The degradation rate of MKP-1 after activation
of p42MAPK or pdqMAPK wag less than half that
in the absence of estradiol. Under the same
conditions, the degradation rate of inhibitor of
kBa (IkBa) in response to tumor necrosis fac-
tor—o was unaltered in ARaf-1::ER-expressing
cells after addition of estradiol (/&). Hence,
phosphorylation of MKP-1 by p42MAPK or
pa4MAPK serves to reduce ubiquitin-dependent
degradation of the phosphatase. Activation of
p42MAPK  or  p44MAPK  therefore regulates
MKP-1 protein expression through both an up-
regulation of the rate of transcription (7) and a
reduction in the rate of proteasome-mediated
degradation.

The p42MAPK and p44MAPK enzymes have a
central role in the capacity of cells to divide in
response to growth factors. Activation of
p42MAPK and p44MAPK i a prerequisite for
cell-cycle reentry (3). However, inappropriate
or constitutive activation of the p42M4F¥ or
p44MAPK cascade may provoke cellular senes-
cence (25). Taken together, these findings
illustrate a complex control mechanism de-
signed to limit undesirable long-term activa-
tion of pd2MAPK and pddMAPK and further
demonstrate the importance of regulated pro-
tein degradation to the control of cell division
processes.
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Bacteriophytochromes:
Phytochrome-Like Photoreceptors
from Nonphotosynthetic Eubacteria

Seth J. Davis,” Alexander V. Vener,? Richard D. Vierstra®2*

Phytochromes are a family of photoreceptors used by green plants to entrain
their development to the light environment. The distribution of these chro-
moproteins has been expanded beyond photoautotrophs with the discovery of
phytochrome-like proteins in the nonphotosynthetic eubacteria Deinococcus
radiodurans and Pseudomonas aeruginosa. Like plant phytochromes, the D.
radiodurans receptor covalently binds linear tetrapyrroles autocatalytically to
generate a photochromic holoprotein. However, the attachment site is distinct,
using a histidine to potentially form a Schiff base linkage. Sequence homology
and mutational analysis suggest that D. radiodurans bacteriophytochrome
functions as a light-regulated histidine kinase, which helps protect the bacte-

rium from visible light.

The phytochrome family of dimeric photore-
ceptors regulates growth and development by
sensing ambient light through the photointer-
conversion between an inactive red-light (R)—

absorbing form and an active far-red-light
(FR)-absorbing form (7). Although previously
thought to be restricted to higher plants, the
recent detection of phytochrome-like proteins
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in lower plants, algae, cyanobacteria, and pur-
ple bacteria suggests that all photosynthetic or-
ganisms contain phytochrome (2-4). The
mechanism of action of the higher-plant phyto-
chromes is still unclear, but recent studies sug-
gest that they act as light-regulated protein ki-
nases (9). This possibility has been strongly
supported by sequence comparisons of the phy-
tochrome-like proteins RcaE and Cphl from
the cyanobacteria Fremyella diplosiphon and
Synechocystis sp. 6803, respectively (4, 6, 7),
and Ppr from the purple bacterium Rhodospi-
rillum centenum (3). These proteins contain a
domain homologous to the chromophore-
binding pocket of higher-plant phytochromes
attached to a domain common among two-
component histidine kinases (&). Based on
the view that a photosynthetic bacterium is
the progenitor of plant chloroplasts, it has
been speculated that these prokaryotic genes
represent the evolutionary origins of plant
phytochromes (2, 3).

Here, we show that phytochrome-like recep-
tors are also present within several nonphoto-
synthetic organisms, with the discovery of relat-
ed sequences in the heterotrophic eubacteria
Deinococcus radiodurans and Pseudomonas
aeruginosa. These genes, designated BphP for
bacteriophytochrome photoreceptor, were dis-
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ology Program and Department of Horticulture, Uni-
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Fig. 1. Relations among
phytochromes and phy-
tochrome-like proteins. (A)
Amino acid sequence
alignments of domains
conserved among the
phytochrome-like pro-
teins of DrBphP, PaBphP,
Synechocystis Cph1 (Gen-
Bank accession number
AB001339), R. centenum
Ppr (GenBank accession
number AF064527), F.
diplosiphon RcaE (Gen-
Bank accession number
U59741), and the plant
phytochrome Arabidop-
sis thaliana phyB (Gen-
Bank accession number
X17342) (9). Boxes H,
N, D/F, and G identify
catalytic motifs that are

N-terminal
A Domain
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PEERRETGYD rr‘\)?r D'('F‘VVA"»RPFDIE‘:

REPORTS

covered by scanning genomic databases for cod-
ing regions similar to those of phytochromes (9).
The encoded D. radiodurans BphP (DrBphP)
and P. aeruginosa BphP (PaBphP) proteins are
755 and 728 amino acids, respectively, with an
overall amino acid sequence identity of 37%
and a similarity of 48% to each other (/0). Their
NH,-terminal ~500 amino acids are similar to
the chromophore-binding region of Cphl, RcaE,
Ppr, and plant phytochromes (Fig. 1, A and B).
One important distinction is that both BphPs,
like Ppr and possibly RcaE, do not contain the
positionally conserved cysteine that is consid-
ered essential for autocatalytically linking the
linear tetrapyrrole chromophore through a
thioether bond (/, /7). Like the photosynthetic-
bacteria sequences, the COOH-terminal ~250
amino acids of DrBphP and PaBphP are related
to histidine kinase domains present in environ-
mental sensors that function as two-component
regulators (8) (Fig. 1, A and B). This region
contains the four conserved motifs that compose
the catalytic center, including a positionally con-
served histidine that serves as the phosphoryl-
ation site (Fig. 1A).

Given the NH,-terminal sequence homol-
ogy, we predicted that these BphPs would
associate with linear tetrapyrroles to generate
R/FR photoreversible chromoproteins. De-
spite the absence of the conserved cysteine,
recombinant D¥BphP apoprotein covalently
bound phytochromobilin (P®B) or phycocya-
nobilin (PCB) in vitro, as demonstrated by
zinc-induced autofluorescence of the com-
plex following SDS—polyacrylamide gel elec-
trophoresis (PAGE) (Fig. 2A). In fact, the

Chromophore Binding

and Lyase Domain Domain

Histidine Kinase

fluorescence intensity of these adducts ri-
valed that from a similar amount of oat phy-
tochrome A (phyA) assembled in planta (/2)
(Fig. 2A), implying that DrBphP binds chro-
mophore as efficiently as plant phytochromes.
Analysis of the PCB-DrBphP holoprotein by
electrospray-ionization mass spectrometry
(MS) following reversed-phase liquid chro-
matography (LC) showed that it, like plant
phytochromes, bound only one chromophore
per polypeptide (/3). The assembled PCB-
DrBphP complex had a mass ~580 daltons
greater than that of the apoprotein, a mass
difference equal to that of a single PCB chro-
mophore (586 daltons) (Fig. 3, A and B).

Once assembled with either P®B or PCB,
the DrBphP holoprotein became photochro-
mic, capable of repeated photointerconver-
sions between a R- and a FR-absorbing form
(12) (Fig. 2B). The absorbance-difference
spectrum of the holoprotein resembled that of
Cphl (4, 6) and plant phytochromes (!, /1),
but with a slight blue shift for the FR maxi-
mum [698 nm for DrBphP versus 709 nm for
plant phytochrome (/) assembled with PCB]
(Fig. 2B). A sizable photoreversible differ-
ence between 500 and 590 nm (Fig. 2B) was
apparent, suggesting that the FR-absorbing
form of DrBphP holoprotein also absorbs
green light.

The ability of DrBphP to covalently attach
chromophore despite the absence of a cysteine
residue at position 259 suggested that DrBphP
(and likely PaBphP as well) binds chromophore
by a different linkage. To test whether Met*>®
binds chromophore, using its sulfonyl moiety,
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common among two-
component histidine ki-
nases (8); the star iden-
tifies the conserved his-
tidine residue essential

for phosphate donation. Solid and open triangles identify the positionally
and Cys?>° that serve as a chromophore-binding site in
DrBphP and in higher-plant phytochromes, respectively. The open diamond
locates a second conserved cysteine in DrBphP (Cys?89) that is important for
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three conserved regions in DrBphP as compared to those from Synechocystis
Cph1.1, an NH,-terminal domain of unknown function; Il, the chromophore-

spectral integrity but not essential for chromophore attachment. Numbering
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binding pocket; and lIl, the histidine kinase motif.
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we substituted this residue with alanine, which
would block a thioether linkage (7, 1), or with
cysteine, the consensus ligation site (/), and
examined whether these mutant proteins could
bind chromophore (/4). The Met?*® — Ala?*®
(M259A) and the Met*>® — Cys®*® (M259C)
mutants covalently bound PCB to generate
R/FR photoreversible chromoproteins, eliminat-
- ing Met?*® as the ligation site (Fig. 2, C and D).
However, the difference spectra obtained with
these mutants were altered from that of wild-
type DrBphP, indicating that Met>>® is neces-
sary for chromoprotein integrity. Another poten-
tial chromophore-binding site was Cys®®°, the
only other cysteine conserved in the NH,-termi-
nal region of most phytochrome and phyto-
chrome-like sequences (Fig. 1A). The Cys*®® —
Ala®® (C289A) mutant (/4) also bound PCB
covalently to generate a photoreversible chro-
moprotein but had aberrant spectral properties
(Fig. 2, C and D). Collectively, these results
show that DrBphP does not use the typical
thioether linkage to bind linear tetrapyrroles.

To locate the chromophore-binding site, we
subjected the PCB-DrBphP holoprotein to
chemical digestion with cyanogen bromide
(CNBr) (13) and analyzed the resulting frag-
ments by LC/MS. Several molecules with ab-
sorbance at 374 nm were resolved by LC (Fig.
3C). Subsequent MS analysis identified these
compounds as free PCB, several contaminants,
and a single PCB-bound peptide (/0). The
chromopeptide was a singly charged ion with
a mass-to-charge ratio (m/z) of 805.6 (Fig.
3D), consistent with the expected mass of a
CNBr product, PCB-histidyl homoserine lac-
tone, formed from the release of a His-Met
chromodipeptide from the holoprotein. Its

REPORTS
Fig. 2. In vitro assembly Oat DrBphP
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the chromophore, which is then attacked by
the sulfur nucleophile of the proximal cys-
teine to link the chromophore by a thioether
bond.

Immediately downstream of BpiP in an
operon within the D. radiodurans genome is
a coding region for a 126—amino acid protein
with substantial homology to response regu-
lators (8) (designated BphR for bacteriophy-
tochrome regulator). Its closest sequence rel-
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ative (62% similar over the entire length of
the polypeptide) is Synechocystis Repl, the
proposed phosphate acceptor of activated
Cphl (6). Given its linkage to DrBphP and
the homology to Rcpl, we predict that D.
radiodurans BphR (DrBphR) functions as a
phosphate acceptor for the light-activated his-
tidine kinase activity of DrBphP, which in
turn initiates its associated light-signaling
pathway.

m

PCB

mass predicted that PCB was bound to histi-
dine through a Schiff base linkage by a de-
hydration reaction; this linkage would pro-
duce an unprotonated ion with a positive
charge at the quaternary amine and a calcu-
lated m/z of 805.5. The Met-His-Met se-
quence required to generate such a CNBr
product appears only once in DrBphP (resi-
dues 259 through 261), locating His?*®° as the
ligation site.

To confirm that His?® is the bilin linkage
site, we substituted it with alanine (/4) and
tested whether this mutant protein could bind
PCB. Compared to wild-type DrBphP, the chro-
mophore-binding activity of the His?® —
Ala®® (H260A) mutant was reduced at least
100-fold (Fig. 3E). His?® is positionally con-
served in all phytochromes and phytochrome-
like proteins (Fig. 1A) and appears to be impor-
tant for chromophore attachment in plant phy-
tochromes (/7). For other phytochrome-like
proteins that do not contain the adjacent cysteine
(PaBphP, Ppr, and RcaE), this histidine residue
may serve as the ligation site. For those that
have the adjacent cysteine (higher-plant phy-
tochromes and Cphl), this histidine could
form a transient Schiff base intermediate with
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Fig. 3. Characterization of the DrBphP holoprotein assembled with PCB. Molecular-mass determi-
nation of (A) Holo-DrBphP and (B) Apo-DrBphP by LC/MS. The masses indicated with arrowheads
were calculated from multiple ion species of the corresponding proteins. {(C) The LC absorption
profile at 374 nm of the DrBphP-PCB holoprotein after cleavage with CNBr. The peaks containing
the chromopeptide and free PCB released from the peptide during CNBr treatment are indicated.
The peaks under the square bracket are contaminants present in the PCB preparation used to
assemble Holo-DrBphP (70). Covalent binding of PCB to DrBphP was selective and specific, because
there was no apparent binding of other ultraviolet-absorbing contaminants (70). (D) The MS
spectrum showing the chromopeptide ion (arrowhead) identified it as a PCB-histidyl-homoserine
lactone predicted to be released from the shown amino acid sequence (S, Ser; P, Pro; M, Met; H, His;
Q. GIn; Y, Tyr; and L, Leu). (E) Mutation of His?®° blocks chromophore attachment. Wild-type (WT)
and H260A versions of the DrBphP apoprotein were incubated with PCB and analyzed as in Fig. 2.
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Fig. 4. Role of BphP and BphR in D. radiodurans carotenoid accumulation and growth. (A) Deinoxanthin
accumulation in wild-type, AbphPAbphR, AbphP, or AbphR strains of D. radiodurans kept in the dark or
subjected to various fluences of continuous white light for 4 days. Deinoxanthin content was expressed
in relation to total protein. The data represent the mean of four experiments (error bars indicate +SD).
(B) Growth of individual colonies of wild-type and AbphP strains in the dark or in ~350 pmolm~2s~1
of white light. After 4 days, the area (error bars indicate =SD) of ~50 representative colonies was

measured.

Because phytochromes and phytochrome-
like proteins regulate pigmentation (3, 7, 15), it
was likely that the BphP/BphR system also reg-
ulates pigment synthesis in D. radiodurans, the
most abundant of which is the carotenoid
deinoxanthin (/6). To examine this, we gen-
erated null mutations in the BphP/BphR oper-
on by homologous-gene replacement and ex-
amined the photoresponses of the cultures
(17). Wild-type bacteria accumulated higher
amounts of deinoxanthin when grown under
increasing fluence rates of white light. How-
ever, this induction was severely repressed in
all three mutant strains, AbphPAbphR, AbphP,
and AbphR (Fig. 4A). Red light increased
pigmentation in wild-type cells, but far-red
light had no observable effect in comparison
to darkness (/0), implying that the Pfr form
was the biologically active conformation. The
light-induced accumulation of carotenoid ap-
pears to help protect D. radiodurans from
intense visible light. Whereas the wild type
and the AbphP mutant grew at similar rates in
the dark, colony growth of AbphP was mark-
edly reduced when grown under intense light
(Fig. 4B).

The presence of phytochrome-related pro-
teins in D. radiodurans and P. aeruginosa ex-
pands the known types of signaling used by
heterotrophic bacteria to respond to changing
light. Although PaBphP was not directly tested
here, we presume that its photochemical prop-
erties and mechanism of action are similar to
that of DrBphP, given their extensive sequence
homology within both the chromophore-bind-
ing pocket and the histidine kinase domain (Fig.
1A). The DrBphP photoreceptor is similar but
photochemically distinct from plant phyto-
chromes, having blue-shifted absorbance spec-
tra and using a different linkage to bind chro-
mophore, which involves a histidine rather than

a cysteine to potentially form a Schiff base—
type bond. The identity of the natural DrBphP
chromophore is unknown, but its similarity to
PCB is likely.

Given that D. radiodurans and P. aerugi-
nosa are distantly related to each other and
to photosynthetic bacteria (10), these BphPs
broaden our current view of phytochrome evo-
lution. Because the other nonphotosynthetic
bacteria whose genome sequences are available
do not contain phytochrome-related genes (10),
bacteriophytochromes are not universally dis-
tributed, thus raising the question as to how
these eubacteria evolved or obtained this recep-
tor. One possibility for D. radiodurans is hori-
zontal gene transfer, likely from a cyanobacte-
rium. Consistent with this possibility is that
numerous D. radiodurans genes have a substan-
tial sequence similarity to those within cya-
nobacteria (/8). Whatever its origin, the D. ra-
diodurans BphP pathway should provide a use-
ful paradigm for studying the mechanism or
mechanisms of phytochrome action because it
offers for the first time a simplified phyto-
chrome-like response in an organism that is
naturally devoid of photosynthesis. In this case,
the signal transduction chain could involve as
few as three components: DrBphP, DrBphR,
and the target genes that regulate deinoxanthin
biosynthesis.
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