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ABSTRACT

Cloned cDNA and genomic sequences have been analyzed to deduce the
amino acid sequence of phytochrome from etiolated Avena. Restriction
endonuciease site polymorphism between clones indicates that at least four
phytochrome genes are expressed in this tissue. Sequence analysis of two
complete and one partial coding region shows ~98% homology at both the
nucleotide and amino acid levels, with the majority of amino acid changes
being conservative. High sequence homology is also found in the
5'-untranslated region but significant divergence occurs in the
3'-untranslated region. The phytochrome polypeptides are 1128 amino acid
residues long corresponding to a molecular mass of 125 kdaltons. The known
protein sequence at the chromophore attachment site occurs only once in the
polypeptide, establishing that phytochrome has a single chromophore per
monomer covalently linked to Cys-321. Computer analyses of the amino acid
sequences have provided predictions regarding a number of structural
features of the phytochrome molecule.

INTRODUCTION

Phytochrome is the best-characterized of the regulatory photoreceptors
that control plant development in response to light (1). The native mole-
cule is a dimer, with each subunit composed of a linear tetrapyrrole chro-
mophore covalently linked to a polypeptide that varies from a Mr of 120,000
to 127,000 among various plant species (2,3,4). The photoreceptor has two
forms that are reversibly interconvertible by light: the Pr form that
absorbs maximally in the red (xmax = 666 nm) region of the spectrum and the
Pfr form that absorbs maximally in the far-red (max = 730 nm) region.
Photoconversion of Pr to Pfr in vivo induces an array of morphogenic
responses, whereas reconversion of Pfr to Pr cancels the induction of those
responses. It is this property of photointerconvertibility that allows
phytochrome to function as a regulatory molecule, with Pr considered the
inactive form and Pfr the active form.

Despite considerable research effort, the primary molecular mechanism
by which Pfr induces the observed responses remains unknown. Recent
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evidence has substantiated the prevailing expectation that the morphogenic
changes induced by Pfr result from phytochrome-regulated gene expression.
The photoreceptor has been shown to control the expression of a number of
nuclear genes including those encoding the small subunit of ribulose-
bisphosphate carboxylase (5,6,7), chlorophyll a/b binding protein (5,6,7),
protochlorophyl1ide reductase (8), rRNA (9) and several as yet unidentified
gene products (6). For those genes thus far examined, changes in
expression have been shown to occur at the level of transcription
(10,11,12). Moreover, it has been found that phytochrome also controls the
expression of its own gene(s) in a negative feedback fashfon (13,14), The
phytochrome system therefore simultaneously allows study of the mechanism
of action of phytochrome itself and offers an attractive model for the
study of phytochrome-regulated nuclear gene expression.

As part of our approach to understanding the mechanism of phytochrome
action we have been examining various structural properties of the molecule
(2,4,15,16). Here we report the complete amino acid sequence of Avena phy-
tochrome deduced from analysis of cloned cDNA and genomic sequences. We
present evidence that at least four different phytochrome genes are expre-
ssed in Avena and discuss some of the predicted structural features of the
protein obtained from computer analysis of the sequence data.

MATERIALS AND METHODS
Isolation of phytochrome cDNA clones

The isolation and characterization of phytochrome cDNA clones pAP-2
and pAP-3 (redefined here as pAP-3.1 and pAP-3.2 respectively) have been
described in detail elsewhere (17). Additional cDNA 1ibraries were pre-
pared from mRNA enriched for phytochrome sequences as described before
(17,18). A 3.0 kbp Kpnl/Sacl fragment of the pAP-3.2 insert (Fig. 1) was
excised by restriction endonuclease digestion, isolated by preparative
agarose gel electrophoresis and 3%p-1abeled to >108 cpm/ug by nick transla-
tion (19). Additfonal phytochrome cDNA clones were identified by screening
the cDNA libraries with this labeled phytochrome-specific probe at high
stringency as described by Hanahan and Meselson (20). Plasmid DNA was 1so-
lated from cultures using the alkaline lysis method (21) and purified as
described (17).
Isolation of genomic clones

High molecular weigh Avena DNA was subjected to a non-limit digest
with EcoRI and fragments of suitable length were cloned into iCh 32
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essentially as described by Murray et al. (22). A 1.5x10° pfu library was
screened for recombinants containing phytochrome sequences by in situ
plaque hybridization (23) using the same 3.0 kbp cDNA fragment used for
cDNA library screening.
DNA sequence analysis

Sequences were determined by the method of Maxam and Gilbert (24) with
modifications described by Barker et al. (25). Computer analysis of DNA
sequences were performed by using programs made available by Drs. 0.
Smithies and F. Blattner (University of Wisconsin, Madison WI USA).
Computer analysis of derived amino acid sequences

Searches for protein sequences with similarities to phytochrome in the
National Biomedical Research Foundation (NBRF) database were conducted
using the programs developed by Lipman and Pearson (26) and by the
University of Wisconsin Genetics Computer Group (UWGCG) (27). Hydropathy
analysis was performed using programs supplied by J. Pustell, Harvard
University. Chou-Fassman (28) secondary structure analysis was carried out
using UWGCG programs. Secondary structure analysis according to Garnier et
al. (29), amino acid composition tabulation, charged residue distribution
profiles, isoelectric point estimation and antigenic site prediction
according to Hopp and Woods (30) were kindly performed by F. Blattner
(University of Wisconsin, Madison) using programs developed by DNASTAR,
Madison WI USA.

RESULTS
cDNA clone isolation and characterization

Analysis of previously isolated phytochrome cDNA clones showed them to
represent >80% of the mRNA sequence based upon the length of the mature
phytochrome mRNA (17). Additional cDNA libraries were constructed with the
objective of isolating those c¢DNA clones required to provide the remaining
sequence. Approximately 125,000 cDNA transformants from these 1ibraries
were screened with a nick translated 3.0 kbp insert derived from the phy-
tochrome cDNA clone pAP-3.2. This screening yielded 47 positive colonies
containing inserts ranging in size from 1.1 kbp to 3.4 kbp. This result
indicated that no individual clone represented full length phytochrome
sequence,

The inserts of plasmids from all the positive clones were mapped by
digestion with a variety of restriction endonucleases. While the inserts
showed strong similarity to one another and to the original phytochrome
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Figure 1. Composite restriction maps of cDNA and genomic clones
representing four different expressed genes found in etiolated Avena. The
overlaping cDNA clones (pAP-3.1, pAP-3.2, pAP-4,1, pAP-4.2, pAP-5.1,
pAP-5.2, pAP-6) and/or subcloned genomic fragments (pGP8.2-1, pGP2.4-1)
used to construct each restriction map for the various phytochrome types
are shown above each map (designated as Types 3,4,5 or 6). The clone
initially designated Type 1 has been insufficiently characterized for
inclusion here and the clone initially designated as Type 2 has since been
shown to have identical phytochrome sequence to Type 3 (17).

clone pAP-3.2 (17), restriction site polymorphisms among the cDNAs allowed
the identification of four distinct classes of phytochrome clones. The
overlapping clones that provide the longest total sequence for each of
these four types are summarized in Fig. 1. In addition to the previously
characterized cDNA clones pAP-3.1 and pAP-3.2 (17), two overlapping cDNA
clones of each class of phytochrome provide a total of 3.5 kbp of type 4
phytochrome sequence, 3.35 kbp of type 5 sequence, and a single cDNA clone
provides 2.9 kbp of type 6 sequence.
Genomic clone isolation and DNA sequence analysis

DNA sequence analysis was performed on the cDNA clones that comprise
sequences for phytochrome types 3,4 and 5. Clone pAP-5.2 was the only

8546



Nucleic Acids Research

(] (=] E
I T H - HH
£ € o o2 9o
[=d [=3 (%] QO .= £ 0
@ o 2z ZT XX
) ] ] [T
A8.2 A T T A
[ B = H B HHH
2 Ha <] [~ x o9& 9
> o >Q O
q £ 4 X g 4 &
X ) w
=
g 383 a8 x
ZT X X * Ll
T ]
AN24 o T {
HoH ]
c 2 y
8 <t w |_‘|
9 1.0 Kbp

Figure 2. Restriction maps for the cloned Avena genomic fragments )8.2
and A2.4,

cDNA clone found to contain uninterrupted sequence representing both the 5'
untranslated region and coding sequence for the NHp-terminus of the
protein. NHp-terminal coding sequences shown for clone types 3 and 4 were
therefore derived from sequence analysis of genomic clones.

A number of genomic clones were isolated from an Avena library that
was screened with the same nick translated 3.0 kbp phytochrome cDNA
fragment from pAP-3.2 used to screen the cDNA libraries. Restriction endo-
nuclease analysis of these clones showed one, designated 18.2, to be a
1ikely candidate to contain the type 3 phytochrome gene and A2.4 to be a
strong candidate to contain the type 4 gene (Fig. 2). Southern blots of
Eco R1 digests of these two clones probed with 32p.1abeled pAP-3.2 showed
only the 5.2 kbp Eco RI fragment of 18.2 (Hershey et al. 1985) and the 6.6
kbp fragment of A2.4 (data not shown) to be homologous to our phytochrome
¢DNA sequences.

The Eco RI fragment from each genomic clone showing homology to
phytochrome cDNA clones was subcloned into pBR322 to yield the plasmids
pGP8.2-1 containing the 5.2 kbp Eco RI fragment from A8.2 and pGP2.4-1
containing the 6.6 kbp Eco RI fragment from A2.4. Sequence analysis of
these subcloned fragments confirmed the hypothesis that A8.2 contained at
least part of the gene for type 3 phytochrome and 2.4 contained at least
part of the gene for type 4 phytochrome. A 2.12 kbp region of each Eco RI

fragment was found to be an exon containing sufficient nucletoide sequence
to complete the coding regions for the NHp-terminal portion of their respec-
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Figure 3. Sequencing strategies used to determine type 3 and 4 phy tochrome
nucleotide sequences. The arrows indicate individual sequence readings
from the labeled sites. A similar strategy was used for type 5 sequencing.

tive phytochrome types (Fig. 1). The full sequence and organization of
these genes will be presented elsewhere.

The strategies employed for the sequencing of these clones are shown
in Figure 3 and the composite nucleotide sequences in Figure 4. Type 3 and

4 sequences both have an open reading frame of 3384 bp, terminated by two

TGA stop codons in tandem. The nucleotide sequence homology between these

two sequences and the partial type 5 sequence is 97.4% in the coding and

immediately adjacent 5' untranslated regions. Analysis of the codon usage

frequency within the open reading frame indicates no substantial preference
for any individual codons except for codons containing the dinucleotide CpG
which occurs at a significantly lower frequency than all other dinucleo-
tides (data not shown). The 3' untranslated region of the type 3 sequence
is 252 bp while that of type 4 is 261 bp. A putative poly(A)* attachment
signal AATAAA is present starting 35 bp and 36 bp upstream of the poly(A)*
tract in the type 3 and 4 sequences respectively. The apparent low homo-
logy in the 3' untranslated regions of the two clones can be increased from
34% to 72% if realignment of these sequences is permitted to account for a
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number of deletions and insertions (not shown). Nevertheless, sufficiently
Tow homology remains within several tracts of 3' sequence to indicate that
appropriate sequences from these regions could serve as specific probes for
transcripts derived from type 3 and type 4 genes.
Amino acid sequence analysis

The complete, derived amino acid sequences for phytochrome isoforms 3
and 4, together with the NHp-terminal 492 residues of the type 5 isoform,
are shown in figure 4. The two full-length polypeptides are both 1128
amino acid residues long (excluding the initiator methionine) with molecu-
lar masses of 124,870 daltons and 124,949 daltons, comparing favorably with
estimates of 1127 residues and 124,534 daltons from amino acid analysis and
SDS polyacrylamide gel electrophoresis of the protein (31). The two
proteins are 97.8% homologous with most of the amino acid differences
involving conservative substitutions. The resultant differences in amino

acid composition of type 3 and 4 sequences, are shown in Table 1, together
with the previously determined composition of 124 kd Avena phytochrome (31).
A computerized analysis of the isoform 3 sequence predicts a pI of 5.9, in
precise agreement with that determined experimentally for purified Avena
phytochrome (15). One interesting feature, of as yet undetermined
significance, is that 8 of the first 11 residues at the NHy-terminus of all
sequence {soforms are serines (Fig. 4).

Two different studies have identified a single, identical
undecapeptide which carries the chromophore in proteolytic digests of
Avena phytochrome (32,33). This ll-amino acid sequence is LRAPHSCHLQY,
with the chromophore covalently attached to the cysteine residue. This
same sequence was found to be invariant for al) chromopeptides isolated
from Avena phytochrome (32), indicating that the amino acid sequence at the
chromophore attachment site is identical regardless of the location or
number of chromophores. However, the number of times this sequence occurs
in the polypeptide and therefore the number of chromophores per monomer
could not be determined in these studies. The present data show that this

Figure 4. Nucleotide and derived amino acid sequences for type 3, 4 and §
phytochromes. The complete nucleotide sequence of type 3 phytochrome is
shown (AP3). Above this sequence are shown the nucleotide sequences for
types 4 (AP4) and 5 {AP5) phytochromes. The nucleotides identical to type
3 are indicated by asterisks; those found to differ from the type 3
sequence are listed. The deduced amino acid residues for type 3
phytochrome are denoted below the type 3 nucleotide triplets in standard
one letter code. Deduced amino sequences for types 4 and 5 are shown below
that for type 3 with only the amino acid differences shown by code letter.
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Table 1
Phytochrome amino acid composition

Amino acid From sequence From Vierstra
residue Type-3 Type-4 and Quail (31)

Arg 53 54 58

Lys 64 64 65

Asn 45 43 -

ol Y 13 2} 1o - }113

Gln 49 49 -

Glu 27} 126 78} 127 - s

His 34 35 36

Pro 46 45 48

Tyr 21 21 19

Trp 10 10 10

Ser 89 92 83

Thr 43 40 46

Gly 69 70 79

Ala 96 96 96

Met 34 34 34

Cys 23 23 20

Phe 44 46 44

Leu 124 120 124

Val 83 84 76

Ne 56 57 50
Total 1128 1128 1127
Molecular mass 124,870 124,949 124,534
(daltons)

ll-amino acid sequence occurs only once in each full-length polypeptide
(types 3 and 4), corresponding to amino acids 315-325, with the chromophore
attached to Cys 321. Thus these data establish that native phytochrome
carries only one chromophore per protein monomer.
Sequence similarity search

One approach to obtaining indications to as yet undetermined functions
or evolutionary origins of a given protein is to scan protein sequence
libraries for extant homologous sequences (26). We searched the current
NBRF database for proteins with sequences similar to phytochrome with
negative results. Although a variety of proteins with restricted stretches
of weak to moderate similarity were identified, none had search scores
approaching those considered to represent genuinely related sequences (26).
Structural analysis

The full-length phytochrome amino acid sequence has been subjected to
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Figure 5. Hydropathy profile of type 3 phytochrome. Solid peaks indicate
hydrophobic regions; unshaded troughs indicate hydrophilic regions. A
peptide map indicating positions of the chromophore (solid rectangle) and
regions containing epitopes for three classes of monoclonal antibody
(square brackets, 1,2,3) are shown below.

analysis with a set of algorithms designed to provide information on
various structural features of the molecule. The hydropathy profile (Fig.
5) and secondary structure analysis (data not shown) show the chromophore
covalent-attachment site to be at a B~turn in a mildly hydrophilic segment
between two strongly hydrophobic regions, one of which is relatively
extensive (from about residue 80 to 315 from the NHp-terminus). The
NHy-terminal 6-10 kd segment, known to be critical to fidelity of
protein-chromophore interaction (4), is predominantly hydrophilic. One
striking feature is the extensive, strongly hydrophilic region between
residues 343 and 365. This regfon, which is predicted as «helical, also
carries a high density of charged residues, with a cluster of acidic resi-
dues separated from a cluster of basic residues by a proline. Hopp-Woods
(30) analysis predicts that this polypeptide segment, together with two
other hydrophilic regions centered at residues 691 and 1079, may be antige-
nic determinants. Examination of the complete hydropathy profile shows
that the mean hydrophobic index across a moving window of 19 amino acid
residues does not exceed 1.06 in any hydrophobic region of the polypeptide
chain. This observation indicates the absence of any segment in the poly-
peptide with the properties of a membrane spanning domain (34).
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DISCUSSION

The data presented here represent the first complete amino acid
sequences for the phytochrome apoprotein. The overall picture of the
photoreceptor now is that of a molecule that is a dimer (2) of two 1128
amino-acid polypeptides each carrying a single, covalently linked chro-
mophore in a globular, NHy-terminal domain. The restriction map polymor-
phism among the cDNA clones indicates that the protein subunits are the
products of at least four genes. This result is consistent with previous
Southern blot analysis of Avena genomic DNA which indicated the existence
of a small gene family for phytochrome (18).

The 3'-untranslated regions of the type 3 and 4 transcripts appear to
be complete, but the transcription start sites have not yet been iden-
tified. The nucleotides presumed to be missing from the 5' ends of phy-
tochrome types 3 and 4 sequences by comparison to the sequence of the 5'
end of type 5 phytochrome are currently being sought through further analy-
sis of their respective genes. The homology between the different
nucleotide sequences is high throughout the 5'-untranslated and coding
regions, with the majority of base changes leading to amino acid substitu-
tions (~98% sequence homology at both nucleotide and amino acid levels).
In comparison, the 3'-untranslated regions of the type 3 and 4 sequences
exhibit a considerably higher level of divergence, apparently the result of
drift as well as a number of insertions and/or deletions. This divergence
offers the opportunity to generate gene specific probes from the
3'-untranslated sequences. It will be of interest to quantitate the rela-
tive proportions of the various phytochrome transcripts in the cellular
mRNA pool and to determine whether all are coordinately under negative
feedback regulation by the photoreceptor (13,14). The relative frequency
of ¢DNA clones representing the different isoforms in our libraries
suggests that there may be substantial differences in the levels of
expression of each, since more than 80% of the cDNA clones isolated were
efther of type 4 or 5.

The consequences of the existence of phytochrome isoforms are
presently uncertain. The level of protein sequence conservation is clearly
very high and, as expected from the fact that the majority of observed
amino acid changes are conservative substitutions, the sequence heteroge-
neity is found to have negligible effects on various structural features
such as the hydropathy profile and predicted secondary structure (data not
shown). Nevertheless, the possibility cannot be excluded that localized
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changes in structure and/or charge distribution may affect such parameters
as subunit-subunit interaction or contribute to functional heterogeneity in
the phytochrome population. It is not yet possible to determine whether
phytochrome exists as a heterogenous pool of homodimers or a mixture of
heterodimers assembled from a common pool of subunit isoforms. The hetero-
geneity could affect protein-chromophore interaction and contribute to the
multiple kinetic populations of phytochrome that have been reported in
flash photolysis (35) and dark reversion (31) studies. The presence of a
D-P linkage in the Type 3 sequence at positions 539-540 and its absence
from the Type 4 sequence will permit these two polypeptides to be
distinguished by chemical cleavage methods. As the full-length sequences
of the other isoforms are determined other methods of distinguishing
between them such as distinctive proteolytic or chemical-cleavage peptide
maps may become apparent. Possible differential recognition of the various
isoforms by different members of our monoclonal antibody 1library (39) is
also worthy of investigation.

The phytochrome amino acid sequence presented here establishes two
principle features of the molecular structure of the photoreceptor. First,
the sequence provides direct evidence that phytochrome has one chromophore
per 124 kd monomer, thereby substantiating the conclusion reached pre-
viously on the basis of indirect data from quantitative amino acid analysis
and spectroscopic studies (36,37). Second, the localization of the chro-
mophore attachment site to the NHp-terminal domain of the molecule has per-
mitted correct orientation of proteolytic cleavage maps of the polypeptide
(4,38), and identification of the locations of spatially separate, primary-
sequence epitopes for different monoclonal antibodies (39).

Although the various algorithms used here for structural analysis of
the phytochrome molecule have their limitations (40), some points are
nevertheless worth noting. The chromophore has been postulated to be
housed in the interior of the phytochrome molecule, relatively inaccessible
to the external hydrophilic medium (41,42). It seems possible that the
relatively extensive hydrophobic region of the polypeptide revealed by
hydropathy analysis to reside between residue 80 and 315 could provide a
cavity which contains the tetrapyrrole. In contrast, the NHy-terminal 6 kd
polypeptide segment, known to be critical to fidelity of protein-
chromophore interaction (15,31), is predominantly hydrophilic and therefore
1ikely to be located at the surface of the molecule. This feature is con-
sistent with chemical probe data that indicate that this segment shields
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the chromophore from the external aqueous environment (16,41,42).

Hopp-Woods (30) analysis of the phytochrome amino acid sequence pre-
dicts that three strongly hydrophilic polypeptide segments, centered at
residues 347, 691 and 1079, should carry antigenic determinants. However,
while the epitope for one class of monoclonal antibodies has been mapped to
the chromophore bearing region (39) and may be located near the 347 peak,
neither the 691 nor 1079 region corresponds to an epitope for any of the
monoclonal antibodies mapped to the COOH-terminal domain of the polypeptide
{39). Moreover, the Hopp-Woods algorithm does not predict an antigenic
determinant in the NHp-terminal 6 kd, a region we have found to be an
apparently immunodominant domain carrying epitopes for one class of
monoclonal antibodies (39).

The hydropathy profile is consistent with the peptide fragmentation
pattern obtained with 1imited proteolytic digestion of phytochrome. Two
regions of the molecule, one at the NHy-terminus and the other in the
center, are selectively vulnerable to attack by serine protease-like
activities present in Avena extracts (4,15,39) as well as to other pro-
teases (2,38). Arg-53, Lys-91 and Lys-648, located in strongly hydrophilic
to neutral segments, could be candidates for attack by these proteases,
which would lead to cleavage of 6 and 10 kd from the NHp-terminus and 55 kd
from the COOH-terminus. These presumably surface-located regions of the
polypeptide are known to undergo conformational changes upon photoconver-
sion, altering their accessibility to proteolytic attack (4,15,31,38). 1In
this context it is of interest to consider the NHy-terminal amino acid
sequences KAL and ALY reported by Hunt and Pratt (43) for presumptively
118/114 kd phytochrome. The sequence ALV is not detected anywhere in the
polypeptide. The sequence KAL on the other hand, while it occurs at resf-
dues 142-144, would correspond to the NHp-terminus of a polypeptide of only
106 kd. The reason for this discrepancy is unknown.

A popular hypothesis of phytochrome action based on physiological
experiments has been that the active photoreceptor functions by virtue of
its location in cellular membranes (44), with some authors postulating that
the molecule forms ifonic channels through the bilayer (45). However, the
‘hydropathic properties of the polypeptide make at least the latter possibi-
1ity remote. Kyte and Doolittle (34) surveyed the hydropathic properties
of the transmembrane segments of an array of established intrinsic membrane
proteins. The mean hydropathic index across a window of 19 amino acids,
averaged ~1.9 for all transmembrane peptide segments, whereas soluble glo-

8556



Nucleic Acids Research

bular proteins had comparable mean indices of ~1.1. No region of the phy-
tochrome molecule has a mean index exceeding 1.06, more consistent with a
soluble globular protein than an intrinsic membrane protein.

The search for proteins in the NBRF database with sequences similar to
that of phytochrome is of interest for two main reasons. First, because
the molecular mechanism of phytochrome action is unknown, the
identification of proteins with homologies to the photoreceptor might
provide some insight into that mechanism (26). Unfortunately this approach
provided no immediately useful information in the case of phytochrome.
Second, because the tetrapyrrole chromophore of phytochrome is very closely
related to the chromophores of the phycobiliproteins of cyanobacteria and
red algae, the possible evolutionary relationship between the two groups of
chromoproteins has long been a matter of speculation (46). The absence of
any substantial sequence similarity between phytochrome and the phycobi-
liproteins currently available in the NBRF database thus far speaks against
a common evolutionary origin for the apoproteins of these photoreceptors.
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