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C-terminal amino acid sequences of two phytochromes sharing less than 40 per cent homol-
ogy and two transmitter modules of bacterial sensor proteins that share homologies with phy-
tochromes were examined by hydrophobic cluster analysis. Striking coincidences in distribu-
tion, size, shape and orientation of hydrophobic and hydrophilic domains of the bacterial
transmitter modules and phytochrome sequences were revealed. The results corroborate the
view that the folding of the homologous regions of the two groups of proteins is similar. Since
the mode of action of phytochrome is not known, the structural coincidences may be indica-
tive of how phytochrome transmits signals, although distinct differences should not be over-
looked. Some coinciding structural features in phytochromes and bacterial sensors may tenta-
tively be extracted from secondary structure predictions.

Introduction

Phytochrome sensing the environmental stimu-
lus light is the only sensor of plants well known,
isolated and sequenced. How this sensor works,
however, is still a matter of discussion.

Recently we have reported on remarkable se-
quence homologies between the C-terminal region
of phytochromes and a region of similar length
(about 250 amino acids) of a group of bacterial
proteins [1, 2]. The bacterial proteins sharing ho-
mologies with phytochromes belong to two-com-
ponent systems composed of a sensor (possessing a
transmitter module) and a regulator protein (pos-
sessing a receiver module). It is the transmitter re-
gions of the sensor proteins that are homologous
to the C-terminal regions of the light-sensors phy-
tochrome. Bacterial sensors sense environmental
stimuli like nitrogen limitation, or membrane com-
position by their N-terminal portions and transfer
the signal by a conformational alteration of their
transmitter module to a fitting regulator protein
that in turn acts on enzyme activity or transcrip-
tion. Light-mediated conformational alterations
of the C-terminal parts of phytochrome have also
been reported [3]. Hence, structural and functional
coincidences infer that bacterial systems could
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possibly be indicative of the mode of signal-trans-
duction of phytochrome.

We have now extended our studies. Examining
the homologous sequences by hydrophobic cluster
analysis (HCA) [4] reveals that even regions with
lower sequence homologies show a high degree of
coincident hydrophilic and hydrophobic patterns.
Up to 73 per cent of the hydrophobic amino acids
are found in clusters similar in size, shape and ori-
entation. The coincidences revealed by hydropho-
bic cluster analysis infer that the folding of these
proteins is similar. They contribute to the view
that the homologous domains of phytochromes
and bacterial sensor proteins may satisfy compara-
ble functions.

Materials and Methods

We compared bacterial transmitter modules
with C-terminal sequences of phytochromes by
means of hydrophobic cluster analysis (HCA) and
secondary structure predictions.

The proteins compared by HCA [4] were the
new C-terminal phytochrome sequences from Se-
laginella [1] and Zea [2] and the transmitter mod-
ules of NtrB from Bradyrhizobium (swissprot:
NTRB$BRASP, P 10578, sensing nitrogen limita-
tion) [5] and of RcsC from Escherichia coli (swiss-
prot: RCSCSECOLI, P14376, sensing capsule
composition) [6].
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The phytochrome sequences of the two species
share sequence homologies of only 36 per cent.
NtrBBr was selected because of the ample infor-
mation available and RcsCEc because of its about
25 per cent sequence homology with both phyto-
chrome sequences.

According to HCA of Gaboriaud et al. [4], a se-
quence is arranged (notwithstanding interruptions
of the helix) a-helical. The helix is then cut parallel
to the axis of the helix cylinder and unrolled. This
representation is duplicated in order to make the
sequence easier to follow and to give a better im-
pression of the environment of each amino acid.
Leucine, I, V, M, F, W, Y are considered as hydro-
phobic; A and C are considered as hydrophobic
only in a hydrophobic environment. The se-
quences were arranged and flattened by “Net”
provided by the software facilities “HUSAR™ of
EMBL Heidelberg. The printouts were duplicated
and marked by hand.

Secondary structure predictions were performed
by the algorithms of Garnier et al. [7], provided by
PC/GENE (IntelliGenetics, 700 East EI Camino
Real Mountain View, California).

In addition to the proteins compared by HCA,
the analysis was extended to the phytochromes of
Avena [8], Cucurbita [9], Pisum [10], Oryza[11] and
Arabidopsis [12], and the bacterial sensor proteins
NtrBKp (sensing nitrogen limitation) [13],
EnvZEc (sensing membrane composition) [14],
CpxAEc (sensing membrane composition) [15],
PhoREc, PhoRBs (sensing phosphate limitation)
[16, 17], low host range (LHR) and wide host range
(WHR) VirAAt (sensing plant exudate) [18]. The
bacterial proteins stem from Bacillus subtilis (Bs),
Escherichia coli (Ec) and Klebsiella pneumoniae
(Kp).

As to the present analyses, two other programs
of PC/GENE, NOVOTNY and GGBSM, did not
appeare to supply results visibly superior to
GARNIER.

Results
Hydrophobic cluster analysis

Comparing phytochromes and bacterial pro-
teins bearing a transmitter module [19] on the basis
of hydrophobic clusters [4] reveals surprising simi-
larities between these two different groups of pro-
teins. Taken in at a glance, hydrophobic and hy-

drophilic regions of the two analyzed phyto-
chromes (Zea, Selaginella) and the two bacterial
sensors (NtrBBr, RcsCEc) within the domains
sharing sequence homologies are to a great extend
coincident in position, size, shape and orientation
(Fig. 1).

Excluding gaps, the homology scores (per cent
overlapping hydrophobic clusters; see [4]) are
about 82 per cent for the two analyzed phyto-
chrome sequences and 67 per cent for the two bac-
terial proteins. The latter score is slightly sur-
passed by the figures comparing the two phyto-
chromes and ResC (70 and 73 per cent). The
lowest scores (58 and 60 per cent) in this compari-
son, although significant, are shown by phyto-
chromes and NtrB (see Table I).

Overlapping clusters between phytochromes
and bacterial sequences decrease sharply in the re-
gions preceding sequence homologies. The same is
true for the pair NtrC and ResC. Within these re-
gions the homology scores indicate random coin-
cidences or significant differences. Introducing
gaps and arranging the sequences (particularly the
long sequence of RcsC) according to coinciding
clusters however, might reveal some more homol-
ogies even in regions where sequence homologies
are not easily found. Two greater gaps (one for
RcsC and one for phytochromes and NtrB) are de-
manded in the region of overlapping sequences.

Table I. Homology scores (2-number of overlapping hy-
drophobic residues- 100% /sum of hydrophobic residues
of the two compared sequences [4]) of phytochrome and
bacterial transmitter modules. The analyzed proteins
were NtrB of Bradyrhizobium spec., ResC of E. coli, phy-
tochromes of Selaginella and Zea. The scores are com-
puted for the “module” and the region “preceding” the
module region beginning with the first amino acid of
NtrB (113 amino acids upstream from the module re-
gion; not fully shown on Fig. 1). (The relative frequency
of hydrophobic amino acids in the analyzed sequences is
about 37%: random sequences would score around
37+6%.)

Proteins Module Preceding
compared region region
Sel—Zea 82.3 86.1
Sel—RcsC 73.1 40.5
Zea—RcsC 70.4 45.0
Zea—NtrB 59.6 31.2
Sel-NtrB 58.3 26.3
NtrB—RscC 67.4 20.8
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Fig. 1. Hydrophobic cluster analysis according to Gaboriaud et al. [4] of two phytochrome sequences (S = Selaginella
[1], Z = Zea [2]), and two bacterial sensor proteins (N = NtrB from Bradyrhizobium [5], R = ResC from E. coli [6]).
Note the coincidences in position, size, shape, and orientation of hydrophobic clusters (I, L, V, M, F, W, Y; shaded
areas), and frequency and coincident positions (arrows) of glycines (boxed) and prolines (in circles); (~ = continuing






110 120 130 140 150 160 170 180 190 200 210 22

=X XXXXXXXXXXXXXXXXX= —=———— §8§§—————— XXXXXXXXXXXEEEEGHX ——————— ) S §#% #§§—- ————— XXX XXX XXXXX=- ——XXX-———-8§
“XXXXXXXXXXXXXXXXXXXX XXXXXXX§——————m— HEXXXXXXXXXXX XXX === == K erte e * #8§8- ———————— —— X XX8X——— —XXXXX-——8
XXXXXXXXXXXXXXXXXXXXX X=—=—B = HREXXXXXXXXXEES——————— XXXXXXXXX——# #88§ ——————— X XXX Xe=m—== = XXXXXX——%
XXXXXXXXXXXXXXXXX==XX XX===XXXXXX====—— XXXXXXXXXXXXXXXXXXXXXXXXX————%## ###X XXXXXXXXXXX=XXXX XX XXXXXXX @wa
XXXXXXXXXXXXXXXXXXXXX XXXXXXXXXXX———88—#§——————— P PR ———— s =GP === XXXXXXXXXXXXX XXXXXXX——#*
XXXXXXXXXXXXXXXXXXXXX === §§88§ ———— EREXXXX————8§§B———————— * RERE ————— XXX #%% #XXXXXX XXXXXXXXX8
BEXXXXXXXXXXXXXXXXXXXXX ) St §888 ———— HREGXX—————— N ——— * HERR —————— XX S#% ##XXXXX XXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXX XXX==XXXXXXXXXXXXXXXXXXXXXXGEXX——————— XXXXXX==—% ##¥nGYXX—— —————— §8%§———— —XXXXXX— %%
B ——XXXXXAXUXXXX KN~ e §§§ —————— #XXXXXX————— e * #E§H ——————— * #—% #XXXXXX XXXXXXXXXS
KSSCLDLDMAEFVLADVVVSAVS. . v v v v RAVL IGCAGKG IRVACNLPERSMKAKYYGDG IRLAAVLSDFLFVSVKFS. PAGG. SVDISSKL. TKN. SIGENLH. .. .LIDFELRIKH
! H HH : H H H i H I H HY H ! !
ESEQLKIEPREFSPREVMNHITA. . ... ... NYLALVVRKALGLYC.FIEPDVPVALNGDPMRLAQYVISNLLSNAIKFT. .DTGCIVLHVRADGD. c v v v vt v v v e nn s YLSIRVRD
XXXXXXXXXGXXHXXXXXX———— g ot o i SRUWY ————— WX 1y S8 42020202 e
ARRG——XXXXXXXXXXXXXX X—=XXXXXXX———— —-— HRR—— ——GRBRYXXN - A ————— XXX— ~— mm—m———— XX === §
" XXXXXX ' O E5XGEH— ———X XXXK———————— XXXXXXXXXX XXX XXX KK K== —m = §————— #8§§—————— X——=== 8§
HRHXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXX#REXX X—XXXXKXXXXXXX———————— 8888 - SRR RREE XX ————§
XXXXXXXXXX#=—==XXXXXXXXXX=XXXXXXXXXXXXX XX #RG— ——GRRIRXXXXXXXXXXXX XXX X G#—— e K K RGP 8
XXXXXXXXXXXXXXXXXXXXXXX XXXXXXX§§—-————— X888%#  #p#——XXXX—— = #un #8$-- 0000000 HeHNR-———§§
XXXX—=—#———=XXXXXXXXXXXX AXXXXXXXXX KN e G P —mrmmans = e HR = meem -888§- == 2 20— EXXXXXK===XXX
XXX =———##XXXXXXXXXXX XX———®HEXXXX— XXXXXK—— —— s H¥XXXXXX——=—— §EXXXX——XXX X—————== XXXX XXXX=——===— *§§———————— s
686§ ——§—XHXXXXXX-X  —————— XXXXXXX XXXXXX—= ——= 2 HEXXXXXXXKXXXXKX XX KX == = XXXXX XX——— G e m e m e H
! 4 RN RN MO
| J L
A 4
230 240 250 260 270 280 290 300
SO ME—— X XX XXX X %% I X XXXXXXXXXXXX XK =——= XXXXXX XXXXXXX —==XXXXXXXXXXXX Pisum [101]
SERME——— X XXXXXXX XXXXXXXXXXXXXXXXX==—==X XXX—== XXXXX#X ——=XXXXXXXXXXX=~ Cucurbita [?1
AR X XXX XXX XXX XXXXXXXXXXXXXXXXXX———— §X———— ——88§H— ———XXXXXXXXX Arabidopsis A [12]
SEEHMMAX XXX XXX —% #58 HRNEEEEXXXXXXXX———X XXX——— —XXXBEX ——————n ENEE——————— OO - XX Arabidopsis B [12]
HRERRXXXXXXXX XXX EEGHHH——GXXXXXXXXXX==XXXXXXXXX XXXXXXX XXXXXXXXXX Arabidopsis C [12]
S X X XXXXXXXXX XXXXXXXXXXXXXXX—————m—— XXXX=— XXXXX—— ———- XXXXXXXXXX—— Avena 8l
8564 ———XX——XXXX XXXXXXXXXXXXXXXXXX====X XXXXXX XXXXXXX X==XXXXXXXXXX Oryza C113
HRRRRXXXXXXXXXXE EEnn—— —FXXXXXXXXXXXXXX XXXXXX XXXXB#— ————=XXXXXXXXXXXEX—————— * Selaginella €11
RN —— X XX ——— R HRXXXXXXXXXXXXX == === X XXXXXX XXXXXXX XXXXXXXXXXXXXXXX Zea €21
QGAGVPAEILSAMYGE. . ... ..DNREQSEEGLSLLVSRNLLRLMN.GDIRHL . REAGMST. FILTAELARAPSAAGH
P i AW i P o ! .
TGVGIPAKEVVRLFDPFFAQVGTGVARNFRGTGLGLAICEKL ISMMD. GDISVD. SEFGMGSAF TVRIPLYGARYPAKKGVEGLS™™
SR —H— XX —————— P SN ———— 8N XXX XXXXXXXXX X—=——— HRRGEH———————— ] e RcsC Ec [6]
SRHEWR———— = w GG M i XXXH #G——— —HREENR— ————— XX=—~ NtrB Kp [133
SENN——————— PR = G REG AR —— XXX San H————X GRHEEE—— ——— —XXXXXX-—S#%EE%#§ NtrB Br £S5
SHRARXXXXXXG—————— SEEHN— AR ——— SN #————— XXX888 —————————————— *HRN—§ EnvZ Ec £14]
SHERBRR—X XXX ————GHHHRXXXXEEEEGHN————— XXXXXXXX# @#————— #uEX- = §86888 CpxA Ec £151
SHNNN—————— XXXXX==XXG8%————GGGHMH———X XXX XXXXXX XXXXX— ———@§W##—————— XXXXXXX8%§ Phor Ec [16]
HE XN ———— XXXXXX-88XE6688888888#%#——— X XXXXXXXXXX XXXX—= ——#§@§#————— XXXXXXXXXX Phor Bs £173
LT T R § X #n 58688 NN ——————— —————— —————— —— g *HEEE—————— §————§#™~™ VirA At (WHR) (181
S8 N —————————— X88X8 685888 N ————————— XXX XY==== ===ffifh-=————— GHE——————— [ 322 2 Saded VirA At (LHR) [181]
: : — e — -
A
Fig. 2. Secondary structure predictions for 9 phytochromes and 9 bacterial transmitter modules according to Garnier et al. [7] (X = a-helix, — = extended
structure, § = B-turn, * = coil, ~ = continuing sequence). The alignment, the gaps and the numbering correspond to published [2] sequence alignments. For

orientation purposes the sequences of Zea phytochrome and ResCEc with their coincident amino acids are included. Bars indicate areas tentatively assumed
to be essential for a target specific kinase. Triangles (A ) point to conserved amino acids possibly liable to phosphorylation. (Sequence patterns resembling
two halves of an EF hand (see [29]) are shown by phytochromes between amino acids 90 and 120.)



Glycines (and prolines) and a high percentage of
hydrophilic residues in the non-interrupted se-
quence(s) point to loop regions. Loop regions may
also be indicated in a few other places. In some re-

To size up where the a-helix arrangement de-

ter parts of bacterial sensors coincide with regions
assumed to be functionally important (vide infra).

manded by HCA is improbable, secondary struc-
ture predictions according to Garnier et al. [7]

gions the relative positions of prolines and glycines
are highly conserved (arrows on Fig. 1). These lat-

Secondary structure predictions

have been brought in. After analyzing the four
proteins under investigation, a synoptical study

appeared to be more pertinent: even the two phy-

tochromes which can be assumed to have the same

overall tertiary structures differed markedly in

Therefore,

seven more phytochromes and seven more bacteri-
On average, the phytochrome module

In the first third of the overlapping sequences,
shows 46.2 per cent helical and 36.6 per cent ex-

al sensors have been analyzed. Assessing these re-
sults, one has to remember that the accuracy of
secondary structure predictions is assumed to
reach at best 70 per cent [20] and that phyto-
chromes are a more homogenous group of pro-
teins than the listed bacterial sensors.

the helical arrangements prevail in both, the bac-
section, helical and non-helical stretches are irreg-
ularly distributed, and in the final third, helical
structures are preponderantly predicted for the
phytochromes. Greater similarities in this section

tended conformation, the bacterial module 40.0
(H) and 43.4 (E) per cent (NOVOTNY program).

exist between Selaginella phytochrome, or the
phytochromes of Arabidopsis and bacterial trans-

terial sensors and the phytochromes. In the middle

their predicted secondary structures.

mitters.

As to coil and B-turn regions, some details may
be of interest. Regions where such conformations
are predicted for most of the analyzed proteins, are
include the two mentioned extended (vide supra)

gaps in various sequences. Coils and turns are also
found in the vicinity of gaps around position 70 to

and 220 to 250 (see Fig. 2). The latter two regions
80.

found around positions 50 (within mostly extend-
ed conformations) and 65, 150 and 160, 180 to 210,
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Discussion

According to the outlines and examples given by
Gaboriaud e al. [4], the results allow to conclude
that the compared phytochromes and bacterial
sensor proteins are similar with respect to their
overall folding in the regions matching the
C-terminal 250 amino acids of phytochromes. This
part of phytochrome fits the scheme of a transmit-
ter module as defined by Kofoid and Parkinson
[19] which is able to transmit signals to a receiver
module.

Thus, by analogy a simple model describing the
action of phytochrome can be deduced. In this
model, Py, (phytochrom transformed by red light,
showing an absorption peak in the far red part of
the spectrum) would conform to the active of the
two interconvertible forms of the transmitter mod-
ule protein (NtrB, P-2 on Fig. 2A) which influ-
ences the receiver module of its regulator protein
(P-1 on Fig. 2A and 2B). To meet the more com-
plex eukaryotic systems, one has to add structural
features allowing the receiver module protein to
travel through the membrane of the nucleus. Pres-
ently, there is no evidence that phytochrome itself
has properties to enter this compartment.

Keener and Kustu [21] have pointed out that
NtrB is a kinase although it does not have an easily
recognizable ATP-binding site and sequence simi-
larities to known protein kinases. It has been as-
sumed that the kinase first auto-phosphorylates a
histidine located within a sequence with homolo-
gies to AAHEIK [22] (see also [23] for chemotaxis
proteins). There is also the notion that bacterial
sensors  contain  the conserved sequence
G.GLGLALI [6]. Sequences homologous to these
sequences at coinciding positions are also con-
tained in the C-terminal parts of phytochromes [2]
(see centre of Fig. 2). Coil and turn structures are
predicted for these regions. A histidine at the indi-
cated position (amino acid 46 on Fig. 2), however,
is not present in phytochromes of Pisum, Cucurbi-
ta, Arabidopsis (A and B), and Selaginella. In addi-
tion, the first G or rarely a S (amino acid 250 on
Fig. 2) in the second motive is absent in all phyto-
chromes. However, a tyrosine appears to be con-
served in phytochromes only three residues up-
stream from the bacterial histidine. (Conserved
amino acids liable to phosphorylation are addi-
tionally present in other regions and could be as-

sumed to be close to the module region in a di-
meric molecule.)

In order to ascribe kinase function to the phyto-
chrome module region, which certainly is an an-
chor serving a specific function (possibly in coop-
eration with other parts of this or another mole-
cule), we are still in need of the structural details
that constitute a kinase. Including the chemotaxis
protein CheA of Salmonella typhimurium [25] in
the analysis, where an alignment with the trans-
mitters requires very large gaps, and assuming that
all regions where sequence alignments demand
gaps in sequences are of inferior significance, only
a few regions seem to be essential. These are the re-
gions spanning approximately the amino acids up
to residue 56 (including the conserved Y, and other
amino acids like R and C liable to phosphoryla-
tion), residues 160 to 177, and the amino acids
downstream from residue 211 (numbering of
Fig. 2; bars on Fig. 1 and 2).

Phytochrome-mediated phosphorylation would
be in accord with current speculations (see [25]).
By analogy and as to specificity, this process has to
be assumed to be highly target-specific, although
cross-talks between different sensory system of
bacteria have been reported [26].

Analyses of the action of NtrB [21, 26, 27] point
to the fact that sensors are parts of more complex
systems. Kofoid and Parkinson [19] speak of dyadic
relay systems where transmitters activated by a
sensory input modulate receivers which themselves
possess on output domain. An extract of essential
details is given in Fig. 2 B. NtrB (P-2) is a kinase/
phosphatase [21] whose activity and specificity is
allosterically regulated by a third protein (P-3, Py,
of the literature) that interacts or does not interact
with NtrB depending on the input signal modify-
ing this (P-3) protein. It would be conceivable that
phytochrome acts in cooperation with such a pro-
tein. However, analogies end by the fact that Py, is
not modified by NtrB (the analogue to phyto-
chrome) but by other proteins.

Although the models for phytochrome action
are widely recommended by experimental data,
unexpected coincidences and analogy, there are
some more reasons to remain sceptical.

Firstly, peptides homologous to bacterial trans-
mitter modules have in eukaryotic proteins so far
only be detected in phytochromes [1, 2], where the
“module” region is less conserved than other parts.
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Fig. 3. Models for the action of phytochrome based on
structural and functional homologies with bacterial sen-
sor proteins and the bacterial transfer of information
from an transmitter module to a receiver module. Both,
bacterial sensors and phytochromes sense environmen-
tal stimuli by their N-terminal heads and confer signals
by conformational alteration to their C-terminal parts
(transmitter module) that share homologies. The signal
can then be transferred to a fitting receiver module on a
regulator protein.

A) Simple model: P-1 = regulator protein (receiver); P-2
= sensor protein (transmitter; NtrB, phytochrome);
dark stippling = conserved domains of sensors (trans-
mitter module); diagnonal lines = conserved domains of
regulators (receiver module).

B) Model in analogy to the action of NtrB [11, 13, 14]:
P-1 is phophorylated by P-2 and dephosphorylated
when P-3 interacts with P-2; interaction of P-3 with P-2
depends on an input signal (by phytochrome?).

An explanation for a lower conservation could be
a flexible response to the demands of mutating re-
ceiver modules: however, receiver molecules are
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still not detected. (As to eukaryotic transmitter
modules however, one may note that some euka-
ryotic proteins like the extracellular domain of the
platelet-derived growth factor receptor [28] share
sequence homologies of 10 to 14% with the full
length of the phytochrome “module” region.)

Secondly, secondary structure predictions have
added only restrictedly to the present analyses al-
though a synoptical view can reveal some patterns
shared by phytochrom and bacterial transmitter
modules. The accuracy of secondary structure
predictions is not very high and they do scarcely
allow predictions on tertiary structures which
would be necessary to assess in detail the role and
the significance of particular structures in signal
transduction. NMR techniques that have proved
to be powerful tools in elucidating protein mod-
ules (see [30]) would certainly add to the value of
the comparative hydrophobic cluster analyses pre-
sented here.

Nonetheless, the models can be hoped to pro-
mote forthcoming discussions and experiments.
Probably, the path indicated by them is less sur-
prising than the homologies and analogies found.
The possibility of cross-talks between phyto-
chromes and bacterial receivers should be probed.

The present hypotheses do not preclude the pos-
sibility that phytochrome may additionally inter-
act with other regulative systems.

The finding that Py, e.g. is liable to ubiquitina-
tion [31] could link phytochrome with a system
that has been implicated in a variety of divers func-
tions like modification of structure and function of
nuclear and ribosomal proteins and protein degra-
dation (see [32]). Conjugation with ubiquitin ap-
pears to be reversible, resembling the reversible
and regulative nature of phosphorylation. So, his-
tones and phytochromes appeare to be altered by
similar mechanisms.

It might be that the phytochrome molecule con-
ceals still more surprises than expected.
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