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Phytochrome and bacterial sensor proteinx dre rélated by functional and structura) homelogiex. Thaey dre both sensors of enviconmental stimuli

andd share structursl hamologiex which comprise o domain of ubout 250 amine acids (about 28 kg mel=*y, This domain is'C-términal in phyto-

chromes und in several bucreriul sensor proteins. In both groups of sensors thix domain undergees confarmutional changes which ave caused by

the N-terminul pure sensing the stimulus. In the ease of bacteriak sensors, the confarmutiondl alieration is. regulnied by ndditianal proteins, canferred

o 4 corresponding regulator protein which then itets on Wranseripiion, The coincidences between the twa groups of sensors are siriking cnough
te assume phytochrome to (ransduce signals in u way comparable to the bucterial two-companent systems,

Phytochrome sensor protein; Bacteriul sensor pratein, Phytochrome, mode of actior; Phytochrome phylogeny

1. INTRODUCTION

Phytochrome is one of the most fascinating proteins
in plants. A great many striking photomorphogenetic
processes are mediated by it (see [1]). Phytochrome is
well characterized by biochemical and immunological
techniques and by methods of molecular biology.
Despite this fact, the mechanism of action of
phytochrome, the molecular links between its confor-
mational alterations and the ensuing biochemical and
morphogenetic phenomena are still unknown., Many
sophisticated experiments have not been able to unveil
the secret of Ilight-induced signal-transduction by
phytochrome. Here we report on findings which we
assume could be evidence of the mode of action and the
phylogeny of this light-sensing protein.

2. MATERIALS AND METHODS

2.1. Preparation of clones and sequencing
Librarics of cDNA were constructed in the Agtl 1 expression vector,
Phages giving a positive response with a monoclonal antibody (Z-3B1
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{2)) highly specific for a wide range of different phytochromes were
isolated. Their inseris were transferred to pUC 1R, In a first attempt,
two inserts (S1 ffrom a Zea mayy L., var. Badischer Landmais, $§2
from a library of Selaginella mariensii Spring) were subjected to dou-
ble strand sequencing, using forward and backward primers and
fragments obtained by nested deletion (within the séetion of interest,
S1 15 93% similar to a published genomie Zea phytochirome sequence
[3) and S2 is with §7.6% most related to phytochrome B from
Arabidopsis {4},

2,2, Demanstrating structural homologies

Homology studies were performed by FASTA (program of W.R.
Pearson [5) provided by EMBL, Heidelberg). Apar  from
phytochromes, the best score for §1 was ResC of Escherichia coli
ResCEe itself proved to share homologies with proteins like NtrB of
Klebsiella pnewmoniae [6) which had in part already been aligned by
Nixon et al. {7]. Using the alighment of Sharrock'and Quail {4).of the
phytochromes A, B and C of Arabidopsis thaliana, S2 and other
phytochrome sequences [8-11] were subsequently aligned to S1. This
procedure, highlighted = regions strongly conserved between
phytochromes. and bacterial proteins, However, ' manual rear-
rangements were suggeésted in some cases, especially in regions where
the computer alignment did not account for extended gaps or exten-
sions. The alignment significance for any given pair of sequences and
the significance of the final arrangement could not always be recongil-
ed. The alignment of regions of weak coincidence is necessarily in-
fected by ambiguity,

Hydropathy profiles were established according to Kyie and
Doolittle {12], We are indebted to J. Sprengel (Genetics Department
of the Universitit zu Koéln) who introduced us to the program.

3. RESULTS

Screening protein sequence libraries for homologies
with new sequences of phytochromes, we canié across
striking relationships. between phytochromes and
bacterial sensor proteins which belong to two-
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component systems composed of a semor and a
regulator protein. The sensor protein senses en-
vironmental stimuli and confers the stimulus by confor-
matlonal alteration to the regulator protein which rthen
acts on transeription,

Sequence T (81, from a Zea ¢DNA library) and the
bacterial protein ResCEe (SwissProt RCSCSECOLI,
which shares homologies with many bacterial sensor
proteing (ke NtrBKp (6], NtrBBr [7], EnvZEc [13]),
CpxAEc [14], PhoREc [13], PhoRBs [16], and different
VirAAt proteins [17] overlap in a region of about 260
amino acids (centre of Fig. 1). The positions of 25.5%
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tained when other phyrochromes are compared (o
bacterial sensor proteins: sequence 2 (82, found in a
Selaginella cDNA library) e.g. sharex homologies of
21.2% with. PhoRBs, 24.1% with NirBBr and 26.3%
with ResCEe. Fig. 1 aligns 7 more phytochrome s¢-
quences [4,8=11] with 9 of the bacterial proteins (vide
supra).

The sequences of phytochromes which overlap with
bacterial sensor proteins are C-terminal, Itiyalso the C-
terminal regions of bacterial proteins like NtrBBr,
NirBKp, EnvZEe¢, CpxAE¢, PhoREc¢ and PhoRBs
which are involved in the overlap. In contrast, the pro-

of the amino acids are identical. Similar results are ob- teins VirAAt and ResCE¢ overlap with a region follow-
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Fig. 1. Alignment of several phytochromes and bacterial proteins sharing homologies. The coincident amino acid positions between sequence 1

(Zea) and ResC of £. coli (SwissProt RCSCSECOLI) are shown in the centre. Amino acids which are found on corresponding positions in

phytochromes and bacterial sensor proteins are drawn in bold letters. (Phytochromes are characterized by the species containing them. Code and
function of the bacterial sensor proteins are given in Abbreviations.)
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Fig. 2, Frequeney of coincident amine acids in phytochromes and bacterial sensors. (The 9 phytechromes and 9 bacterial sensors shawn in Fig,

I are compared.) At cach position where amino acids coincide in phytachromes and baeterial sensors, the number of coincident amino acids is

represented by the lotal number of symbols (@, A ,.w), or taken in at o glance by the height of the columns made up by the symbals, Symbols

above sequence 1 refer Lo phylochromes, symbols below the ResC sequence to bagterial sensors. (@) Counts the frequency of the amino acid labell-

ed with this symbol; (&) counts the frequency of the amino acid labelled by @ in the opposite group of proteins; (%) counts the frequency of coin-
‘ ciding amino acids which are not contained in the (wo sequences shown,

ed C-terminally by about 120 and 250 amino acids. The
algined bacterial proteins - are shorter than the
phytochromes. In contrast to the about 870 amino acids
of phytochromes which: precede the overlapping region
N-terminally, bacterial sensors end about ' 100-450
amino acids upstream from the homologous domain.
The shorter ones span approximately the three final ex-
ons of phytochrome which begin around amino acid
690.

The relationships between phytochrome C-terminal
sequences and bacterial sensor proteins can be
demonstrated even more strikingly with a pairwise com-
parison of the kind given in the centre of Fig. 1. When
the coincidences in amino acid positions of any given
pair of a phytochrome and a bacterial protein are sum-
marized, about 45% of the amino acids of the
phytochrome find their connterpart on at least one of
the bacterial sensor proteins (bold letters on Fig. 1).

It is clear that single coincidences may be random,
especially if they are far from:the clusters of coin-
cidences and lie in regions where the alignment is not
unequivocal. The clusters of  coincidences between
phytochroties atid bacterial sensor proteins, however,
show unambiguously that there are astounding relation-
ships between these two groups of proteins.

How often an amino acid has coincident positions in

phytochromes and bacterial sensors, is highlighted in
Fig. 2. There are only a few positions where amino acids
found in one of the two groups of proteins have no
counterpart in the other group.

We find that the positions of glycine and leucine (plus
valine and isoleucine) are most often conserved in all or
almost all members of both protein groups. In two
places the frequency of phenylalanine is high. The same
is true for proline and at least in one place each for
glutamine, aspartic acid and asparagine. Frequently
there are conservative exchanges of amino acids. The
conservation of pairs like PL;, GL, GP, GI(V) or QV(I)
is striking. The greater heterogeneity of the group of
bacterial sensor proteins as compared to the.group of
phytochromes may explain why in some places the fre-
quency of coincident amino acids appears unbalanced
between the two groups of proteins. Functional dif-
ferent bacterial sensors are hardly more related than
bacterial sensors and phytochromes.

The coincidences in conserved amino acid positions
and conservative exchanges are even reflected  in
hydropathy profiles. As an example, S1, §2 and
ResCEc are compared (Fig. 3). Apart from a middle
section (®) spanning approximately the amino acids
90-160 in Fig. 1, the profile of the bacterial protein is
very similar to the profiles of phytochromes. Note that
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Fig. 3. Hydroputhy profiles (according to Kyte and Deolintle, 1083 of
sequences 1 and 2and RaC of £, coli within tieir overlapping reglons
showing the strugtural similarity of phytochromes and bacterial sen-
sor proteing on this level. Gaps demanded by the alignment of Fig. |
were eliminated except those demanded by the alignment of the 3 pro-
teins shown. <0 hydrophilic; »0: hydrophobie; (&) secvions of
minor colncidences; dark stippling: gaps or extensions within a xe-
guence,

in this middle section even the two phytochrome se-
quences appear less similar than in the other parts,
However, even there, hydrophobic cluster analysis
(HCAY) according to Gaboriaud et al. [18], that allows
predictions on the averall folding of proteins by hand,
demonstrates considerable conformity of bacterial sen-
sor - proteins and phytochromes. (Results will be
presented as soon as a computer output of the bulky
graphics is possible.)

4. DISCUSSION

The present findings on structural homologies bet-
ween phytochromes and bacterial sensor proteins gain
significance by the fact that the two groups of proteins
are also related by functional homologies and that there
are some insights into the mode of action of the
bacterial proteins.

The bacterial proteins respond to environmental
stimuli like nitrogen limitation (NtrBKp [6], NtrBBr
{7]), phosphate limitation (PhoREc [15], PhoRBs [16)]),
plant exudate (VirAAt [17]), and membrane composi-
tion (CpxAEc [14], EnvZEc [13)]), and phytochromes
respond to light stimuli, Structural and functional coin-
cidences corroborate the view that phytochromes and
bacterial sensor proteins may have evolved from a com-
mon ancestral system. Even reports ‘on membrane-
associated phytochromes (see [1]) are not adverse.
NtrBs are the only sensor proteins like the isolated
phytochromes which lack hydrophobic transmembrane
regions in the N-terminal sequences (see [19]). There are
also reports on cross-talks between sensors of the one
system and the regulators of another system (see [19]).
We remember that oat phytochrome e.g, cdn be ex-
pressed in tomato [20] though oat ‘and tomato
phytochrome are certainly as different as oat and any
other dicotyledonous phytochrome.

Experimental evidence infers that the bacterial ‘pro-
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teins pereeive the stimulus by their N-términal part and
trunsmit the information to their conserved C-terminal
part by conformational alteration. Thercupon, the C-
terminal pare interacts with the conserved N-terminal
region of Its corresponding regulator protein which
finally affects transeription. We also know that
phytochrome responds to light with conformational
changes which also comprise its C-terminal parts [21].
However, we do not know how the information stored
by the conformation is transferred,

By reason of experimental data on NuB [22] a far-
reaching model for the interaction of sensor and
regulator proteins has been censtructed by Ronson et
al. (19]). It proposes that NtrB modifies its regulator
pratein (NtrC) by phosphorylation (activation) and
dephosphorylation (inactivation). However,
phosphorylation or dephosphorylation is determined by
two additional gene products. One of these products,
GlnB, is required in addition to NtrB to dephos-
phorylate NtrC-phosphate,. But dephosphorylation will
only be achieved if GInB is de-uridylylated by GlnD.

In  summary, NtrB is assumed to be a
kinase/phosphatase that is integrated in and additional-
ly regulated by a system of other regulative proteins.
Kinase function of phytochrome was discussed [23] but
not found {24]. By analogy, the failure may well be
caused by the absence of additional factors and the
right target, a régulator protein or a protein functional-
ly related to it like a transacting factor. We may also
assume that not phytochrome itself but one of the addi-
tional factors is the kinase. A kinase was always
copurified with phytochrome {24]. However, we should
also consider possibilities of signal transfer other than
phosphorylation and dephosphorylation. Nonethelecs,
in the frame of the model, it does not seem improbable
that also experiments like those incubating nuclei with
isolated phytochrome [25,26] suffer from incomplete
systems.

It is tempting to introduce the model worked out with
NtrB as a working hypothesis for the mode of action of
phytochrome, though it does not account for the
greater complexity of higher systems. At present an
alternative model explaining experimental data  more
consistently than the present one is not available. It
again directs attention to the proteins interacting with
phytochrome. The knowledge that bacterial regulator
proteins are conserved in their N-terminal parts can be,
but need not necessarily be, a help in identifying them.

Apart from functional studies, studies in the field of
phytochrome phylogeny may also be promoted by the
new findings. Although relationships with bacterial sen-
sors cannot be overlooked, we do not krniow how and at
which stage the light-sensing head had been acquired.

Sure, our deductions are more speculative the further
they move away from the actual experimental data, but
they may contain explanations for many a
phenomenon. Assuming e.g. that plastids regulate
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nucleic transeription by a régulator protein ar o facror
funetionally related to such a proteln, we may come 10
an explanation of the fiading that light-regulated pro-
teins located in the plastids but encoded by the nucleus
are not transcribed when the plastid is destroved
[27,28).

We think the present hypotheses on phytechrome-
mediated signal-transduction are to be accepted by way
of trial. They have to be mieasured againsgt forthecoming
data. But even if these data should not be in favour of
them, the question remains: why have structures been
conserved over such an evolutionary distance if they
lost or changed their function fundamentally? It iy
about 28 kDa that share homologies,
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