder of 
etiolated oat seedlings (stored in liquid N2, see Materials 
and Methods). 

d. Conditions were same as in (c), except without PVPP. 
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Table 5 

Effect of PVPP on the extraction of phenolics from etiolated 
oat seedlings. 

PVPP (wet g) Protein Phenolics 

0 0.977 0.122 

0.3 0.714 0.079 

0.6 0.535 0.071 

0.9 0.505 0.063 

1.2 0.417 0.060 

1.5 0.341 0.055 

Conditions were same as in Table 4. 
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Table 6 

Effect of XAD-4 on the extraction of phenolics from etiolated 
oat seedlings. 

XAD-4 (wet g) Protein Phenolics 

0 1 .148 0 . 1 3 4 

0 . 2 5 1 .130 0 . 1 2 3 

0 . 5 1 .057 0 . 1 1 8 

0 . 7 5 1 .005 0 . 1 0 2 

1.0 0 . 9 3 1 0 . 0 9 7 

1.5 0 . 9 1 5 0 . 0 9 8 

Conditions were same as in Table 4. 
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Table 7 

Comparison of tryptophan fluorescence quantum yield 
for the purified phytochromes prepared by the original method 
and by the present modified protocol. 

Sample Fluorescence quantum yield 

The original method 
Pr 0.0765 
Pfr 0.0917 

The modified method 
Pr 0.0619 
Pfr 0.0668 

Free Trpa 0.13 

a. From Chen ( 1967 ) . 
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Table 8 

Comparison of properties for purified phytochrome 
prepared by the original method and by the present modified 
protocol. 

Property ^ Original method Modified method 

Sensitized fluorescence lifetime: 
Pr (ns)a 1.47ji0.13 2.33t0.08 

Trp fluorescence lifetime: 
Pr (ns)b 0.62±0.04 1.10^^0.09 
Pfr (ns)»> 0.45 + 0.06 0.93 + 0.17 

Phosphorescence lifetime^: 
Pr (s) 0.44 5.68, 1.04 
Pfr (s) 0.25, 1.84 5.04, 1.12 

All the solutions were prepared in 20 mM KPB, pH 7.8, con
taining 1 mM EDTA, except for phosphorescence measurement. 

a. Excited at 292 nm, and monitored at 680 nm (Chai ejt aĴ . , 
1986) . 

b. Excited at 292 nm, and monitored at 360 nm (Chai ejt aj^. , 
1986) . 

c. All the solutions were prepared in 20 mM KPB, pH 7.8, con
taining 1 mM EDTA. Dextrose (0.5%) was added for glassy mat
rix. The peeling procedure was used to resolve the two-
component lifetimes (Van Liew, 1967; Sarkar and Song, 1982). 
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Table 9 

Analysis of the secondary structure of phytochrome and mono
clonal antibody (oat-25) according to the method of Chang et 
al. (1978). Ellipticity data were taken at 1 nm intervals in 
the range of 205-240 nm. 

Protein a-helix (%) fl-sheet (%) fl-turn (%) Random coil (%) 

Pr* 52.2+1.1 0.0 21.1+0.7 26.7+0.8 

Pfr» 55.3^2.5 0.0 18.8+1.0 26.0+2.1 

Oat-25« 0.0 15.0 36.5 48.5 

Pr-TNM«> 43.5 0.0 27.0 29.5 

Pfr-TNM»> 43.5 0.0 27.0 29.5 

Pr-BH4<: 37.0 0.0 28.0 35.0 

Pfr-BHjC 38.0 0,:_0 26.0 36.0 

a. Analysis of the spectra in Figure 32. Data taken in the 
range of 205^240 nm. 

b. Analysis of the spectra in Figure 61. Data taken in the 
range of 208^240 nm. 

c. Analysis of the spectra in Figure 63. Data taken in the 
range of 208^240 nm. 
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Table 10 

Fluorescence quenching parameters for native and large phyto
chromes with iodide, cesium, acrylamide and succinimide as 
quenchers. 

Fluorophore Quencher Ksv(M-M KQ(eff)(M-^) fa(eff) 

124-kDa phytochrome": 
Pr KI 1.4110.02 1.37+0.06 
Pfr KI 1.16t0.07 1.3110.13 

Pr CsCl 4.82+0.45 4.88^0.35 
Pfr CsCl 4.90+0.86 5.2310.25 

Pr Acrylamide 4.1910.51 4.0810.48 
Pfr Acrylamide 4.5010.44 5.16l0.33 

Pr Succinimide 1.64l0.02 1.9610.18 
Pfr Succinimide 2.0710.02 2.2310.08 

118/114-kDa phytochrome»>: 
Pr KI 0.8210.07 
Pfr KI 1.1310.09 

Pr CsCl 2.03 
Pfr CsCl 3.29 

Pr Acrylamide 5.08 
Pfr Acrylamide 5.08 

0 . 5 0 + 0 . 
0 . 4 6 1 0 . 

0 . 3 7 + 0 . 
0 . 3 4 1 0 . 

0 . 8 7 + 0 , 
0 . 9 2 1 0 . 

0 . 3 7 + 0 , 
0 . 4 3 1 0 

0 . 4 5 
0 . 7 2 

0 . 4 6 
0 . 8 3 

1.00 
1.00 

06 
19 

10 
18 

. 11 

.06 

.17 

.23 

a. 
Conditions were same as in Figure 37. 

b. Data taken from Sarkar (1983). Stern-Volmer ^°"^^^"^\°^^^ 
Trp fluorescence quenching in Pr and Pfr of large f^^^^^rome 
in 0.1 M NaPB, pH 7.8, containing 50 mM ^Cl and 0.1 M EDTA by 
several quenchers at 24 oc. Excitation wavelength, 290 nm. 
emission wavelength, 330 nm. 
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Figure 21. Comparison of isolation procedures 
for 124-kDa phytochrome prepared by the original 
method (Affi-Gel Blue method) and by the present modi
fied protocol, (a) 20 mM ME was added to the extrac
tion buffer for the modified protocol, (b) 25 % EG was 
added to the washing and elution buffer for the modi
fied protocol but not the equilibration buffer (dis
tilled buffer), (c) Phytochrome was precipitated with 
65 ml of 3.3 M ammonium sulfate stock solution and 
pellet was dissolved in Bio-Gel equilibrating buffer 
(ca. To make Aeee = 0.2 after clarification). SAR = 
0.3 to 0.4. (d) Phytochrome was precipitated with 45 
ml ammonium sulfate stock solution and pellet was dis
solved in Bio-Gel equilibrating buffer (See "Materials 
and Methods"), (e) Affi-Gel Blue column chromatography 
step was skipped. Bio-Gel column can be skipped by 
another set-up of ammonium sulfate fractionation, (f) 
Yield = 10 to 15 %, SAR = 0.97 (See Table 1 and 3 for 
properties), (g) Yield = 20 to 25 %, SAR = 1.13 (See 
Table 1 and 3 for properties). 



Extract^ 

no 

Hydroxyapatite' 

(NH4)2SOA 

Supernatant Supernatant 

Affi-Gel Blue Bio-Gel A-1.5M 
Bio-GelA-1.5M 

f 
Purified P-1 Purified P-2 
Original method Modified nnethod 
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Figure 22. Absorption of purified oat polyphenol
ics by PVPP, XAD-4, and Dowex-1. Oat polyphenol 
extract contained 500 jug polyphenol/ml determined by 
Folin-Denis assay using tannic acid as standard. Con
centrations of polyphenols remaining in solution were 
determined by Folin-Denis assay: Open circles, PVPP; 
closed circles, XAD-4; open triangles, Dowex-1. 
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Figure 23. Ammonium sulfate precipitation of the 
pooled phytochrome from HA column. Ammonium sulfate 
stock solution [3.3 M ammonium sulfate, pH 7.8 (4 oc), 
containing 50 mM Tris-HCl] was added to aliquots of 
the 100 ml of HA pooled phytochrome. Following centri
fugation at 15,000 x g for 10 min, remaining phyto
chrome was determined from the supernatant. 
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Figure 28. Phosphorescence decay of tryptophan in 
phytochrome (Pr) prepared by the modified protocol in 
20 mM KPB, pH 7.8 (4 oc), containing 1 mM EDTA and 0.5 
% dextrose for glassy matrix. Correlation coefficients 
is greater than 0.99. Excitation wavelength was 290 
nm; emission wavelength was 440 nm. The shorter life
time component was resolved by the peeling procedure 
and was about 0.43 s, whereas the longer lifetime com
ponent was about 5.68 s. 
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Figure 29. Phosphorescence decay of tryptophan in 
phytochrome (Pfr) prepared by the modified protocol in 
20 mM KPB, pH 7.8 (4 oc), containing 1 mM EDTA and 0.5 
% dextrose for glassy matrix. Correlation coefficients 
is greater than 0.99. Excitation wavelength was 290 
nm; emission wavelength was 440 nm. The shorter life
time component was resolved by the peeling procedure 
and was about 0.51 s, whereas the longer lifetime com
ponent was about 5.04 s. 
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Figure 30. Phosphorescence decay of tryptophan in 
phytochrome (Pr) prepared by the original method in 20 
mM KPB, pH 7.8 (4 oc), containing 1 mM EDTA, 2.8 mM ME 
and 0.5% dextrose for glassy matrix. Correlation coef
ficients is greater than 0.99. Excitation wavelength 
was 290 nm; emission wavelength was 440 nm. The 
shorter lifetime component was resolved by the peeling 
procedure (Van Liew, 1967; Sarkar and Song, 1982). 
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Figure 32. Far UV circular dichroism of 124-kDa 
phytochrome prepared by the modified protocol in 20 mM 
KPB, pH 7.8 (4 OC), containing 1 mM EDTA. Spectra were 
obtained by using a 2 mm pathiength cell at room tem
perature. Mean residue ellipticity is expressed (on 
the basis of a mean residue weight of 110,7) in units 
of deg cm2 decimol-^. The absorbance of phytochrome 
was 0.1 at 666 nm. , Pr; , Pfr; , 
cycled Pr. 
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Figure 34. Stern-Volmer plot of the quenching of 
tryptophan fluorescence of 124-kDa phytochrome (Pr) in 
20 mM KPB, pH 7.8 (4 oc), containing 1 mM EDTA, and 
2.8 mM ME as a function of iodide concentration at 3 
oc. Excitation wavelength, 295 nm; emission wave
length, 330 nm. Phytochrome absorbance was 0.1 at 666 
nm. 
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Figure 35. Plots of tryptophan fluorescence 
quenching of the Pr form as a function of acrylamide 
concentration in 20 mM KPB, pH 7.8, containing 1 mM 
EDTA, and 2.8 mM ME, at 3 oc; a is no acrylamide 
added, and b, c, d, e, and f are 0.025 M, 0.051 M, 
0.076 M, 0.102 M and 0.125 M acrylamide added, respec
tively. Phytochrome absorbance was 0.05 at the excit
ing wavelength of 295 nm. 



138 

80 -

rn AO 
c 
CD 

0 
300 400 500 

Wavelength, nm 



139 



Figure 36. Plots of tryptophan fluorescence 
quenching of the Pfr form as a function of acrylamide 
concentration in 20 mM KPB, pH 7.8, containing 1 mM 
EDTA, and 2.8 mM ME, at 3 oc. Conditions were same as 
in Figure 35. 
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Figure 38. Stern-Volmer plots of the quenching of 
tryptophan fluorescence lifetime of 124-kDa phyto
chrome (Pr, A; Pfr, B) in 20 mM KPB, pH 7.8 (4 oc), 
containing 1 mM EDTA as a function of acrylamide con
centration at 3 oc. Excitation wavelength, 292 nm; 
emission wavelength, 360 nm (Taken from Singh, 1987). 
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Figure 41. Modified Stern-Volmer quenching plots 
of the tryptophan fluorescence of Pr (open circles) 
and Pfr (solid circles) in 20 mM KPB, pH 7.8 (4 oc), 
containing 1 mM EDTA and 2.8 mM ME at 3 oc as a func
tion of cesium concentration. Excitation wavelength, 
295 nm; emission wavelength, 330 nm. Phytochrome 
absorbance was 0.1 at 666 nm. 
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Figure 42. Stern-Volmer plots of the quenching of 
tryptophan fluorescence of 124-kDa phytochrome (Pr, 
open circles Pfr, solid circles) in 20 mM KPB, pH 7.8 
(4 OC), containing 1 mM EDTA, and 2.8 mM ME as a 
function of acrylamide concentration at 3 oc. Excita
tion wavelength, 295 nm; emission wavelength, 330 nm. 
Phytochrome absorbance was 0.1 at 666 nm. 
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Figure 43. Modified Stern-Volmer quenching plots 
of the tryptophan fluorescence of Pr (upper panel) and 
Pfr (lower panel) in 20 mM KPB, pH 7.8 (4 oc), con
taining 1 mM EDTA and 2.8 mM ME as a function of acry
lamide concentration at 3 oc. Excitation wavelength, 
295 nm; emission wavelength, 330 nm. Phytochrome 
absorbance was 0.1 at 666 nm. 
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Figure 44. Stern-Volmer plots of the quenching of 
tryptophan fluorescence of 124-kDa phytochrome (Pr, 
open circles; Pfr, solid circles) in 20 mM KPB, pH 7.8 
(4 OC), containing 1 mM EDTA, and 2.8 mM ME as a 
function of succinimide concentration at 3 oc. Excita
tion wavelength, 295 nm; emission wavelength, 330 nm, 
Phytochrome absorbance was 0.1 at 666 nm. 
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Figure 45. Modified Stern-Volmer quenching plots 
of the tryptophan fluorescence of Pr (open circles) 
and Pfr (solid circles) in 20 mM KPB, pH 7.8 (4 oc), 
containing 1 mM EDTA and 2.8 mM ME as a function of 
succinimide concentration at 3 oc. Excitation wave
length, 295 nm; emission wavelength, 330 nm. Phyto
chrome absorbance was 0.1 at 666 nm. 
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Figure 46. Arrhenius plot of tryptophan fluores
cence quenching of 124-kDa phytochrome (Pr) by acryla
mide in 20 mM KPB, pH 7.8 (4 oc), containing 1 mM 
EDTA, and 2.8 mM ME at 3 oc. Excitation wavelength was 
295 nm and emission wavelength was 330 nm. 
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Figure 47. Far UV-circular dichroic spectrum of 
monoclonal antibody (oat-25) was recorded in a 2 mm 
pathiength cell at room temperature. 200 jiil of oat-25 
[9.5 X 10-4 g/ral, in 0.1 M NaPB, pH 7.8 (4 ©C), 
containing 1 mM EDTA and 1 pi 2 % NaN3] was dissolved 
in 200 pi of a Bio-Gel equilibrating buffer [20 mM 
KPB, pH 7.8 (4 OC), containing 1 mM EDTA]. Mean resi
due ellipticity is expressed (on the basis of a mean 
residue weight of 114) in units of deg cm^ decimol-i. 
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Figure 48. Far UV-circular dichroic spectra of 
monoclonal antibody (oat-25) and its mixture with 
124-kDa phytochrome (Pr form) were recorded in a 2 mm 
pathiength cell at room temperature. (A) 200 pi of 
oat-25 [9.5 x 10-* g/ml, in 0.1 M NaPB, pH 7.8 (4 oC), 
containing 1 mM EDTA and 1 jul 2 % NaN 3 ] was dissolved 
in 200 jul of a Bio-Gel equilibrating buffer [20 mM 
KPB, pH 7.8 (4 OC), containing 1 mM EDTA]. (B) 200 pi 
of oat-25 (9.5 x 10" •» g/ml) was added to 200 jul of the 
Pr form of 124-kDa phytochrome (1.9 x 10-'» g/ml) in 
Bio-Gel equilibrating buffer. The CD spectrum of phy
tochrome in its Pr form was first run in the presence 
of monoclonal antibody (oat-25), followed by succes
sive CD recordings after photoconverting the phyto
chrome to its Pfr form with red light and then back to 
the Pr form with far red li:?ht (see Materials and 
Methods for detail). , Pr; , Pfr. 
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Figure 49. Far UV-circular dichroic spectra of 
monoclonal antibody (oat-25) and its mixture with 
124-kDa phytochrome (Pfr form) were recorded in a 2 mm 
pathiength cell at room temperature. When the Pfr form 
prepared in the absence of the monoclonal antibody was 
mixed with the antibody (oat-25), the mixture (Pfr-
oat-25) was then either photoreverted to the Pr form 
or cycled back to the Pfr form with red light. Other 
conditions were same as in Figure 48. , Pr; 
, Pfr. 
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Figure 50. Far UV-circular dichroic spectra of 
monoclonal antibody (oat-22) and its mixture with 
124-kDa phytochrome (Pr form) were recorded under the 
same conditions in Figure 48. (A) Monoclonal antibody 
oat-22 and (B) its mixture of 124-kDa phytochrome, 

, Pr; , Pfr; , cycled Pr. 
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Figure 51. Far UV-circular dichroic spectra of 
monoclonal antibody (oat-22) and its mixture with 
124-kDa phytochrome (Pfr form) were recorded in a 2 mm 
pathiength cell at room temperature. Conditions were 
same as in Figure 48. , Pr; , Pfr; , 
cycled Pfr. 
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Figure 52. Far UV-circular dichroic spectra of 
monoclonal antibody (oat-26) and its mixture with 
124-kDa phytochrome (Pr form) were recorded under the 
same conditions in Figure 48. (A) Monoclonal antibody 
oat-22 and (B) its mixture of 124-kDa phytochrome, 

, Pr; , Pfr; , cycled Pr. 
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Figure 53. Far UV-circular dichroic spectra of 
monoclonal antibody (oat-26) and its mixture with 
124-kDa phytochrome (Pfr form) were recorded under the 
same conditions in Figure 48. , Pr; , Pfr; 

, cycled Pfr. 
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Figure 54. Far UV-circular dichroic spectra of 
monoclonal antibody (oat-28) and its mixture with 
124-kDa phytochrome (Pr form) were recorded under the 
same conditions in Figure 48. (A) Monoclonal antibody 
oat-28 and (B) its mixture of 124-kDa phytochrome, 

, Pr; , Pfr; , cycled Pr. 
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Figure 55. Far UV-circular dichroic spectra of 
monoclonal antibody (oat-28) and its mixture with 
124-kDa phytochrome (Pfr form) were recorded under the 
same conditions in Figure 48. , Pr; , Pfr; 

, cycled Pfr. 
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Figure 56. Far UV-circular dichroic spectra of 
monoclonal antibody oat-31 and its mixture with 
124-kDa phytochrome (Pr form) were recorded under the 
same conditions of Figure 48. (A) Monoclonal antibody 
oat-31 and (B) its mixture of 124-kDa phytochrome, 
J Pr; , Pfr; , cycled Pr and (C) after 2 h 
incubation of the mixture. 
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Figure 57. Far UV-circular dichroic spectra of 
monoclonal antibody (oat-31) and its mixture with 
124-kDa phytochrome (Pfr form) were recorded under the 
same conditions in Figure 48. , Pfr; , Pr; 

, cycled Pfr. 
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Figure 58. Absorbance changes at 280 nm in the 
mixture of 124-kDa phytochrome with the monoclonal 
antibody (oat-22; open circles) and monoclonal antib
ody (oat-31; closed circles) with time under the same 
conditions of Figure 48. 
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Figure 59. Far UV-circular dichroic spectra of 
monoclonal antibody (oat-13) and its mixture with 
124-kDa phytochrome (Pr form) were recorded under the 
same conditions in Figure 48. , Pr; , Pfr; 

, cycled Pr. 
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Figure 60. Far UV-circular dichroic spectra of 
monoclonal antibody (oat-13) and its mixture with 
124-kDa phytochrome (Pfr form) were recorded under the 
same conditions in Figure 48. , Pfr; , Pr; 

, cycled Pfr. 
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Figure 61. Far UV-circular dichroic spectra of 
the mixture of 124-kDa phytochrome (Pr and Pfr form) 
and TNM (tetranitromethane, 40 pM) were recorded in a 
2 mm pathiength cell at room temperature, after 50 % 
bleaching (at 666 nm for Pr and at 730 nm for Pfr) at 
room temperature. 5 pi of 2 mM TNM in ethanol was 
mixed with 495 pi of phytochrome (Aeee = 0.108) in 
Bio-Gel equilibrating buffer. Mean residue ellipticity 
is expressed (on the basis of a mean residue weight of 
110.7) in units of deg cm^ decimol-i. , Pr; , 
Pfr. 
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Figure 62. Borohydride reduction of Pr and Pfr at 
room temperature, pH 7.8 (4 oc) in 0.1 M phosphate 
buffer [open and solid triangles, taken from Song 
(1983)] and in Bio-Gel equilibrating buffer (open and 
solid circles). The ordinate scale represents initial 
rates of reduction; percentage pigment remaining was 
calculated after 1 min of reduction. 
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Figure 63. Far UV-circular dichroic spectra of 
the mixture of 124-kDa phytochrome (Aeee = 0.108) and 
NaBH4 (20 mM) were recorded in a 2 mm pathiength cell 
at room temperature, after 50 % bleaching of phyto
chrome (at 666 nm for Pr and at 730 nm for Pfr). Mean 
residue ellipticity is expressed (on the basis of a 
mean residue weight of 110.7) in units of deg cm^ 
decimol-i. , , Pr; , Pfr. 
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CHAPTER V 

DISCUSSION 

Isolation and Properties 
of Phytochrome 

Previously reported methods (before 1983) for the iso

lation and purification of phytochrome from etiolated oat 

tissue have yielded heterogeneous phytochrome preparations 

that differ in molecular and spectroscopic properties from 

those observed jji vivo (Pratt, 1979; 1982). Most recently 

published methods for the purification of 124-kDa phyto

chrome require 36 h or longer (Vierstra and Quail, 1983a; 

Litts et̂  aj^. » 1983) and some of the faster procedures that 

can be completed in 24 h have resulted in relatively low 

purity and low yields (Datta and Roux, 1985). They have 

also exhibited molecular and spectroscopic properties dif

ferent from those observed iji vitro (Vierstra and Quail, 

1982a; 1983b) and in vivo (Pratt, 1979; Pratt, 1982). In 

contrast, 124-kDa phytochrome described here has been iso

lated from etiolated oat seedlings in a highly purified 

form, with molecular and spectroscopic properties similar 

to those observed in. vivo, in a relatively short time ( 10 

-15 h ) . This phytochrome protein shows a single band on 

SDS-PAGE with a monomer molecular mass of 124-kDa that has 

a high SAR value (0.99 -1.13), shows a high percentage of 

mole fraction of Pfr, high ratio of the A730/A666 (in Pfr 

195 
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form), and exhibits no dark reversion. This protein con

tains little or no phenolic contaminants. 

Two main modifications were introduced to achieve the 

success of this protocol: the use of proper buffer systems 

and the use of ammonium sulfate back extraction steps. The 

important factor in the isolation of phytochrome was to 

protect phytochrome from proteolysis due to endogenous 

enzymes; otherwise, it was easily degraded to large or 

small phytochrome (Vierstra and Quail, 1982a; 1982b; 1983a; 

Vierstra e^ aJ., 1984; Lagarias, 1985). Vierstra and Quail 

(1982a; 1982b; 1983a) have examined several extraction buf

fer systems to avoid proteolysis of phytochrome during the 

extraction procedure. In our laboratory, one of these buf

fer systems (see Materials and Methods) was routinely used 

to isolate and purify phytochrome using the Affi-Gel Blue 

chromatography. The same procedure was also used for my 

early research. However, this extraction buffer system has 

failed to remove possible phenolic contamination (unidenti

fied chromophore, referred to as chromophore "X") , as 

detected by phosphorescence and sensitized fluorescence 

lifetime and near UV-circular dichroic spectra. 

When plant tissues are broken by homogenization, the 

substances in which living tissues are compartmentalized 

are also blended. The large variety and quantity of second

ary products (Robinson, 1975) and of phenol oxidase that 

are released may cause the native form of enzyme to be 
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modified, thereby inactivating them (Loomis and Battaile, 

1966; Anderson, 1968; Loomis, 1969; 1974; Rhodes, 1977). 

Phenolic contamination can occur in several ways. Phe

nolics combine with proteins reversibly by hydrogen bonding 

and irreversibly by oxidation followed by covalent conden

sations (Loomis and Battaile, 1966; Loomis, 1974). During 

the extraction procedures, phenolic compounds and other 

plant secondary products should be removed from the extract 

as soon as possible. Proper procedures and conditions such 

as use of etiolated materials, control of pH, use of 

polymer, or use of reductant and phenol oxidase inhibitors 

are required (Loomis, 1974). Altering pH is not effective 

in removing phenolic contaminants from the extract when pH 

is over 7.0 (Loomis, 1974; Table 4). Insoluble PVPP or 

XAD-4 was used in this study to remove polyphenolics from 

the extract; however, proteins were also removed along with 

the phenolics (Table 5, 6). This observation implies that 

the addition of 16% X.4D-4 might remove phenolic and acidic 

proteins during this extraction step. The addition of 16% 

XAD-4 reduced the pH from 8.3 to 8.22 instead of from 8.3 

to 7.77 (without using XAD-4). The properties of phyto

chrome prepared by using 16% XAD-4 added to extract buffer 

showed no difference in results compared to the those of 

phytochrome prepared by the modified method without 16% 

XAD-4. 
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A reducing agent, ME, was used as an antioxidant. The 

extraction buffer containing ME, sodium metabisulfite, and 

PMSF resulted the prevention of both proteolysis and phe

nolic contamination of 124-kDa phytochrome. This observa

tion is consistent with the results of Litts et aJ. (1983). 

The UV-VIS absorption spectrum of phytochrome prepared 

by the original method shows similarity to those of the 

covalently modified phytochrome (Cha e^ aj^. , 1983; Litts et 

al., 1983) prepared without using reducing agents. However, 

it also shows characteristics such as short phosphorescence 

lifetime, poorly resolved phosphorescence spectrum, short 

fluorescence lifetime, higher fluorescence quantum yields, 

and higher intensity of near UV-CD spectrum. These charac

teristics are different from the phytochrome prepared by 

the modified protocol. These results suggest that phenolic 

compounds are combine with phytochrome during the early 

isolation procedure when phytochrome was isolated without 

using protection from possible phenolic oxidase activity. 

In the case of the original method, EG was washed from 

the HA column prior to elution. EG could interfere with the 

subsequent binding between phytochrome and Affi-Gel Blue. 

It has been demonstrated (Smith, 1981; Litts e^ aĴ . , 1983) 

that EG can be used as eluant for the hydrophobic chroma

tography. However, in the modified protocol, EG was intro

duced for two reasons: to protect phytochrome from the 

attack of proteases and to maintain the flow rate of HA 
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column. EG (25%) stabilizes phytochrome to proteolysis 

since glycerol and other high viscosity materials that 

inhibit the protease activity in protein isolation (Diezel, 

1973)]. Small cracks or channels in the HA column were 

easily created by fast flow rate (100 ml/h) when 25% EG was 

not used in washing and eluting buffers. This happens due 

to a rapidly increased flow rate with different decreased 

viscosity. The sample loading buffer has 25% EG and the 

washing and eluting buffers have no EG. When EG was added 

to the buffer system, flow rate was maintained, but no 

cracks or channels in the HA column were observed. 

KPB (20 mM) was used to elute phytochrome from the HA 

column (Vierstra and Quail, 1983a). KPB (60 mM) elution 

step was usually used following 20 mM KPB to retrieve about 

50% of phytochrome that had been applied to the HA column. 

This result contrasts with the report of Vierstra and Quail 

(1983a) when 50% of phytochrome was eluted with 20 mM KPB. 

Higher concentrations of potassium phosphate buffer 

increase the amount of eluted phytochrome from the HA col

umn; however, they also elute many undesirable proteins. 

The most important feature of this modified protocol 

is the development of the method of ammonium sulfate back 

extraction instead of Affi-Gel Blue affinity chromatogra

phy. Phytochrome isolation using the Affi-Gel Blue method 

was developed by Smith and Daniels (1981) and improved by 
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Song et, al. (1981) for large phytochrome and adopted by 

Vierstra and Quail (1983a) for 124-kDa phytochrome. 

One of the critical problems in using the Affi-Gel 

Blue chromatography is the possible contamination by lumi

chrome and the inconvenience of handling the FMN as an elu

ant. This eluant must be carefully purified and shielded 

from light (especially from green safe light; Song et. al. , 

1981) . 

Ammonium sulfate was added to the pooled phytochrome 

from HA, and the pellet obtained was redissolved with 10 mM 

KPB containing 1 mM EDTA and 2 mM PMSF, pH 7.8 and clari

fied by centrifugation. Not all of the phytochrome pellet 

was dissolved; Therefore, a blue pellet was routinely 

obtained from the typical Affi-Gel Blue procedure. From 20 

to 70% of the pooled phytochrome from HA chromatography was 

consequently lost. Earlier, Song e_t aj^. (1981) have 

reported that some of the-̂  pellet was not soluble, and Cor

donnier et, aj^. (1985) also reported that the phytochrome 

pellet was not dissolved completely. However, this phyto

chrome was judged to be predominantly 124-kDa in size on 

SDS-PAGE (Cordonnier et, aj^. , 1985). 

According to the results of ammonium sulfate frac

tionation 45 ml of 3.3 M ammonium sulfate stock solution 

(containing 50 mM Tris-HCl, pH 7.8) per 100 ml HA pooled 

phytochrome was found to be the optimal amount to precipi

tate phytochrome (Figure 23). The first supernatant 
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(Supernatant I) [1 ml of buffer per 2 units of HA pooled 

phytochrome] contains mostly impurities (Figure 14), and 

the second supernatant (Supernatant II) [1 ml of buffer per 

2.4 units of HA pooled phytochrome] contains mostly pure 

phytochrome (Figure 15). Even if the HA pooled phytochrome 

was crude (low SAR values of phytochrome), the purity of 

that phytochrome can be improved by repeated ammonium sul

fate back-extractions. 

To obtain higher purity phytochrome, the supernatant 

II was applied to a gel filtration column. The modified 

procedure permits 124-kDa phytochrome to be purified 

approximately 220 fold in a relatively short time with 

yields between 20 to 25% (Table 1), SAR values of peak 

fraction of 1.08 to 1.13; and only one homogeneous 124-kDa 

band on SDS-PAGE after Coomassie brilliant blue staining. 

Several spectral properties of 124-kDa phytochrome 

prepared by the present protocol have been compared with 

those of phytochrome from previously published results. The 

absorption maxima of the Pr and Pfr forms of phytochrome 

prepared by the protocol shown in Table 3 are identical to 

those of the original method. However, the A730/A673 (in 

Pfr form) ratio (1.5 to 1.6) under red light induced photo-

equilibrium has been considerably improved over the origi

nal method protocols (Vierstra and Quail, 1983a). This 

value is considerably greater than the values reported in 

other phytochrome preparations (Vierstra and Quail, ld83a; 
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Litts ejt al., 1983; Datta and Roux, 1985). Vierstra and 

Quail (1982b) have confirmed that the A730/A673 (in Pfr 

form) ratio decreases with the limited proteolysis of phy

tochrome . 

It is difficult to detect the presence of the cova

lently modified phenolics from the UV-VIS absorption spec

tra of phytochrome. To detect the low levels of contami

nants, phosphorescence spectrum can be used to get charac

teristic emission maxima for tryptophan or contaminant 

chromophore "X". Differences were observed in the phospho

rescence spectrum of 124-kDa phytochrome prepared by this 

modified protocol and those results previously published 

(Sarkar and Song, 1982; Cha e_t al. , 1983). Cha ejt al. 

(1983) have observed that in phytochrome is presumed to 

contain polyphenolics, a phosphorescence peak at 465 nm 

increases with a shift in excitation wavelength from 280 to 

320 nm. They also observed loss of the entire structured 

tryptophan phosphorescence spectrum. 

According to Cha e_t aî . (1983), the phosphorescence 

peaks (at 465 nm) of their phytochrome (isolated as the Pr 

form) showed similar intensity when excited either at 280 

nm or 315 nm. In contrast, the modified phytochrome prepa

ration reported here shows that the 465 nm phosphorescence 

peak is much less intense with excitation at 320 nm com

pared to results of Cha et, aj^. (1983; Fissures 25 and 26). 
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Thus, the phytochrome obtained by the present protocol has 

little or no chromophore "X". 

These results suggested that a chromophore "X" affects 

the intense, structureless peak at 465 nm. When the phyto

chrome was excited at 320 nm, a structureless emission 

phosphorescence peak at 465 nm was observed providing evi

dence of the presence of chromophore "X". This unique phos

phorescence does not originate from normal aromatic amino 

residues (Cha et, al. , 1983) and 124-kDa phytochrome has no 

obvious absorption in this region (250 to 800 nm). The 

source of this emission could be phenolic modification of 

the phytochrome protein, which might result from covalent 

bonding of oxidized quinone species to lysine or cysteine 

amino residues of phytochrome (Loomis, 1974). Binding to 

these species is not easily broken by denaturation condi

tions or gel filtration. 

The tryptophan phosphorescence lifetimes (Figures 29 

and 30) were drastically different for the phytochrome pre

pared by this protocol from those prepared by the original 

method (Figure 31; Table 8). The marked difference between 

the tryptophan phosphorescence lifetime of the phytochromes 

prepared by the two methods is likely due to chromophore 

"X", which is present in the phytochrome from the original 

method. It is suggested that the chromophore "X", a natural 

plant phenolic, emits short lived phosphorescence. The 

tryptophan phosphorescence lifetime (major component) 
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observed with the phytochrome purified by the present 

method (Figure 28; Table 8 ) , is similar to a typical life

time value of free tryptophan (Bishai et aJ., 1967; Sarkar 

and Song, 1982) . 

The tryptophan fluorescence lifetime (major component) 

of Pr prepared by the present procedure is significantly 

longer than the value recorded for the original preparation 

(Chai ejt al. , 1986; Table 8). The sensitized fluorescence 

of the Pr chromophore was also non-exponential, with the Pr 

form of the modified protocol yielding a Tp value consider

ably longer than the T^ value for the original method (Chai 

et al., 1987). The latter is probably attributable to 

energy transfer from the chromophore "X" to the Pr chro

mophore (Cha et, al. , 1983), whereas the former reflects 

sensitized fluorescence due to the tryptophan > Pr-

chromophore energy transfer. The tryptophan > chromoph

ore energy transfer efficiency remains unchanged on Pr > 

Pfr phototransformation (Chai et. al. , 1987; Table 8). This 

is consistent with the phosphorescence lifetime data (Table 

8). 

The fluorescence excitation and emission spectra of 

tryptophan in 124-kDa phytochrome are identical to that of 

the original method (Sarkar and Song, 1982). In contrast, 

the fluorescence quantum yield for phytochrome obtained by 

the modified protocol shows less than that of the orit^inal 



205 

procedure (Table 7 ) . This result is consistent with both 

phosphorescence and the near UV-CD results. 

The visible CD spectra (Figure 31) were identical for 

phytochromes from the present protocol as well as from 

other methods (Cha et. aJ. , 1983; Vierstra et aJ. , 1987). 

However, differences were observed in the near UV-CD (250 

-350 nm) and the far UV-CD (200 -250 nm) region. In the 

case of the near UV region (250 to 350 nm) the CD bands of 

protein may arise from aromatic residues such as tryptopha

nyl, tyrosyl, and phenylalanyl side chains. Thus, even for 

a specific type of side chain (e.g., a tryptophan side 

chain), different conformations may have varying CD inten

sities, sign, and wavelength position. The ratio of AA284/ 

AAeee is 0.75 for the phytochrome prepared by original 

method and 0.5 for that prepared by the modified protocol. 

This result supports the hypotheses that a higher ratio of 

AA284/AA666 for Pr comes from possible phenolic modifica

tion of phytochrome. It is possible that higher CD inten

sity at 284 nm arises due to the presence of chromophore 

"X", which absorbs in this region. 

It is well established that the Pfr form of degraded 

phytochrome reverts nonphotochemically to Pr In vitro (Pike 

and Briggs, 1972a; Hahn and Song, 1981; Song el al., 1981). 

However, there was no dark reversion of the Pfr form pre

pared by the modified protocol (as detected in the absence 

of sodium dithionite up to 5 h at 3 oc). On the other hand, 
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a small amount of dark reversion (about 9% after 5 h at 3 

OC) in the presence of 5.1 mM sodium dithionite indicates 

the intactness of the phytochrome prepared in this method. 

Fluorescence Quenching Studies 

Folding of a polypeptide chain to form a relatively 

compact tertiary, globular, protein inevitably result in 

the burial of certain amino acid residues from the aqueous 

environment. Other residues located on the surface would be 

exposed to the polar solvent. Several techniques that are 

often used to study the protein structure in solution. 

These techniques, which are able to detect those residues 

that are exposed or that are buried (Fasman, 1970; Eftink 

and Ghiron, 1975; 1976b). Various techniques, such as sol

vent perturbation (Herskovits, 1967; Williams el al., 1965) 

and chemical modification techniques (Hachimori el aA., 

1964; Frazier el al. , 1973) were used to probe the exposure 

of tryptophan residue(s). However, many limitations and 

experimental difficulties are faced with these techniques. 

An alternative way to experimentally determine the degree 

of the exposure of the tryptophan residues in solution is 

by fluorescence quenching studies (Eftink and Ghiron, 1977; 

Lehrer, 1971). 

There are ten tryptophan residues in 124-kDa phyto

chrome (Vierstra and Quail, 1983a; Litts el al., 1983; 

Hershey el al-, 1985). The fluorescence maxima ( Xmax) of 
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tryptophan residues in 124-kDa phytochrome occur at 330 nm 

for both Pr (Figure 25, 35) and Pfr forms (Figure 36). This 

suggests that the majority of the tryptophan residues are 

located in the hydrophobic region (Eftink and Ghiron, 

1976a). The fluorescence maxima of tryptophan residues in 

several native proteins show that there is a relationship 

between the fluorescence maxima (Xmax) and the exposure of 

tryptophan in a protein (Teale, 1960; Burstein el al.. 

1973; Eftink and Ghiron, 1976a). This information was 

obtained from the denatured and unfolded proteins which 

have a red ( 350 nm) emission and a Xmax of indole in 

solvent of low dielectric constant (such as dioxane) that 

is blue shifted ( 320 nm). Therefore, the surface tryp

tophan residues that are exposed to aqueous medium could 

fluoresce red, and the buried tryptophan residue in a rela

tively apolar interior region of a protein could fluoresce 

blue. 

Figures 35 and 36 show a small blue shift in the 

fluorescence spectra which was observed with increasing 

concentration of the quencher. A blue shift of about 5 nm 

was found at a 35% quenching. This suggests that the phyto

chrome fluorescence is heterogeneous (Lehrer, 1971; Ostash-

evskii §1 al. , 1973; Eftink and Ghiron, 1976a). Those resi

dues that fluoresce at longer wavelengths could be prefer

entially quenched since they are mostly exposed in the 

solution. 



208 

As mentioned earlier, it appears that if chromophore 

reorientation took place during phototransformation, a 

change in the environments of tryptophan residue(s) (i.e., 

exposed vs. buried) in 124-kDa phytochrome was expected due 

to conformational changes. There is evidence for a confor

mational change upon Pr to Pfr phototransformation, such as 

the 3% increase in 0^-helicity, difference in peptide map

ping (Lagarias and Mercurio, 1985) and differential phos

phorylation activity (Pr vs. Pfr) (Wong el al., 1986). 

The differences in accessibility of tryptophan resi

due ( s ) between Pr and Pfr in 124-kDa phytochrome was first 

determined by fluorescence quenching with acrylamide. Ionic 

quenchers, such as I", and Cs•, have been used extensively 

in fluorescence quenching studies in proteins. However, 

their ability to estimate exposure of tryptophan has been 

rather tenuous (Eftink and Ghiron, 1976b), because these 

quenchers are heavily hydrated and charged they should be 

only able to quench surface tryptophan residue(s). Since 

protein is a polyelectrolyte, electrostatic effects may 

influence their quenching action and lead to an under- or 

overestimation of the exposures of tryptophan residue(s). 

In contrast to the case of lar^e phytochrome 

(118/114-kDa phytochrome), the hydrophobic quencher acryla

mide quenched tryptophan fluorescence in the l:^4-kDa Vfr 

phytochrome slightly more (Ksv; 4.54 M-M than in the Vr 

(Ksv; 4.19 M-n (Figure 42; Table 10). This su<..̂ gests that 
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the fluorescent tryptophan environments of the exposed 

tryptophan residue(s) of Pfr are somewhat more hydrophobic 

than Pr. 

To determine the mechanism of fluorescence quenching 

of 124-kDa phytochrome, the fluorescence lifetimes were 

measured in the presence and absence of acrylamide (Chai el 

al. , 1985; Singh, 1987). A 44% decrease in lifetime was 

found upon addition of acrylamide (0.25 M; Figure 38). In 

addition, the decrease in fluorescence could not result 

from a gross change in the phytochrome conformation change 

upon addition of acrylamide as the quencher since its pres

ence in the emission spectrum showed the original charac

teristics (Figure 35, 36). 

The quenching constant of 4.19 M-i can be set equal to 

kq. In the absence of quencher, the value is 3.25 ns, and 

the rate constant, kq, between the quencher (acrylamide) 

and tryptophan is therefore 1.29 X 10^ M-is-i. For free 

tryptophan in water and acrylamide as the quencher, the 

rate constant, kq, has been calculated to be 5.9 X 10^ 

M-is-i (Eftink and Ghiron, 1976a). A kq of about 3-5 X 10^ 

M-ig-i is expected from a fully exposed tryptophan in 

protein (Eftink and Ghiron, 1975). The kq value for tryp

tophan in phytochrome is lower than that for free tryp

tophan in water. However, an encounter frequency of this 

magnitude is still large, indicating that the tryptophan 

can not be correctly described as being completely buried 
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within the protein. Acrylamide as the quencher was used up 

to 0.25 M, a concentration that can not quench the deeply 

buried tryptophan residues in phytochrome. 

To further characterize this collisional reaction, the 

energy of activation, Ea, for the tryptophan fluorescence 

quenching was calculated from the Arrhenius plot. An acti

vation energy of 3.57 kcal/mol was found (Figure 46), which 

agrees with the Ea value of 3.7 kcal/mol for the quenching 

of free indole derivatives by acrylamide. This suggests 

that the rate of the reaction is limited only by the diffu

sion of the reactants. This result is consistent with the 

acrylamide and succinimide quenching data. 

Comparative experiments were performed with the 

quenching of the fluorescence of 124-kDa phytochrome by 

acrylamide and succinimide, which are chemically similar 

quenchers. Both quenchers are hydrophobic and neutral com

pounds with the latter being roughly 20% larger than the 

former, as calculated from van der Waals atomic increments 

(Edward, 1970). 

The ratio of the apparent rate constants for succini

mide and acrylamide quenching, 7s/a, was found to be 0.39 

for Pr and 0.46 for Pfr. This suggests that almost all 

fluorescent tryptophan residues are exposed in the Pfr 

form. The range of Ts/a values is due to a critical size 

dependence for the dynamic penetration of quencher through 

a protein matrix (succinimide is bulkier than acrylamide). 
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Figure 37 shows the fluorescence quenching of the 

tryptophan residues in both the Pr and Pfr forms of 124-kDa 

phytochrome by iodide, which is an anionic quencher, as 

analyzed by Stern-Volmer kinetics. However, these plots 

deviate downward, at higher iodide concentrations. Negative 

deviations result because the fluorescence of certain tryp

tophan residues are preferentially quenched before others 

are quenched in 124-kDa phytochrome. At a low concentration 

of quencher, the slope of the Stern-Volmer plot reflects 

largely the quenching of the more accessible residue(s). 

Thus, the Stern-Volmer plot reflects heterogeneity in kq 

over a wide range of iodide concentrations used. From the 

modified Stern-Volmer plots (Figure 39) of the fluorescence 

quenching of 124-kDa phytochrome, the effective quenching 

constant for Pr with iodide is equal or slightly greater 

than that of Pfr. 

The fluorescence quenching of the tryptophan fluores

cence of both the Pr and Pfr with cesium as the quencher is 

slightly different from the iodide quenching data (Figure 

40, Table 10). The tryptophan fluorescences of both Pr and 

Pfr are equally quenched by the cationic quencher. Gener

ally the quenching efficiency of cesium is very low. How

ever, the isoelectric point (pl) of 124-kDa phytochrome is 

5.9. Probably, the interaction between free ionic quencher 

and a tryptophan residue(s) in a 124-kDa phytochrome is 

influenced by attractive or repulsive forces experienced by 
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the quencher and the electrostatic charges near the tryp

tophan residue(s). Repulsive forces between the iodide and 

tryptophan residues in 124-kDa phytochrome decrease the 

quenching rate, while the attractive forces between cesium 

and phytochrome enhance the quenching rate. Slightly higher 

values for the Stern-Volmer constant with cesium, as com

pared to iodide, suggests a negative local environment of 

the quenchable tryptophan residue(s) on the surface of phy

tochrome. In the case of large phytochrome, the fluores

cence quenching of the tryptophan fluorescence of the Pfr 

with iodide or cesium as the quencher is 1.5 times higher 

than that of the Pr (Hahn, 1983; Table 10). 

These results suggest that the Pr to Pfr phototrans

formation forces tryptophan residue(s) is more exposed in 

large phytochrome than in 124-kDa phytochrome. Ionic 

quenchers are expected to quench mainly surface tryptophan 

residue(s) in both Pr and Pfr forms. 

The Photoreversible CD 
Spectral Change 

A photoreversible CD spectral difference in the far 

UV-CD region (200 to 250 nm) was observed in 124-kDa phyto

chrome prepared by the modified protocol. Analysis of the 

secondary structure of 124-kDa phytochrome by the method of 

Chang el al.(1978) shows a 3% increase inO<-helicai 

conformation upon Pr to Pfr phototransformation (Figure 3Z; 

Tables 9 and Jl). This result is in agreement with the 
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previous estimate based on the simpler Greenfield and Fas

man (1969) equation (Table, 11; Chai el al., 1987; Vierstra 

el al., 1987). This has been interpreted as an indication 

of increase in 0^-helicity in the Pfr form under photo-

equilibrium. In contrast, there is no photoreversible CD 

change in this region in 124-kDa phytochrome prepared by 

the method of Litts el aJ. (1983; Lagarias and Mercurio, 

1985). The reason for the discrepancy is not known. Whether 

this difference arises from structural differences between 

phytochrome samples, differences in isolation methods, dif

ferences in sample environments, or differences inherent in 

the methods of measurement remains to be resolved. 

The photoreversible CD change is not due to an aggre

gation effect, since the CD spectra (Figure 32) show no 

evidence of CD flattening, and apparently is not due to an 

absorbance difference (Chai el al. , 1987; Vierstra el al. , 

1987). In addition, degraded oat phytochromes (large and 

small phytochrome) do not exhibit any photoreversible CD 

change accompanying the phytochrome phototransformation 

(for small phytochrome; Anderson el al., 1970; Hopkins and 

Butler, 1970; for large phytochrome; Tobin and Briggs, 

1973; Song el al. , 1979; Hunt and Pratt, 1981). Therefore, 

the observed photoreversible CD change in Figure 32 

reflects a possible involvement of the N'-terminus sequences 

in the red light-induced (?<-helical folding. It is known 

that a segment of the N-terminus domain is cleaved off 
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during isolation and purification of degraded phytochrome 

(Vierstra & Quail, 1982a, 1983a; Vierstra et al., 1984; 

Litts et al., 1983; Jones el al., 1985). 

The 124-kDa phytochrome together with monoclonal 

antibody oat-25, whose epitope includes primary sequence 

for the amino-terminus, abolishes the photoreversible CD 

change (Figure 48) in the far UV-CD region. It shows that 

the far UV-CD spectra of phytochrome bound by oat-25 

behaves like a degraded phytochrome. When oat-25 binds at 

the N-terminus segment of 124-kDa phytochrome, it probably 

interferes with the possible interaction between the N-ter

minus segment and the chromophore (Vierstra el al., 1984; 

Jones el al., 1985; Song, 1985). The N-terminus segment 

contains "helix"-compatible amino acid sequences [34 ammo 

acid residues (about 3%) among 1128 amino acid residues; 

Chou and Fasman, 1978]. Cordonnier el al. (1984) have also 

reported that oat-25 bound phytochrome has several peculiar 

properties such as dark reversion and resemblance of the 

Pfr absorption maximum (changed from 730 to 720 nm) to that 

of degraded phytochrome. Quail and coworkers (1984; 1985; 

1986) have also reported that an Ni-terminus 6/10-kDa pep

tide segment is necessary to maintain the physical proper

ties of phytochrome. 

Other monoclonal antibodies which epitopes away from 

the N-terminus segment, such as oat-22, oat-26, and oat-28, 

do not abolish the photoreversible CD change (Figures :'0 
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- 5 5 ) . Oat-28 and oat-26 do seem to reduce the magnitude of 

the CD change somewhat (Figures 52 - 55), suggesting that 

the non-chromophoric, C-terminus domain may be involved in 

the photoreversible CD change. The C-terminus domain may 

act cooperatively with the N-terminus segment, although 

there is no clear evidence that it contacts with the N-ter

minus. In this case, an effect of oat-13 and oat-31 on the 

CD spectra of phytochrome cannot be analyzed in terms of 

secondary structural changes because of the decrease in 

intensity upon incubation (Figures 56, 57, 59 and 60) due 

to its strong tendency to produce aggregates. The decrease 

in intensity suggests that binding of these monoclonal 

antibodies exposes a hydrophobic surface or induces cros-

slinking of the antibody-phytochrome complexes (Figures 56 

and 58). 

The effects of chemical modifications of the phyto

chrome chromophores have been examined to ascertain the 

role of the phytochrome chromophore (especially Pfr) in 

(i^-helical folding of apoprotein, presumably at the N-termi

nus segment. Figure 61 and 63 (Table 9) show that chromoph

ore modifications interfere with the red light-induced 

p<-helical folding in the Pfr form of phytochrome. A 50% 

bleaching of the absorbances at 666 and 730 nm of the Pr 

and Pfr forms, respectively, almost completely abolishes 

the photoreversible CD change. It is possible that TNM may 

have also reacted with apoprotein. Thus, it reduces the 
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mean residue ellipticities (Figure 63; Table 9) and sup

presses the photoreversible CD change. But with a 25% 

bleaching of the absorbances of phytochrome (Figure 64), 

approximately one-third of the photoreversible CD change 

was retained (Figure 65). Thus, chemical oxidation of the 

phytochrome chromophore abolishes the photoreversible CD 

change. The gross molecular integrity, including the dim-

eric quaternary structure of phytochrome, is preserved even 

after TNM oxidation according to a HPLC analysis (Kwon el 

al., 1986). 

^~^ A 50% bleaching of the phytochrome chromophore by 

borohydride results in only 1% increase in o^-helicity upon 

Pr >Pfr phototransformation (Figure 63; Table 9). How

ever, both TNM and borohydride modifications lead to a 20 

to 25% loss of the mean residue ellipticity, suggesting 

that the chromophore of phytochrome plays an important role 

in stabilizing the c^-helical structure of apoprotein in 

addition to the N-terminus segment. It is well known that 

prosthetic groups such as the tetrapyrroiic heme of myoglo

bin (Beychok, 1966) tend to stabilize an (}^-helical confer-

mation. 
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Table 11 

Analysis of the secondary structure of phytochrome according 
to the method of Greenfield and Fasman (1969). 

Protein o(-helix (%) References , 
Small phytochrome 14 Anderson el al. (1970) 
Small phytochrome 27 Hopkins and Butler (1970) 

Large Phytochrome 17-20 Tobin and Briggs (1973) 
Large phytochrome 35 Hunt and Pratt (1981) 

Native phytochrome 
Pr 49 Vierstra el al. (1986) 
Pfr 52 Vierstra el al. (1986) 

Native phytochrome 
Pr 46 This work^ 
Pfr 49 This work^ 
Pr-TNM 38 This work* 
Pfr-TNM 38 This work* 
Pr-NaBH4 35 This work* 
Pfr-NaBH4 36 This work* 
Pr-oat-25 50 This work* 

Monoclonal antibody 
Oat-25 0 This work* 

a. Conditions were same as in Table 9. 
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Figure 64. Far UV-circular dichroic spectra of 
the mixture of 124-kDa phytochrome (Pr and Pfr form) 
and TNM (tetranitromethane, 40 pM) were recorded in a 
2 mm pathiength cell at room temperature, after 25 % 
bleaching (at 666 nm for Pr and at 730 nm for Pfr) at 
room temperature. TNM (5 pl of 2 mM) in ethanol was 
mixed with 495 pl of phytochrome (Aeee = 0.108) in 
Bio-Gel equilibrating buffer. Mean residue ellipticity 
is expressed (on the basis of a mean residue weight of 
110.7) in units of deg cm^ decimol-i. , Pr; , 
Pfr. 



219 

A 

0 

OO 
I 

- 8 -
CD 

-16 -

205 230 255 

Wavelength, nm 



220 



Figure 65. Far UV-circular dichroic spectra of 
the mixture of 124-kDa phytochrome (Pr and Pfr form) 
and TNM (tetranitromethane, 20 juM) were recorded in a 
2 mm pathiength cell at room temperature, after 25 % 
bleaching (at 666 nm for Pr and at 730 nm for Pfr) at 
room temperature. TNM (5 pl of 1 mM) in ethanol was 
mixed with 495 jiil of phytochrome (Aeee = 0.108) in 
Bio-Gel equilibrating buffer. Mean residue ellipticity 
is expressed (on the basis of a mean residue weight of 
110.7) in units of deg cm^ decimol-i. , Pr; , 
Pfr. 
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CHAPTER VI 

CONCLUSIONS 

Conclusions derived from the data presented in this 

dissertation can be summarized as follows: 

1. The yield of pure phytochrome from the modified pro

tocol is significantly higher than that from the 

previously reported procedures (Tables 1 and 3). 

2. The modified procedure can be completed in consider

ably less time compared to the Affi-Gel Blue 

chromatography, thus avoiding the inconvenience 

and possible contaminants in the use of FMN as an 

eluant from an Affi-Gel Blue column (Figures 11 

and 21; Song el al., 1981). 

3. The spectral properties of phytochrome obtained 

using the modified protocol are generally refined 

over the previously published results (Tables 8 

and 9). 

4. The 124-kDa phytochrome prepared by this method is 

essentially free of phenolic contaminants (Fig

ures 25, 28 and 31; Tables 3, 7 and 8). 

5. The fluorescent Trp residues of phytochrome are in a 

negatively charged environment since cationic 

quenchers are most effective in quenching the Trp 

fluorescence of both Pr and Pfr forms of phyto

chrome (Table 10). 
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6. An N-terminus peptide segment appears to interact 

strongly with the chromophore in the Pfr forms of 

phytochrome, as deduced from far UV-CD studies 

with N-terminus specific monoclonal antibody 

oat-25 (Tables 9 and 11). 

7. The chromophore seems to stabilize the folding of 

phytochrome protein, as suggested by the far 

UV-CD studies of the phytochrome with modified 

chromophores (Table 11). 
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