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The red light-sensing photoreceptor FphA from Aspergillus
nidulans is involved in the regulation of developmental pro-
cesses in response to light. Here we present extended biochem-
ical and spectroscopic characterization of recombinant FphA
using a synthetic gene with host-adapted codon usage. The
recombinant photosensory domain FphAN753 was shown to
display all features of a bona fide phytochrome. It covalently
binds biliverdin as chromophore and undergoes red/far-red
light-inducible photoconversion with both parent states being
protonated. The large N-terminal variable extension of FphA
exerts a stabilizing effect on the active Pfr state. Upon substitu-
tionof thehighly conservedhistidine 504, involved in thehydro-
gen-bonding network of the protein moiety and the chro-
mophore, chromophore attachment and photoreversibility
were completely impaired. FphA is a functional sensor histidine
kinase with a strong red-light-dependent autophosphorylation
activity. Furthermore, intermolecular trans-phosphorylation to
the response regulator domain of a second monomer could be
demonstrated. Interestingly, co-incubation of FphA and FphA
variants led to enhanced autophosphorylation, including the
“inactive” Pr form. The latter observed phenomenonmight sug-
gest that auto- and trans-phosphorylation activity is modulated
by additional interaction partners leading to variable phospho-
rylation events that trigger a specific output response.

Fungi are capable of responding to radiance from UV-C to
far-red light (1). The first photoreceptors described in fungi
belong to the family of blue light receptors, which can be sub-
divided into phototropins and cryptochromes. The pho-
totropin-like photoreceptor and DNA-transcription factor
WHITE COLLAR 1 (WC-1)2 from Neurospora crassa is the
best characterized blue light receptor in fungi so far. It has been

shown that WC-1 in complex with WC-2 mediates almost all
blue light responses such as photoadaptation processes as well
as the entrainment of the circadian clock (2, 3).
Only recently, the discovery of phytochromes in the genomes

of heterotrophic bacteria and several fungi (4–6) confirmed
the existence of a red light-sensing system beyond photosyn-
thetic organisms. Phytochromes belong to the family of red/
far-red light sensing photoreceptors that are able to reversibly
photoisomerize between two stable conformations, a red light-
absorbing Pr form and a far-red light-absorbing Pfr form. This
photointerconversion is mediated by a linear tetrapyrrole pros-
thetic group (bilin), which undergoes a Z-E isomerization
around the C15–C16 double bond. The apo-protein autocata-
lytically assembles the bilin chromophore to form a covalent
thioether linkage with a conserved cysteine residue. Interest-
ingly, in bacteria and fungi the chromophore attachment site as
well as the chromophore itself differ from cyanobacterial and
plant phytochromes indicating the prokaryotic origin of fungal
phytochromes (4). The bilins of plant and cyanobacterial phy-
tochromes are the structurally related linear tetrapyrroles phy-
tochromobilin and phycocyanobilin, respectively. Both are
coupled via the A-ring ethylidene side chain (C31) to a con-
served cysteine in theGAF domain of the phytochrome. On the
other hand, all bacterial and fungal phytochromes thus far iden-
tified, assemble the less reduced linear tetrapyrrole biliverdin
(BV) through their A-ring vinyl-group (C32) to a conserved
cysteine within the PAS domain (7, 8).
For the fungal phytochrome (Fph) FphA ofAspergillus nidu-

lans cysteine 195 within the PAS domain was shown to be the
site of attachment for BV (4) (Fig. 1A). All phytochromes share
a common domain organization. They typically consist of an
N-terminal photosensory domain, harboring the bilin chro-
mophore and a C-terminal output module. The photosensory
domain comprises a PAS (PER-ARNT-SIM), GAF (cGMP-spe-
cific phosphodiesterases; cyanobacterial adenylate cyclases;
formate hydrogen lyase), and PHY (phytochrome) domain (9).
In particular fungal phytochromes possess an N-terminal vari-
able extension (NTE) preceding the PAS domain (Fig. 1) (4,6),
which is not homologues to the serine-rich N-terminal P1
domain of phytochromes from plants (9). The C-terminal out-
put modules are usually more diverged, but most bacterial and
fungal phytochromes consist of light-regulated histidine kinase
domains (4, 8, 10, 11). Fungal phytochromes are multifunc-
tional proteins combining a histidine kinase domain and a
response regulator domain (RRD) in one protein (Fig. 1A).
Genes coding for corresponding response regulators in bacteria
are most often encoded separately within the bacteriophyto-
chrome-encoding (bph) operon (12). The presence of a histi-
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dine kinase domain in combination with a response regulator
domain indicates that fungal phytochromes originate from an
early bacterial hybrid kinase (13).
Red light-sensing has been extensively studied in the fila-

mentous ascomycete A. nidulans. In addition, putative fungal
phytochrome genes have been identified in the genomes of
other ascomycetous fungi such as N. crassa, Gibberella zeae,
Cochliobolus heterostrophus, and A. fumigatus, and also in the
basidiomycetes Ustilago maydis and Cryptococcus neoformans
(4, 14).
A. nidulans requires red light for asexual sporulation (15),

but the involved red light photoreceptor was discovered and
initially characterized only a few years ago (4). An A. nidulans
fphA null mutant in comparison to the wild-type (wt) strain
showed a clear developmental phenotype. Red light conditions
led to enhanced sexual development in the �fphAmutant. Ini-
tial experiments revealed a cytoplasmic localization of the phy-
tochrome (4), whereas further studies also identified a fraction
of FphA in the nucleus (16). It was shown that FphA is part of a
large blue- and red light-sensing protein complex, thereby
interacting with theWC-2 homologue LreB andwith the global
regulator Velvet (VeA) (16). Recombinant FphAwas character-
ized as a bona fide phytochrome with absorbance maxima at
707 and 754 nm for the Pr and Pfr forms, respectively. FphA
most probably integrates the signal light via two-component
signaling phosphorelays, because the protein contains both ele-
ments of a two-component regulatory system (Fig. 1A).
Although initial characterization on the putative FphA activ-

ity has been performed, proceeding experiments appeared
extremely difficult because of unfavorable expression rates
(data not shown). In this study we present an extended photo-
biochemical characterization of FphA using a synthetic fphA
version with a host-adapted codon usage. This synthetic gene
enabled us to produce adequate amounts of several FphA
variants for stepping deeper into spectroscopic and functional
analyses.

EXPERIMENTAL PROCEDURES

Bilin Preparations—BV IX� was purchased from Frontier
Scientific (Carnforth, UK) and dissolved in DMSO prior to use.
Construction of Expression Vectors—A synthetic gene encod-

ing the full-length FphAwas adapted to the codon bias of Esch-
erichia coli genes to provide a successful expression. The syn-
thetic gene fphA of 3840 bp was assembled from synthetic
oligonucleotides (GENEART GmbH, Regensburg, Germany).
The synthetic DNA sequence has been deposited in Gen-
BankTM under the accession number EU433998.
fphAN753s encoding the first 753 amino acids containing

photosensory domain was amplified by PCR using primers 5�-
CCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGA-
GATATACATATGAGCGAGCTGCCGAGC-3� (fwd) and 5�-
CCCTCGAGCGCTTCCTGCTGACGCCACAC-3� (rev) and
cloned after XbaI and XhoI restriction (restriction sites under-
lined in primer sequence) into pASK-IBA3 to get the E. coli
expression vector pASK-fphAN753s. The site-directed
mutants C195A and H504A were constructed using the
QuikChange� site-directed mutagenesis kit (Stratagene) with
the following primers (the underlined codon represents the

introducedmutations): C195A, 5�-CCGTGGATAGCTTTAA-
AGCGGCCGAAGATGAACCGATTCATATTCC-3� and
H504A, 5�-CGTGCGATGAGCCCGATTGCTATCAAATA-
TCTGGCCAACATGC-3�; the second primer was the comple-
ment. To yield an expression plasmid containing fphAN753s
without the coding region for theN-terminal variable extension
(173 amino acids), �fphAN753s, the PAS-GAF-PHY coding
region was amplified via PCR and cloned into XbaI, XhoI
restriction sites (in sequence underlined) in pASK-IBA3. Prim-
ers were the following: 5�-CCCTCTAGAAATAATTTTGTT-
TAACTTTAAGAAGGAGATATACATATGTGCGAAGAT-
GAACCGATTCATATTCCG-3� (fwd) and 5�-CCCTCGAGC-
GCTTCCTGCTGACGCCACAC-3� (rev).

The full-length gene fphAs was cloned into pASK-IBA3 after
XbaI and NcoI restriction to yield pASK-fphAs. The full-length
gene without the coding region for the N-terminal variable
extension, namely �fphAs, was amplified by using primers 5�-
CCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGA-
GATATACATATGTGCGAAGATGAACCGATTCATATT-
CCG-3� (fwd) and 5�-CGCCATGGTCGCTATGGGTATAC-
GGGGTAAACC-3� (rev) and cloned into pASK-IBA3 into
XbaI and NcoI restriction sites to yield pASK-�fphAs.
The variant D1181Awas constructed using the primer 5�-G-

GGATGTGGTGCTGATGGCTATTCAGATGCCGATTCT-
GG-3�, the second primer was the complement, and the under-
lined codons represent the exchange. With the purpose of
hampering autophosphorylation the variant H770A of pASK-
�fphAs was constructed with the primer 5�-GCTGGCCAA-
CAGCGCGGCTGAAGTGCGTACCCCG-3�, the second
primer was the complement, and the underlined codon repre-
sents the exchange. The integrity of the resultant plasmid con-
structs as well as the variants were confirmed byDNA sequenc-
ing (MWG, Ebersberg, Germany).
Protein Production and Purification—Recombinant A. nidu-

lans FphA and all variants were produced using a tet promoter-
drivenC-terminal Strep tag expression system (IBA,Göttingen,
Germany) in the E. coli strain BL21(�DE3). Cells were grown at
37 °C in Luria-Bertani medium containing ampicillin (100
�g�ml�1) to anA578 of 0.5. Gene expression was induced by the
addition of 0.2 �g�ml�1 anhydrotetracycline, and cells were
incubated for further 3 h at 30 °C. The bacterial pellet of 3 liters
of culture was resuspended in elution and washing buffer (EW,
50 mM Tris/HCl, pH 7.8, 300 mM NaCl, 10% glycerol, 0.05%
Tween 20; 1 mM dithiothreitol, and 0.25 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride were added freshly) (6 ml buffer per
gram of cell weight) and disrupted by sonication. Cell debris
was removed by centrifugation (90 min, 28,000 � g, 4 °C), and
the supernatant was incubated with 40 �g�ml�1 avidin (final
concentration) for at least 10 min on ice. Subsequently, the
supernatant was loaded on to a Streptactin-Sepharose column
(3 ml), which had previously been incubated with EW buffer.
The purification was performed according to the instructions
supplied by themanufacturer. Fractions containing the desired
protein were combined and concentrated to a protein concen-
tration of �100 �M using Vivaspin concentrator devices
(MWCO 10,000, Sartorius Stedim Biotech, Göttingen, Ger-
many). To obtain holo-FphA variants E. coli BL21(�DE3) cells
were cotransformed with the plasmids pASK-fphAs, pASK-
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fphAs_D1181A, pASK-fphAN753s, or pASK-�fphAN753s and
pAT-BV encoding hemeoxygenase 1 from Synechocystis sp.
PCC 6803 under control of an isopropyl-�-thiogalactopyrano-
side-inducible Plac promoter as described before (4, 17). For
holo-phytochrome synthesis the medium contained 50
�g�ml�1 ampicillin and 25 �g�ml�1 kanamycin. Bilin biosyn-
thesis was induced using 250 �M isopropyl-�-thiogalactopy-
ranoside 1 h before induction of the FphA synthesis to provide
a sufficient amount of chromophore for the assembly. During
production and purification of holo-FphA all stepswere carried
out under a green safelight or in the dark. Purified protein was
subsequently concentrated to a final concentration of�100�M
(as described before) and either used directly or frozen in liquid
nitrogen and stored at �20 °C.
Protein Determination—Protein concentration was deter-

mined by measuring A280 using the calculated �280 nm for each
individual protein: �280 nm � 72,400 M�1�cm�1 for FphAN753,
�280 nm � 60,310 M�1�cm�1 for�FphAN753, �280 nm � 113,650
M�1�cm�1 for FphA, and �280 nm � 101,560 M�1�cm�1 for
�FphA (18).
Chromophore-Protein Interactions—All experiments were

performed under a green safelight. For photochemical analyses
of FphAN753- or �FphAN753-BV in vivo reconstituted and
purified holo-phytochrome was adjusted to �10 �M in buffer
M (50 mM Tris/HCl, pH 8.0, 20 mM KCl) as judged by absorb-
ance at 280 nm. Spectral analyses were performed with an 8453
UV/visible System (Agilent Technologies, Boeblingen, Ger-
many) equipped with a temperature-controlled cuvette holder.
For irradiation, light from a tungsten-halogen source (LOT-
ORIEL, Darmstadt, Germany) was passed through an interfer-
ence filter (LOT-ORIEL) of 636 nm (636FS10–50) and through
a 750 nm filter (Wratten No. 87, Kodak, Stuttgart, Germany)
with light intensities of 12 �mol�m�2�s�1 and 4 �mol�m�2�s�1,
respectively. Absorbance spectra were obtained after 3-min
illumination with red light at 636 nm (Pfr spectrum) and after
3-min incubation with far-red light at 750 nm (Pr spectrum) in
a volume of 500 �l, and the difference was calculated. To char-
acterize the different forms of holo-FphAN753 spectroscopi-
cally, absorbance spectra between 250 and 800 nm were meas-
ured at �18 °C during incubation in the dark or during
irradiation with red and far-red light, respectively.
In vitro chromophore assembly of FphAN753 and the vari-

ants FphAN753_C195A and -H504A or �FphAN753 with BV
was generally tested using 10 �M of recombinant apo-protein
incubated with 10 �M chromophore in EW buffer for 30 min in
the dark at�20 °C (final volume, 500�l), and again absorbance
spectra between 250 and 800 nmwere taken during incubation
in the dark or under irradiationwith red and far-red light. Cova-
lent chromophore attachment to the FphA variants was tested
by visualizing covalently bound bilins via zinc-induced red flu-
orescence as described previously (19).
Resonance Raman Spectroscopy—Resonance Raman (RR)

spectra were recorded with 1064 nm excitation (Nd-YAG cw
laser, line width �1 cm�1) using an RFS 100/S (Bruker Optics,
Ettlinger, Germany) Fourier-transformRaman spectrometer (4
cm�1 spectral resolution). The near-infrared excitation line
was sufficiently close to the first electronic transition to gener-
ate a strong pre-resonance enhancement of the chromophoric

vibrational bands such that Raman bands of the protein matrix
remained very weak in the spectra of the parent states. All spec-
tra were measured at �140 °C using a liquid-nitrogen cooled
cryostat (Linkam, Waterfield, Surrey, UK). The laser power at
the sample was set at �700 milliwatts, which did not damage
the chromoproteins as checked by comparing the spectra of the
samples obtained before and after RR data acquisition. The
total accumulation timewas�2 h for each spectrum. For all RR
spectra shown in this work, a polygonal baseline was sub-
tracted. Photoproducts were accumulated by irradiating the
samples for a few minutes at the specified temperatures. These
raw RR spectra included substantial contributions from resid-
ual Pr, which was subtracted using the characteristic RR bands
of Pr as a reference. Further RR experimental details have been
described previously (20).
Protein Kinase Assay—Autophosphorylation was performed

as described for Pseudomonas aeruginosaBphP (21). Before the
addition of [32P]ATP[�P] 10 �g of FphA_D1181A-BV was
either irradiated with red (636 nm) or far-red (750 nm) light for
30min at 18 °C and incubated in darkness at room temperature
for different periods of time. The reaction was stopped with
SDS sample bufferwithout incubation at 95 °C, and the samples
were subsequently loaded onto a 7.5% SDS-PAGE and blotted
onto a polyvinylidene difluoride membrane (Roth, Karlsruhe,
Germany). Radioisotope imaging was monitored by using a
hyperscreen x-ray film (Fuji Photo Film Europe, Düsseldorf,
Germany), thereafter the blot was stained with Ponceau S to
confirm equal protein load.
In Vitro His-Asp Phosphotransfer—To demonstrate phos-

photransfer from the conserved histidine residue of the histi-
dine kinase domain to the conserved aspartate of the RRD,
holo-FphA_D1181A photoconverted to the Pr and Pfr form
was autophosphorylated for 1.5 h as described under “Protein
Kinase Assays.” Afterwards the samples were mixed with 10 �g
of holo-�FphA_H770A or apo-�FphA_H770A and incubated
for 1.5 h in the dark at room temperature. Further procedures
were the same as described under “Protein Kinase Assay.” As
negative control one samplewas treated the samewithout addi-
tion of holo-FphA_D1181A.

RESULTS

Low Production Rates of Recombinant FphA Are Due to an
Unfavorable Codon Usage—Initial characterization on the
putative phytochrome activity has been performed, but pro-
ceeding with distinct experiments was extremely difficult
because of unfavorable expression rates. Minor expression
rates were due to an unadapted codon usage toward E. coli.
Application of the CodonAdaptationTool (JCAT) of the
PRODORIC data base (www.prodoric.de) indicated a Codon
Adaptation Index-Value (CAI-Value) of �0.23 for fphA to
E. coliK12 (42). Consequently, a synthetic gene of 3840 kb with
an optimized CAI-Value of 0.98 was constructed (accession
number EU433998) to overcome expression limitations. Based
on this construct several variants were cloned and expressed in
E. coli (Fig. 1B). All FphA variants were purified (Fig. 1C) and
used for further photobiological characterization.
FphAN753 Behaves Like a True Phytochrome—A. nidulans

FphAN753, comprising only the photosensory domain (Fig. 1,
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A and B) was either purified as holo-phytochrome assembled
with BV in vivo or as apo-protein. For holo-phytochrome pro-
duction in E. coli a dual plasmid system was employed as
described for the biosynthesis of holo-BphP (21). A band
migrating at �86,000 was obtained on SDS-PAGE, which cor-
relates with the predicted molecular mass from the amino acid
composition of the photosensory domain containing an addi-
tional Strep-tag (Fig. 1C, right panel, lane 1). Because in vivo
reconstituted holo-FphAN753 revealed a greater stability than
the in vitro assembled holo-protein, the purified in vivo com-
plex was used for further photochemical analyses. The yield of
purified holo-FphAN753 was typically 2.5 mg per liter of bac-
terial culture.
Recombinant holo-FphAN753 assembled with BV, most

likely the natural chromophore, exhibits a characteristic red/
far-red light reversible phytochrome signature. Illumination
with saturated red light (636 nm) resulted in formation of the
Pfr form (Amax 754 nm),which could be converted back into the
Pr form (Amax 707 nm) through illumination with far-red light
(750 nm) (Fig. 2A). The resultant calculated Pr-Pfr difference

spectrum confirms the photoactiv-
ity of holo-FphAN753 (Fig. 2B).
Both forms show absorption max-
ima at longer wavelengths charac-
teristic of BV-binding bacterial and
fungal phytochromes (8, 12, 21–24).
The form initially synthesized in the
dark is the Pr form (Fig. 2C). Neither
the Pr- nor the Pfr form undergo a
defined dark reversion, known to
be a thermal relaxation process of
non-photochemical Pfr-to-Pr dark
reversion especially found by dicot
plant phytochromes to regulate the
signal output (25, 26) (Fig. 3A).
The N-terminal Variable Exten-

sion Stabilizes the Pfr Form—Fun-
gal phytochromes identified so far
also possess an N-terminal vari-
able extension, which is not
homologous to those of plant phy-
tochromes. In case of A. nidulans
phytochrome FphA the NTE is
composed of �172 amino acids
and comprises no conserved ser-
ine-residues. To investigate the
role of this large subdomain (cal-
culated Mr 18,300) on FphA pho-
toreversibility or stability, NTE
deletion mutants of the photosen-
sory domain and the full-length
protein (�FphAN753 and �FphA)
were constructed (Fig. 1B). Holo-
�FphAN753 also senses red and
far-red light through photointer-
conversion between both photor-
eversible states, Pr and Pfr (Fig.
3B). Both forms showed slightly

blue-shifted absorbance maxima in comparison to the com-
plete photosensory domain and displayed a characteristic
phytochrome difference spectrum (data not shown). Addi-
tionally, irradiation with red light resulted in a lower yield of
the Pfr form, producing a mixture of �60% Pr and only 40%
Pfr (Fig. 3B), indicating that the NTE might exert a stabiliz-
ing effect on the Pfr form and pointing to a lower thermal
stability of the truncated protein. The involvement of the
N-terminal variable extension in Pfr stability was further
supported by the fact that inhibition of Pfr-to-Pr dark rever-
sion was released (Fig. 3C). After photoconversion into the
Pfr form followed by incubation at 15 °C in the dark for 24 h,
a significant reduction of the Pfr absorptionmaximum at 750
nm was observed. Further incubation in the dark for addi-
tional 6 days at 4 °C did not alter the spectrum (Fig. 3C).
Although the FphA N-terminal variable extension is not
homologous to those of plant phytochromes, this result is
consistent with investigations on the plant phytochrome
phytochrome A where deletion of 100 N-terminal amino
acids led to an enhanced dark reversion (25).

FIGURE 1. A, domain organization of the fungal phytochrome FphA. Dark gray bar, variable N-terminal exten-
sion; PAS, PAS domain; GAF, GAF domain; and PHY, phytochrome domain (GAF-related domain) comprising the
N-terminal photosensory domain. The C-terminal regulatory domain consists of histidine kinase domain (HKD)
and response regulator domain (RRD). The following residues either essential for chromophore binding or
coordination as well as for the signal output were assigned. C195, biliverdin IX� binding residue; H504, essential
for chromophore coordination; H770, autophosphorylation site; and D1181, trans-phosphorylation site. The
chemical structure of the covalently bound chromophore biliverdin IX� is shown on the right. B, domain
structure of FphA variants. FphA, full-length protein; �FphA, protein without N-terminal variable extension;
FphAN753, photosensory domain; �FphAN753, photosensory domain without N-terminal variable extension.
C, SDS-PAGE analysis of recombinant, Streptactin-affinity purified holo-FphA variants. Left panel: 1, holo-FphA;
2, holo-�FphA_H770A; right panel: 1, holo-FphAN753; 2, holo-�FphAN753. The samples were either loaded
onto a 7.5% SDS-gel (left panel) or onto a 10% SDS-gel (right panel), and the proteins were visualized by staining
with Coomassie Brilliant Blue.
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Resonance Raman Spectroscopy of FphAN753-BV Confirmed
Protonation of the Chromophore during Photoconversion—The
RR spectrum of the Pr state of FphAN753 is dominated by
bands in the region between 1200 and 1700 cm�1, which is
characteristic of all phytochromes (Fig. 4). However, there are
considerable differences comparedwith the RR spectrumof the

Pr state of bacterial phytochrome DrBphP, which is shown for
comparison (20). These differences partly result from the
higher spectral contribution of the protein matrix such as the
broad hump at �1660 cm�1 and the intense doublet at �1460
cm�1, attributable to the amide I modes of the peptide back-
bone and methylene/methyl deformation modes of amino acid

FIGURE 2. Spectral properties of holo-FphAN753. A, absorbance spectra of
recombinant FphA(N753)-BV obtained by holo-expression. Pr, Pr form estab-
lished after illumination with far-red light (750 nm) (solid line); Pfr, Pfr-en-
riched form obtained after illumination with red light (636 nm) (long dashed
line). The inset presents the domain organization of the photosensory domain
(Fig. 1B). B, calculated Pr-Pfr difference spectrum of purified recombinant
FphAN753-BV. Absorption maximum and minimum are indicated in nanom-
eters. C, absorbance spectrum changes within 60 min in the dark during
assembly of 10 �M apo-FphAN753 with 10 �M BV.

FIGURE 3. Spectral properties of BV-holoproteins FphAN753 and
�FphAN753. A, dark reversion of recombinant FphAN753-BV after saturat-
ing illumination with red light. B, absorbance spectra of recombinant
�FphAN753-BV obtained by holo-expression. Pr, Pr form established after
illumination with far-red light (750 nm) (solid line); Pfr, Pfr-enriched form
obtained after illumination with red light (636 nm) (long dashed line). C, dark
reversion of �FphAN753-BV after saturating illumination with red light.
Absorbance spectra were recorded at the indicated time points.
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side chains, respectively. The substantial interference with
Raman bands of the apo-protein is further reflected by the
sharp band at �1005 cm�1 that originates from the ring-
breathingmodes of the Phe residues. Spectral differences solely
attributable to the RR bands of the chromophore refer to the
C–H out-of-plane modes at 791 and 806 cm�1, which exhibit
much lower intensity in FphAN753, the modes including C–H
andN–H in-plane bending and internal coordinates of the pyr-
role substituents (1150 and 1350 cm�1), and the so-called
marker band region between 1500 and 1700 cm�1. The bands
in this latter region are known to be particularly sensitive for the
configuration (Z/E) and conformation (syn/anti) of the tetra-
pyrrole geometry and for the protonation state of the chro-
mophore. In the Pr state of FphAN753, these bands are dis-
tinctly broader than in DrBphP (Fig. 5). The strongest band at
1624 cm�1, attributable to the C�C stretching of the C–D
methine bridge, exhibits a bandwidth of �20 cm�1 as com-
pared with �15 cm�1 of the 1629-cm�1 band of DrBphP. Fur-
thermore, the band is downshifted by 5 cm�1 in FphAN753. A
comparable downshift is noted for the A–B stretching mode,
which is observed at 1654 cm�1 in DrBphP and can be identi-
fied at 1647 cm�1 in FphAN753, partly obscured by the broad
amide I band. Most remarkable, however, is the N–H in-plane
bending of the pyrrole rings B and C, which gives rise to the
band at 1576 cm�1 of DrBphP. Upon H/D exchange, this band
disappears, and the corresponding N–D in-plane bending is

observed at �1070 cm�1 (20). Thus, the 1576-cm�1 band is
considered as a characteristic marker band of the protonated
(cationic) formof tetrapyrroles. The counterpart of this band in
the spectrum of FphAN753 is a doublet with band components
at 1575 and 1584 cm�1, which both vanish in D2O (Fig. 5). This
splitting can be attributed to the coexistence of two protonated
chromophore species that differ in hydrogen bond interactions
of the pyrrole rings B and C, and possibly also in details of the
tetrapyrrole geometry, thereby accounting for the broadening
of the bands in the methine bridge stretching region. However,
in viewof the overall similarities of the vibrational bandpattern,

FIGURE 4. RR spectra of the Pr and Pfr states of FphAN753 and DrBphP
from D. radiodurans, measured from samples dissolved in H2O. A, Pr and
DrBphP; B, Pr and FphAN753; C, Pfr and FphAN753; and D, Pfr and DrBphP.
Spectra of DrBphP were taken from a previous study (20).

FIGURE 5. RR spectra of the Pr states of FphAN753 and DrBphP from D.
radiodurans, measured from samples dissolved in H2O and D2O. The
spectra display the marker band region in an expanded view. A, FphAN753
and D2O; B, FphAN753 and H2O; C, DrBphP and H2O; and D, DrBphP and D2O.
Spectra of DrBphP were taken from a previous study (20).
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specifically in the region of the marker bands, these structural
differences are beyond the level of the methine bridge configu-
ration and conformation, which for both Pr species of
FphAN753 is thus likely to be the same as for the Pr chro-
mophore in DrBphP.
Upon light absorption of the Pr state, FphAN753undergoes a

photocycle similar to other phytochromes. In the intermediate
Meta-Rc, cryogenically trapped at �30 °C, the chromophore is
deprotonated as demonstrated by the lack of the N–H in-plane
bending of the rings B and C in the RR spectrum, in analogy to
the corresponding intermediate state of DrBphP (20) (supple-
mental Fig. S1). Also the RR spectra of the Pfr states are similar
in FphAN753 and DrBphP (Fig. 6) and, unlike to the Pr state,
there is no heterogeneity associated with the N–H in-plane
bending of the rings B and C, which is observed in both cases at
1552 cm�1. However, we note striking differences in the same
spectral regions as for Pr. In FphAN753, the prominent tor-
sional mode at 653 cm�1 and the characteristic C–H out-of-
plane (HOOP) mode of the C–D methine bridge at 811 cm�1

are downshifted by 8 and 13 cm�1, respectively. In addition, the
band at 847 cm�1 that is assigned to the A–B HOOPmode has
gained considerable intensity in FphAN753 pointing to a larger
torsional dihedral of the A–Bmethine bridge as compared with
DrBphP. Band intensities and frequencies between 1250 and
1350 cm�1 differ strongly between both proteins. In themarker
band region the pattern of the methine bridge-stretching
modes is preserved, that is a dominant band at 1601 cm�1 (C–D
stretching) and a shoulder at 1616 cm�1 as well as band at 1584
cm�1, presumably attributable to the A–B and B–C stretching,
respectively. However, the frequencies of these stretching
modes are downshifted by 3–8 cm�1 in FphAN753.
Because the crystal structure of Deinococcus radiodurans

chromophore binding domain (DrCBD) (PDB code 1ZTU) in
its Pr state gavemore insights into protein-chromophore inter-
actions, highly conserved amino acids flanking the phyto-
chrome binding pocket were identified that are most probably
essential for correct binding and coordination of the chro-
mophore (27, 28). Among these amino acids the highly con-
served aspartate Asp-207 (Asp-197 in Agp1 from Agrobacte-
rium tumefaciens) was observed to play a critical role in proton
release while the conserved histidine His-260 (His-250) is
involved in proton uptake during photointerconversion from
Pr to Pfr (20, 29). The corresponding mutation H504A in A.
nidulans FphAN753 toward Agp1_H250A led to a complete
loss of the chromophore-binding ability (supplemental Fig. S2),
indicating that we eliminated an indispensable amino acid con-
tributing to the hydrogen-bonding network in FphAN753.
FphA Is a Functional Histidine Protein Kinase—The protein

kinase activities of cyanobacterial and most bacterial phyto-
chromes are light-regulated and dependent on the presence of
the tetrapyrrole prosthetic group (8, 11, 12). Most probably
protein phosphorylation plays an important role in integrating
the light signal. FphA harbors a histidine-kinase module and
additionally a response regulator domain, both elements of a
functional two-component-system (Fig. 1A). Light-dependent
autophosphorylation was examined using full-length FphA.
Initial studies presented phosphorylation activity of holo-FphA
in both light-inducible states (Fig. 7A). In view of the fact that

FphA harbors a putative functional response regulator domain,
the phosphorylation signal cannot clearly be assigned to either
autophosphorylation or trans-phosphorylation activity or even
to both. To hamper potential trans-phosphorylation activity,
the conserved aspartate residue of the RRD was mutagenized.
Both spectroscopic forms of purified holo-FphA_D1181A as
well as apo-FphA_D1181A were incubated with [32P]ATP[�P]
and autophosphorylation was visualized via autoradiography.
The Pfr form phosphorylated very efficiently, whereas no phos-
phorylation signal could be detected in the Pr form or in the
apo-protein (Fig. 7B). Autophosphorylation of the Pfr form

FIGURE 6. RR spectra of the Pfr states of FphAN753 and DrBphP from D.
radiodurans, measured from samples dissolved in H2O and D2O. The
spectra display the marker band region in an expanded view. A, FphAN753
and D2O; B, FphAN753 and H2O; C, DrBphP and H2O; and D, DrBphP and D2O.
Spectra of DrBphP were taken from a previous study (20).

Aspergillus Phytochrome

DECEMBER 12, 2008 • VOLUME 283 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 34611

http://www.jbc.org/cgi/content/full/M805506200/DC1
http://www.jbc.org/cgi/content/full/M805506200/DC1


occurred with slow kinetics and was almost saturated after 60
min (Fig. 7C).
FphA Is Capable of His-Asp Phosphotransfer—Hybrid

kinases are found in some prokaryotic and in many eukaryotic
organisms. They usually contain multiple phosphodonor and
-acceptor sites, which allow them to promote multistep phos-
phorelay schemes. To examine whether phosphotransfer to the
RRD occurs, we intended to express and purify the RRD by
itself, but purification failed due to highly insoluble protein
(data not shown). Therefore, trans-phosphorylation experi-
ments were performed with two FphA variants. FphA_D1181A
served as autophosphorylating histidine kinase and
�FphA_H770A, missing the conserved histidine responsible
for autophosphorylation, was substituted for the RRD. Because
these two variants differ in their relative molecular weight
(MrFphA_D1181A 	 143,000; Mr�FphA_H770A 	 126,000), both
proteins could be separated on a 7.5% SDS-PAGE. As control
each protein was solely exposed to radioactive labeled
[32P]ATP[�P].When incubatedwith [32P]ATP[�P], again holo-
FphA_D1181A extensively autophosphorylated only in its Pfr
state (Fig. 7D, lane 9). Radiolabeled �FphA_H770A, as
expected, showed only background levels of phosphorylation
(Fig. 7D, lanes 6 and 7). To detect trans-phosphorylation,
�FphA_H770A as holo- or apo-protein was added to phospho-
rylated holo-FphA_D1181A in its Pfr and Pr forms. Interest-
ingly, the Pr form of holo-FphA_D1181A, which usually
showed rather any phosphorylation signal, displayed a strong
phosphorylation signal after incubation with holo- or apo-
�FphA_H770A (Fig. 7D, lanes 1 and 3). In this case, the inter-
action of FphA_D1181A with a protein partner containing an
“active” RRD stimulated the autophosphorylation of the Pr
form. Trans-phosphorylation from FphA_D1181A-BV to
�FphA_H770A occurred independent of bilin in the acceptor
protein (Fig. 7D, lanes 1–4). Please note that holo-
�FphA_H770A does not display a defined Pr or Pfr form due to

the lack of the stabilizing NTE. Therefore, it was only desig-
nated “holo” here.

DISCUSSION

The Photosensory Domain of A. nidulans FphA Does Behave
Like Bacterial Phytochromes—FphA is a hybrid kinase, a multi-
functional protein combining the phytochrome region and his-
tidine kinase domain in a single protein with a C-terminal
response regulator domain. It is among the first fungal phyto-
chromes to be discovered, and contrary to theN. crassa phyto-
chromes PHY-1/PHY-2 which are still of unknown function, it
is known to be involved in regulation of the asexual and sexual
reproduction cycle of A. nidulans. In 1990 it had already been
shown that by exposure to red light conidiation inA. nidulans is
elicited while sexual development is repressed, but the corre-
sponding photoreceptor had not been identified yet (15). A few
years later, genome analyses of several fungi revealed putative
phytochrome sequences in several genomes, and the deletion of
the presumed phytochrome encoding gene fphA from A. nidu-
lans indeed led to an enhanced de-repression of sexual devel-
opment under red light irradiation pointing to a photopercep-
tive function of FphA (4). Initial characterization on the
supposed phytochrome revealed that the protein acts as a pho-
toactive red/far-red light sensor after assembly with BV. How-
ever, weak expression rates hampered a detailed biochemical
and photobiological characterization. Employing a synthetic
version of fphA significantly increased expression rates and
yielded a sufficient amount of stable protein for further charac-
terization. In agreement with phytochromes from other orga-
nisms we demonstrate that the photosensory domain by itself
(FphAN753) assembled with BV acts as a bona fide phyto-
chrome with all characteristics of a red/far-red light-reversible
photoreceptor. Both phytochromic states showed red-shifted
absorbance maxima in accordance with the BV-binding bacte-
rial phytochromes compared with cyanobacterial and plant
phytochromes (10, 11, 21). Because assembly of FphAN753
with BV in the dark always resulted in formation of a Pr state
(Fig. 2C), the physiological ground state is established by the Pr
form. This is consistent with the hypothesis of the Pfr form to
be the light-activated state repressing sexual development (4).
One of the interesting features of all phytochromes that has
been extensively studied photobiochemically but remains to be
exactly determined on the physiological level is the process of
thermodynamic dark reversion of the active state to the ground
state. Known from several bacterial phytochromes dark rever-
sion occurs in time ranges fromminutes to hours, indicative for
controlling the signal output (8, 21, 30). Remarkably, neither
the Pr nor the putative active Pfr form of FphA undergoes a
defined dark reversion, although the Fph family appears to be
most related to bacterial phytochromes. Instead the behavior of
FphAN753 in the dark is reminiscent ofmonocot phytochrome
A, in which proteolytic removal of 50–100 amino acids of the
serine-rich N terminus led to enhanced dark reversion (25, 31).
In agreement with most other phytochromes FphAN753 exists
as an extended obligate dimer as demonstrated by gel perme-
ation chromatography (data not shown).
BV Appears to Be the Natural Chromophore of FphA—Al-

though several fungi contain heme oxygenases (32, 33) and no

FIGURE 7. Autophosphorylation of holo-FphA variants and trans-
phosphorylation of the response regulator within �FphA_H770A.
A, autoradiogram after [32P]ATP[�P] labeling of holo-FphA, SDS-PAGE, and elec-
troblotting. Radioactive labeling was only obtained in the dimeric form of holo-
FphA. B, autoradiogram after [32P]ATP[�P] labeling of apo-FphA_D1181A and
holo-FphA_D1181A in its Pr and Pfr form and (C) time course of holo-
FphA_D1181A autophosphorylation in its Pfr form.10 �g of each protein was
employed. D, autoradiogram of mixed holo-FphA_D1181A and �FphA_H770A
samples after [32P]ATP[�P] labeling. For detection of phosphotransfer to the con-
served aspartate of �FphA_H770A the autophosphorylated sample holo-
FphA_D1181A, either in the Pr or the Pfr state, was mixed with 10 �g of apo- or
holo-�FphA_H770A. Samples were further incubated for 1.5 h at room temper-
ature. Autophosphorylation of holo-FphA_D1181A again was confirmed via
[32P]ATP[�P] labeling of both forms. Apo- and holo-�FphA_H770A were also
exclusively incubated with [32P]ATP[�P].
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genes encoding bilin reductases it is still unclear from the
genome sequence of A. nidulans which of the one or more
enzymes provide the tetrapyrrole chromophore. Therefore, we
can only speculate that BV is the natural chromophore of FphA.
FphAN753 also binds phycocyanobilin but in a non-covalent
manner (data not shown and Ref. 4). In this case, photoconver-
sion toward the Pfr form displayed an extremely weak absorb-
ance change similar to PHY domain-truncated phytochromes.
Therefore, phycocyanobilin appears not to be the natural chro-
mophore of FphA.Moreover, different bacterial phytochromes
such as PsBphP from Pseudomonas syringae or DrBphP
attached phycocyanobilin, but developed uncharacteristic phy-
tochrome spectra (12). A recent study about blue- and red light-
sensing in A. nidulans demonstrated that asexual development
is connected to mycotoxin formation, which appeared to be
more effective at light of 700 nm (16). This is in good agreement
with the absorption maximum of the Pr state of FphA-BV. But
to ascertain the exact nature of the chromophore, FphA needs
to be purified directly from A. nidulans.
Resonance RamanSpectroscopyConfirmedProtonation of the

Tetrapyrrole Chromophore during Photoconversion—RR spec-
troscopy confirmed that FphAN753-BV undergoes a full pho-
tocycle with a transient deprotonation of the chromophore,
whereas the chromophore in the parent states Pr and Pfr is
protonated as already shown for plant phytochromes and bac-
terial phytochromes DrBphP from D. radiodurans and Agp1
from A. tumefaciens (34, 35). The gross chromophore struc-
tures in the parent states are similar to DrBphP and other BV-
binding proteins, which can be concluded from the similarities
of the marker band region between 1500 and 1700 cm�1. The
fact that all marker bands display lower frequencies seems to
indicate that the differences do not exclusively originate from a
localized structural change in the chromophore but suggests a
perturbation of the electron delocalization, because the absorp-
tion maxima of the Pr and Pfr states of FphAN753 are slightly
red-shifted (4–9 nm) in comparison toDrBphP (20).Moreover,
FphAN753 did not appear to be fully saturated with BV, as
reflected by the relative strong contributions of the protein
Raman bands. However, the remarkable finding of a protona-
tion marker doublet in the Pr state of FphAN753 indicates two
species that differ with respect to hydrogen bonding interac-
tions of the protein with rings B andC. Especially in this respect
we have noted striking similarities with Agp2 from A. tumefa-
ciens (36), which belongs to the bathy Bphs working in reverse,
whereas for all other BV-binding phytochromes we have stud-
ied so far the Pr spectra aremore similar to that ofDrBphP.This
heterogeneity associated with the N–H in-plane bending of the
rings B and C detected in the Pr state was not observed for the
Pfr form of FphAN753. In the Pfr state, the RR spectroscopic
differences can be related to geometric differences between
FphAN753 and DrBphP such as a higher dihedral angle of the
C–D methine bridge, which is reflected by the large downshift
of the respective C–H out-of-plane mode.
TheConservedHistidine 504 Is aKeyAminoAcid for theHydro-

genBondingNetworkandPhotoreversibility ofFphA—Onecrucial
amino acid contributing to the hydrogen-bonding network that
coordinates the chromophore in the phytochrome binding
pocket andwhich probably serves as potential proton donor for

the BV chromophore is His-260 inDrBphP (27). His-260 forms
a hydrogen bond to an oxygen of the propionic acid side chain
of ring C and also to the pyrrole water (Wat-12) that mediates
the H-bonding network to the pyrrole rings A, B, and C (20).
The phytochrome variants H250A (Agp1) and H260A (DrB-
phP) were still able to incorporate BV covalently and to create a
Wt-like Pr form (20, 29). RR spectroscopic analyses confirmed
that the chromophore was still protonated. However, the pho-
tocycle was blocked in a meta-Rc-like state, the formation of
which is coupled to the release of a proton to the medium.
Substitution of this conserved histidine by alanine prevents
reprotonation of the chromophore (29). Upon substitution of
the corresponding histidine 504 to alanine in FphAN753, the
phytochrome variant fails to bind BV covalently and even non-
covalently, and to generate a Pr-like state. A similar effect has
been described for phytochrome A but seems to be dependent
on the type of substitution. Although a H to G exchange has a
drastic effect like that seen for the His-504 mutation in FphA,
exchange of H with Q has no effect on phytochrome A photo-
chromism, because the H-bonding groups are retained (37).
Additionally, not only FphA_H504A but also FphA_C195A
impairs BV binding (data not shown and Ref. 4) to form cofac-
tor-protein adducts with absorption spectra characteristic of Pr
and Pfr. This is in contrast to analogous mutants such as
Agp1_C20A, which was even able to undergo photointercon-
version (38).
Holo-FphA Is a Functional Sensor Histidine Kinase and Trans-

phosphorylates the RRD of Another FphAMolecule—Most of the
phytochromes identified so far are sensor histidine kinase pro-
teins autophosphorylating at a conserved histidine residue in
the regulatory domain. Some of them have even been demon-
strated to trans-phosphorylate response regulators most often
located in the bph operon (10, 12, 39). To exclusively analyze
the light dependence of autophosphorylation the conserved
aspartate residue of the RRD was exchanged to an alanine to
hinder trans-phosphorylation. Accordingly, strong red light-
dependent autophosphorylation was observed that so far have
also been described for the P. syringae BphP and Agp2 from
A. tumefaciens (10, 12) (Fig. 7, B andC). Most other bacterial or
cyanobacterial phytochromes such as CphA and CphB from
Calothrix sp. PCC7601 as well as Agp1 and BphP show auto-
phosphorylation signals in the apo and in both holo forms,
thereby displaying a more intense signal in the Pr form (8, 21,
22, 39). Considering the existence of theRRD in FphA, it ismost
likely that it takes part in light-dependent signal transduction.
However, trans-phosphorylation experiments revealed some-
what unexpected results. Autophosphorylation of the Pr form
was induced through interaction with �FphA_H770A. Thus
the enhanced autophosphorylation activity of the Pr form is
dependent on a functional RRD in the interacting protein,
which could be also concluded from the protein kinase assays
by the use of wt FphA (Fig. 7A). In addition trans-phosphoryl-
ation was independent of a chromophore in the receiver pro-
tein. These results point to the involvement of other interacting
proteins thatmightmodulate phosphorylation activity, thereby
enabling a fine-tuning of specific output signals.
In this respect, the histidine-containing phosphotransfer

protein (HPt) YpdA, which also serves in mitogen-activated
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protein kinase cascades, was shown to retrograde phosphoryl-
ate apo-FphA at aspartate Asp-1181 (40). Furthermore, the
interaction of FphAwith other proteins like theWC-2 homolog
LreB and the regulator velvet (VeA) has been demonstrated (16,
41). It was found that the blue light-sensing complex LreA-LreB
works as an antagonist of FphA by stimulating sexual develop-
ment. Thereby, direct protein-protein interactions involving
LreA and LreB, holo-FphA and LreB, and remarkably LreB and
apo-FphA were observed. Through physical interactions with
other proteins of the large signaling protein complex, FphA
could be specificallymodulated in its auto- and trans-phospho-
rylation behavior. Therefore, the tested physical interactions
have to be analyzed in phosphorylation assays. However,
because red light-dependent autophosphorylation exclusively
occurred when Asp-1181 was mutagenized, it can be specu-
lated that the RRD of holo-FphA is blocked under red light-
sensing physiological conditions. Taken also into account the
critical time slot during which A. nidulansmust be exposed to
light to elicit conidiation after becoming competent and being
transferred from liquid to surface culture (15), FphA may not
necessarily be sensitive toward light and specifically to red light
all the time. Consequently, the red light sensitivity has urgently
to be controlled as well. The results recently presented by Pur-
schwitz and coworkers (16) combined with the designation of
FphA to be a multitasking phytochrome protein depicts a tight
regulatory interplay between blue and red light sensing in A.
nidulans for exact tuning of asexual and sexual reproduction in
response to light.
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