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ABSTRACT. Through pattern searches of genomic databases, new members of the growing family of
phytochrome-related genes were identified and used to construct-dl88@mino acid motif that delimits

the bilin lyase domain, a subdomain of the extended phytochrome family that is sufficient for covalent
attachment of linear tetrapyrroles (bilins). To test this hypothesis, portions of EIA&21, a novel
phytochrome-related gene fraBynechocystisp. PCC6803 that encodes a large protein with two potential
bilin binding sites, were amplified, and the recombinant apoproteins were tested for bilin binding and
phytochrome photoactivity. Our experiments indicated that both sites of this protein, termed Cph2 for
cyanobacteriaphytochrome 2, possessed bilin lyase activity, revealing two distinct classes of bilin lyase
domains-those whose bilin adducts are red, far-red reversible and a second class whose bilin adducts are
nonphotochromic. Spectroscopic analysis of photochromic phycocyanobilin and fluorescent phycoeryth-
robilin adducts of a 24-kDa fragment of Cph2 definitively established that the motif identified by pattern
searches represents a bona fide bilin lyase domain. Site-directed mutagenesis of highly conserved charged
residues within bilin lyase domains of nearly all members of the extended phytochrome superfamily has
identified a glutamate residue critical for bilin binding.

Phytochromes are biliprotein photoreceptors that mediate C-terminal ‘regulatory’ domains of phytochromes are con-
numerous adaptive responses of plants to their light environ-siderably more diverged. This similarity has facilitated
ment (@, 2). Light perception by phytochromes entails identification of new phytochrome-related genes, such as the
double-bond photoisomerization of the covalently linked cyanobacterial phytochrome gewrphl (6, 7), the cphk
linear tetrapyrrole (bilin) prosthetic group, which leads to a related bphP genes fromDeinococcus radiodurangnd
change in conformation and biochemical function of the Pseudomonas aeruginoé), the phytochrome-related genes
associated protein moietys,(4). The reversibility of this plpAand locussli0821from Synechocystisp. PCC68039,
photoreaction is a hallmark of the phytochrome family, all 10), rcaE from Fremyella diplosiphon(11), ppr from
members of which can interconvert between red light Rhodospirillum centenuifd2), andcikAfrom Synechococcus
absorbing (Pf)and far-red light absorbing (Pfr) forms. This sp. PCC794213). Like plant apophytochromes, Cphl and
property distinguishes phytochromes from the intensely drBphP apoproteins yield red, far-red photoreversible pho-
fluorescent phycobiliproteins with similarly linked bilin  toreceptors upon incubation with bilin6{8). Bilin binding
prosthetic groups that function as photosynthetic antennaeto the products ofcaE, ppr, cikA andplpA genes has not
(5). yet been described; however, genetic analyses show that all

The characteristic photochemical and spectroscopic prop-four genes encode proteins involved in light signali®g (
erties of phytochromes reflect the unique chemical environ- 11—-13).

ment of the bilin chromophore within their highly conserved  The biochemical mechanism of bilin attachment to apo-

‘photosensory’ domain at the protein’s N-terminus (See phytochrome has been of interest to our lab for many years.
Figure 1). Roughly 506600 amino acids (aa) in length,  on the basis of initial studies with apophytochrome from
phytochrome photosensory domains are readily identifiable gyrapyrrole-deficient oat seedlingd4j, it has been well
by their sequence similarity (i.ez50% identity) while the  ggtaplished that apophytochromes are bilin lyases that
- catalyze thioether linkage formation with ethylidene-contain-
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expression of phytochrome deletion mutants in planta sug-for PCR amplification of a 1.1-kbp DNA fragment that
gests that a domain as small as 350 aa is capable of bilincorresponds to the N-terminal 390 aa of Cyanobase locus
binding (reviewed in rell9). A recent study showing thata sll0871 We have named this clone CphRI390 for the
290 aa region of Cphl is capable of forming photoactive N-terminal 390 aa region of cyanobacterial phytochrome 2.
bilin adducts in vitro corroborates this conclusiat). pCph2-N390ST was constructed by cloning the 1.1 kbp

Because of the high conservation of phytochrome photo- Xbad—Sal restricted fragment into similarly digested
sensory domains, it has been difficult to predict and identify PASK75B (Biometra) to create an in-frame fusion of Cph2
residues critical for bilin attachmer2@-22). As an alterna- ~ N390 with the Strep-Tag. Primer pair Cph2P1S and
tive to site-directed mutagenesis of the very large number CPh2P197AS3al, 5-GCGTCGACCTGATGTACCTGC-

of residues conserved in the photosensory domains of knownCGGCTTAA-3, and primer pair Cph2P853%#d, 5'-
phytochromes, we exploited the expanding genomic data- GCTCTAGA'AACGAGGGCAAAAAATGACCTATCTT-

bases to identify new phytochrome-related genes enablingTACTATC-3, and Cph2P1276AS&l, 5-GCGTCGAG

us to more precisely delimit phytochrome’s bilin lyase CAACTTCCCCATCAACATGG-3, were similarly used for
domain. Through expression of portions of a novel phyto- the amplification of 600-bp and 1.27-kbp DNA fragments
chrome-related gene fro®ynechocystisp. PCC6803, our  encoding the N-terminal 197 aa region of Cph2 (i.e., Cph2
studies biochemically define two types of bilin lyase domain N197) and the C-terminal 423 aa region of Cph2 (i.e., Gph2
roughly 130-180 aa in lengthone that yields red, far-red  C423), respectively. AfteXba and Sal digestions, these
photoreversible phytochromes and a more diverged bilin fragments were cloned into pASK75B as described above.
lyase domain that yields photochemically inactive bilin PCR-based mutagenesilf was employed for site-specific
adducts. The more limited number of conserved residuesmutagenesis of CphiN514 clone in pASK75B vector
within lyase domains of the extended phytochrome super- described in a previous papeB?). Sense and antisense
family has facilitated identification of a glutamate residue Primers, CphlP1Spe, 5'-GCACTAGTTAACGAGGGC-

critical to bilin binding. AAAAAATGGCCACCACCGTAC-3, and CphlP514AS/
Sal, 5'-GCGTCGAGCACCTTCTTCTGCCTGGCGCAA-3
MATERIALS AND METHODS were used to amplify the 1.5-kbp region of Cphl (Cyanobase

locusslr0473 for cloning in pASK75B as described above.

Bioinformatics Protein and nucleic acid database searches Mutagenesis primers including DR171-2-BTCATCAAA-
were performed using programs at publically available GCGGTCCAGCATCACG(G/C)CG(G/C)CAAAGCCAGT-
websites or by programs supported by the University of CATACG-3, R172AGRs4d, 5'-ATGACTGGCTTTGACG-
Wisconsin Genetics Computing Group (GCG) and by the (G/C)GGTGATGCTGTACCGCTTTGATGAA-3, E189N/
Pittsburgh Supercomputer Biomedical Computing Group. BstJl, 5'-GGGTTCCATATCATCGCGITTATCNNNGG-
The latest editions of the appropriate genomic databases werecAATGACATCACC-3, R222GBsaH|, 5'-ATCCACAAC-
analyzed with the BLASTP and TBLASTN algorithniz3j CCCATTGGCGTAATTCCCGATGTTTAT-3, and D226G/
at the NCBI (http://www.ncbi.nim.nih.gov/BLAST/) and BsaHl, 5-ATTCGAGTAATTCCCGGCGTOATGGTGTG-
Kazusa Research Institute Cyanobase (http:/iwww.kazusa.or.jpGCGGTG-3, were used to amplify CprAN514 with amino
cyano/cyano.html) website24) or with the PROFILE-  acids substitutions at the residue number indicated. The
SEARCH @5) algorithm at the San Diego Supercomputer Spé—Sal restricted PCR fragment was cloned infba —
SEQWEB (http://www.sdsc.edu/projects/profile/new/html-  Sal restricted pASK75B for the expression of strep-tagged
auth.cgi) website. Motif searches were performed using anversions of mutant CphiN514. A restriction enzyme
HMM algorithm at the PFAM (http://pfam.wustl.edu/) web-  recognition site was designed as a silent mutation in each
site or at the Molecular Pattern Website (http://www.sd- mutagenesis primer that enabled identification of the mutant
sc.edu/mpr/) with the MEME HMM algorithn26). Multiple clones by restriction enzyme digestion. The DNA sequences
sequence alignments were performed interactively at theof all clones were confirmed.
Pittsburgh Supercomputing Center using the programs GCG  Expression of Recombinant Apophytochromes in E. coli.
PILEUP, SAGA €7), and CLUSTALW @8). In most cases, A 30-mL overnight culture oE. coli strain DH5x harboring
default scoring matrixes were utilized. Multiple sequence the plasmid for each specific construct was used to inoculate
alignments were edited and annotated using SEQ®Y (1 | of Luria broth medium supplemented with 126/mL
or GENEDOC (http://www.psc.edu/biomed/genedoc). ampicillin. The culture was incubated at 3Z with shaking

Cloning of Fragments from Cyanobacterial Phytochromes until the ODsjso reached 0.5, at which time 0.2g/mL
1 (slr0473) and 2 (sll0821)All PCR reactions were  anhydrotetracycline (final concentration) was added to the
performed using Pfu-cloned DNA polymerase (Stratagene) cultures to induce recombinant protein expression. Following
and 50 ng oSynechocystisp. PCC6803 genomic DNA with  induction at 30°C for 3 h, cell pellets were collected by
35 cycles of 95°C for 1 min, 55°C for 2 min, and 72C centrifugation at 300§ for 10 min and washed once with
for 3 min. Sense primers were designed withXdd site, wash buffer (20 mM Tris-HCI, pH 8.0, 20 mM NacCl, and 1
optimized Shine-Dalgarno ribosome binding sites, and an mM EDTA). Washed cell pellets were resuspended in 15
ATG initiation codon; antisense primers were designed with mL of lysis buffer (50 mM Tris-HCI, pH 8.0, at 4C, 100
a Sal site for in-frame cloning to the Biometra pASK75B mM NaCl, 0.05% NP40, 2.qug/mL leupeptin, 2 mM
Strep-Tag expression vectd®() for optimal expression of  benzamidine, 2 mM PMSF, @g/mL pepstatin A, and 1mM
the fusion protein. Primers Cph2PX®A, 5'-GCTCTA- DTT) and frozen in liquid N. Thawed cells were lysed with
GATAACGAGGGCAAAAAATGAACCCTAATCGATCCT- a single pass through a French Press set at 10 000 psi, and
3, and Cph2P390ASAl, 5'-GCGTCGACTTCTTCCCA- the cell lysate was ultracentrifuged at 100§G6r 30 min.
AGCCTCGAAG-3 (restriction sites italicized), were designed The soluble protein supernatant was further fractionated by
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photosensory domains regulatory domains
Pl p2 P3 P4 PRD HKRD
eukaryotic phys (- | * 1 I . I |
1 50 200 399 599 900 1148
P2 P3 P4 HKD
Cphl (sIr0473, 748 aa) [ T | IH ]
1 150 3as0 514 748
P3 P4 P3'
Cphz2 (sl10821, 1276 aa) [ B I I I 1
1 197 390 853 1276
P3 P4 P3'
Cph2-N390 [ 1 ] Cph2-C423 [ S
1 197 390 853 1276
P3
Cph2-N197 —=]
1 197

Ficure 1: Domain structure of eukaryotic phytochromes, Cphl, Cph2, and Cph2 deletion constructs used in this study. The photosensory
domains, P£P4, correspond to subdomains defined by bioinformatics, natural deletion mutagenesis, and work presented in this study.
PRD and HK(R)D represent PAS-related domains and histidine kinase-related domains &®refiscussion). The two direct repeats

within the PRD are shown as dark dotted boxes. Asterisks mark the conserved cysteine residue found within each of the two types of bilin
lyase GAF domains defined by this work, P3 and @Baded).

adding 0.23 g/mL ground, ultrapure ammonium sulfate, buffer system 35). After electrophoresis, proteins were
incubating on ice at led4 h and centrifuging at 170@dor electrophoretically transferred to poly(vinylidene difluoride)
30 min at 4°C. The resulting protein precipitate was then (PVDF) membranes (Immobilon P, Millipore)ifd h at 100
redissolved in 10 mL of buffer W (100 mM Tris-HCI, pH V. The membrane was then used for zinc-blot and immu-
8.0, containing 1 MM EDTA, 1 mM DTT, and 1 mM PMSF), noblot analyses. Zinc-blot analysis was performed as de-
clarified by centrifugation for 15 min at 380§0and used scribed previously utilizing a Molecular Dynamics Storm 860
for bilin assembly, difference spectral analyses, and/or instrument with setting of red-fluorescence and P#T000
affinity chromatography. (36). Figures 3 and 6 are shown as inverted images (i.e.,
Holophytochrome Reconstitution, Absorbance, and Fluo- dark bands represent fluorescent bands). For immunoblot
rescence MeasuremenEor in vitro reconstitution of holo-  detection, recombinant phytochrome was probed with alka-
phytochrome, 3E-phycocyanobilin (PCB) or phycoerythro- line phosphatase conjugated streptavidin (Amersham) and
bilin (PEB) was added to the apophytochrome-containing developed as described previousBoy.
extract to give a final bilin concentration of4.0 uM, and
the mixture was incubated at room temperature under dim RESULTS
green safe light for 30 min prior to spectrophotometric  patabase Searches Identify New Members of the Phyto-
measurements. Absorbance spectra and absorbance differen¢grome SuperfamilyTo identify new phytochrome-related
measurements were determined with HP8450A or HP8453 sequences, the highly conserved region surrounding the bilin
UV/visible spectrophotometers using the protocol described binding cysteine residue of Cphl was used as a query
previously 83). Fluorescence excitation and emission spectra sequence for BLASTP searches of Synechocystisp. PCC
of the PEB adduct of apophytochromes were determined with ggo3 andAnabaenasp. PCC7120 genome databases. These
an SLM Aminco Bowman AB2 fluorimeter3g). searches identified a large family of phytochrome-related
Affinity Purification of Recombinant Strep-Tagged Pro- genes in both genomes, i.e., 12 and 13 genes f&ym-
teins. The recombinant proteins frofd. coli were purified echocysti@ndAnabaenarespectively, whose protein prod-
by the protocol described previousIgQ; 34). Streptavidin ucts shared one to four repeats of a common motif, roughly
(core proteiny-Sepharose (2:53 mL bed volume) was  150-200 aa in length (indicated schematically in Figure 1
packed in columns and washed with-50 bed volume of  as domain P3). Previously identified as a GAF domain, a
buffer W prior to use. Avidin-blocked, clarified ammonium conserved ‘domain’ that is found on a diverse group of
sulfate-fractionated protein was applied to the column, and phototransducing proteins3T), the phytochrome-related
the column was then washed by-1Z0 bed volume of buffer  protein motif identified by our studies more narrowly defines
W (see above) to remove the nonspecifically bound proteins. a subclass of GAF domain-containing proteins.
Strep-tagged protein was eluted with 5 bed volume of buffer A weighted profile of this motif was then used to find
E (100 mM Tris-HCI, pH 8.0, 1 mM EDTA, and 3 mM  additional members of the extended phytochrome family in
diaminobiotin). Eluted protein was concentrated and buffer the publically available protein and nucleic acid databases.
exchanged to TEGE buffer (25 mM Tris-HCI, pH 8.0, 25% These included the phytochrome-related geruedE from
ethylene glycol, and 1 mM EDTA) using an Ultrafree-15 Fremyella diplosiphor(11), ppr from Rhodospirillum cen-
centrifugal filter device (Millipore). tenum(12), cikA from Synechococcusp. PCC79421(3), and
SDS-PAGE, Zinc-Blot, and Immunoblot AnalysBsotein thebphPgenes fronDeinococcus radiodurarendPseudomo-
samples were analyzed by SBBAGE with the Laemmli nas aeruginos#8). The phytochrome-related GAF motif was
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further delimited by the identification of genes whose C423 apoproteins yielded covalent adducts with PCB, as
putative protein products either initiated or terminated at the verified by the orange fluorescence observed for the respec-
N- or C-termini of this motif. Two of these proteins, tive apoprotein bands after incubation with zinc ioB§)(
yphl_synp2 from the cyanobacteriuBynechococcusp. Moreover, the PCB adduct of CphA390 exhibited a
PCC7002 (GB:P3203938) and an ORF from th&nabaena characteristic red, far-red difference spectrum establishing
sp. PCC7120 BAC contig20Q are 153 and 179 aa in length, that Cph2 is a bona fide phytochrome (Figure 4A). This was
which supports the hypothesis that this motif corresponds confirmed with full-length Cph2, which also yielded a PCB
to a bona fide protein domain. An optimized multiple adduct with a very similar difference spectrum to that of
sequence alignment of this region, including repeats, wasCph2-N390 (39; data not shown). By contrast, the PCB
then constructed using the programs CLUSTALW, SAGA, adduct of Cph2C423 was photochemically silent (Figure
and MEME (Figure 2). Although pairwise sequence identities 4A). In addition, neither Cph2N390 nor Cph2-C423-PCB
were as low as 7%, profile analysis using this alignment adducts exhibited significant fluorescence emission, sug-
yielded statistically significant scores for all proteins used gesting that the excited states of both adducts were quenched
to construct the alignment (data not shown). On the basis ofpy radiationless de-excitation processes (data not shown).
these pattern recognition analyses and data provided in this . comparative purposes, the difference spectra of the

mfgqysi:ript, V\(’je ass_ert that the 13180 residue motif defines PCB adducts of recombinant preparations of oat phytochrome
a bilin lyase domain. A (AsphyA), Cphl, and Cph2N390 are depicted in Figure

E Locus sllg)'?zg'Eondgg ZDEeIW Phyt_ochrome with TWO gp' Thig comparison reveals that the Pr and Pfr absorption
unctional Bilin Binding SitesPhylogenetic tree reconstruc-  ,yma of the PCB adduct of CphA390 are similar to

tion using this alignment indicates that the GAF domains of those of the other :
- phytochromes, except for a blue-shift of
Cph, the phytochrome-related ORF witlinabaendocus 10—16 nm. This indicates that the structure and environment

c371, both Bphs, and AphBa Cphl-related protein from of the C : : o S

i ph2-N390 prosthetic group is qualitatively similar
Anabaena(GenBank Accession No. ABO34952gre the to those of other phytochromes, despite the wide divergence
members of the phytochrome family most closely related to in the sequence of their photosensory domains. To more fully

eukaryotic phytochromes (data not shown). Indeed, two : : :
’ . examine the optical properties of Cph2423, the assembled
members of this Cphl subfamily, notably Cphl and drBphP, : . s :
have already beerl? confirmed {0 be ph{/toghromes byptheirpmtem was affinity purified. In contrast with phytochromes,
ability to assemble with bilins to produce photoactive the PCB adduct of Cph2C423 exhibited greater absorption
at its blue absorption maximum at 421 nm than at its red

biliproteins 6—8). The next most closely related loci to plant . . . :
phytochromes ar&ynechocystitocus sll0821 (first noted absorptmn. maximum afc 634 nm (Figure 4B). Th|s type of
spectrum is more similar to those of porphyrins and/or

by Manabe 10)) and an ORF irAnabaendocusc297a Both . . -

loci encode large polypeptides (i.e., 1276 and 1286 aa metallop_orphyrm;, suggestmg that the bilin adopts a more
respectively), each with two GAF domains. The N-terminal ;ﬁgg:‘;gﬁ?l 4C0c)mf\llg\jllrj1:guC:Eewgigc?osl{crfczgr(tahse gp:r%lzP?’CB
GAF domains of both proteins are more similar to phyto- adducts of Cph2(C390) and CphZ423 remain to be

i o ) ) .
chromes (i.e., 2329% identity), whereas the C-terminal determined, these analyses clearly indicate that |

domains are more diverged (i.e.,-185% identity). Like the ; . . .
vast majority of the other phytochrome-related loci shown Eg;%dggn?ati’gga fide phytochrome with two functional bilin

in Figure 2, the C-terminal GAF domains of ORH0821
and ORFc297alack a 25 aa region near the putative bilin ~ Phytochrome Bilin Lyase Aetty Resides in a 200 aa Core
attachment cysteine residue (i.e., between residues 113 anéPomain.Comparison of the domain organization of eukary-
138 in Figure 2). On the basis of this similarity, the data oOtic phytochromes, Cph1l and Cph2 (see Figure 1), indicates
presented below, and a recent study on this locus whichthat the N-terminal 200 aa region of eukaryotic phytochromes
appeared during review of this worlg), the product of is unnecessary for bilin binding and photoreversibility and
locussll0821 has been namedyanobacteriaphytochrome is therefore dispensable. As has been well documented by
2 or Cph2. many laboratories, removal of the N-terminal 50 aa region
To test whether theph2locus encodes a phytochrome, it or P1 subdomain leads to a blue shift of the Pfr spectrum
was amplified as a full-length ORF and in two parts, (see Figure 4A). That the P2 subdomain also is dispensable
corresponding to the N-terminal 390 aa residues (i.e., Eph2 for bilin attachment is confirmed by the phytochrome-like
N390) and to the C-terminal 423 aa residues (i.e., Cph2 properties of the PCB adduct of CphRI390, which lacks
C423). These proteins were expressedincoli as Strep- this subdomain (see Figure 1). This information together with
tagged recombinant proteins to facilitate their identification the observation that the N-terminal 399 aa region of oat
on blots and for affinity purification. To avoid the complica- phytochrome can functionally assemble with bilins when
tion of the presence of two bilin sites in full-length Cph2, expressed in transgenic tobacco pladty Suggest that the
initial analyses focused on the two truncated proteins €ph2 N-terminal 200 residues of Cph2 should be sufficient for
N390 and Cph2C423. Both apoproteins were highly bilin binding. To test this hypothesis, we expressed a
expressed yielding polypeptides of the correct molecular polypeptide containing only the N-terminal 197 aa region
masses (i.e., 4550 kDa). To establish if the two apoproteins of Cph2 inE. coliand incubated the soluble protein extract
could covalently attach to bilins, crude soluble protein with the bilins, PCB, or PEB. That the 24-kDa recombinant
extracts were incubated with PCB. Unfortunately Cph2 Cph2-N197 protein yielded covalent adducts with both
N390 proved to be mostly insoluble; however, the small bilins was shown by zinc-blot analyses (Figure 5A). This
amount that remained soluble was further analyzed for bilin result establishes that the P3 domain of Cph2 is sufficient
binding. Figure 3 shows that both CphR390 and Cph2 for bilin attachment and is therefore a true bilin lyase domain.



Bilin Lyase Domains Biochemistry, Vol. 39, No. 44, 2003491

. 2 80 .

asphyh 217 CNTVVEKE GLHYPATDIPQAARL--LFMENKVRMIC

atphyh 218 CDTMVQE GLHYPATDIPQAARF- W

atphyc 213 CDALVKE GLHYSATDIPQASRE- c

itphyE 217 CDTVVED GLHYPATDIPQAARF- c

itphyB z52 CDTVVES GLHYPATDIPQASRE- W
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asphyh 292 :CRARSIKVIEA--EALPFDISLCGSALRAPHSCHLOYNENMNSIAS VVNENEEDDEAESEQPAQUQKKKK RYACEFLAQ

atphyh 293 :CNAKHARVLOD--EKLSFDLTLCGSTLRAPHSCHLQYMANMDSIAS VVNEEDGEGDA-PDATTQPQKRKR RYACEFLAQ

atphyC 288 :CSAVPVKVVQD--KSLSQPISLSGSTLRAPHGCHAQYMSNMGSVAS HNRDLQTGEH RYACEFLTQ

atphyE 292 :CNATPVKVVQS--EELKRPLCLVNSTLRAPHGCHTQYMANMGSVAS RYACEFLMQ

atphyB 327 :CNATPVLVVQD--DRLTQSMCLVGSTLRAPHGCHSQYMANMGSIAS —SNV.ﬁSGRSSHR RYARCEFLMQ

mcphyl 294 :CSAPPVEVIQD--PTMEKHPISLAGSTLRGVHGCHAQYMANMGSVAS IINDNSSEEGA-TAAGGILHKGRE RSACEFLMQ

cphl 227 :VYGVAVELTPAVNPSTNRAVDLTESILRSAYHCHLTYEKNMGVGAS - REACEFFGR

ac3711 227 :AQAQAIQMIPALNPVSDRPVDLTNSILRSAANCHLEYEHNMGVGAS - REKACEFLGR

pabphP 214 :VAYTPMRVFPALNPETNESFDLSYSVLRSVSPIHCEYRTNMGVRAS - RMSFQEFSQ

aphB 227 :AKYQPVPIVPINNPLNDQPLDLSRSVLRSVSPLHIEYMONMGVTAS = RSACEFLGQ

drbphF 227 :TRAARAVPLDPVLNPQTNAPTPLGGAVLRATSPMHMQYEBRNMGVGES = LEL

cph2gl 90 :VAHRRKKSHEL--SGRISPTEHSNGHYTTVDSCHIQYLLAMGVLES =

ac297gl 107 :VATGMIGQSPV-HDLETGELISEDICYRPVDSCHVEYLTAMGVKSSNVAR -

reppr 365 :YVPVPVHRIEG-----TEPLDLSFSRHRSLSPVHLQYLURNMGVTASHSFES -

acl55g2 426 :FSEIYQPLLD --KQHFQTIEIVEGWHPQLEVITQLACPEFDAQ -

slrl%s69 271 == -====-=-885YCLVGLEQRYQVRAKEVAP -

cikh 278 - ERLPSQYS!YERVQVRSVCK Ly -

ac297g2 317 - -TLRSLQAVEQPTKIRGI -

rcak 188 - GLAECLVEFMDQFHIKAK -

2111473 133 - -IEICLADFVWKQFGVESK LQHNRASSLDNESS!‘PY

cph2g2 1014 - -LADCHKELERHYQVKAN VENEN -

2110041g2 475 - -LTPCHIGQEKPFEVKAN NYKGN -

ac3s9 233 - -LTHCYLELEEQFQVKAT MVTNE -

ac3dog2 640 - -LTDCHLRLEEQFQVEAN LLEVSEGNTVPQ

ac3iTeg2 526 - -IQECHREFEQGFGVKAN

ac3Tligz 789 - -MTTCHTDIBAQFHVRA

slrlzll 553 - -LRQCHIDFEARLQVRAN

ac362g2 1647 - -ILDCHRQIBAQFHVRASE

ac362gl 1485 - -IPGLIGEYNLQHQPQSV

ac3Tligl 439 - -MTDCHREFEIRLOTRAK

acl55g1 255 - -VKPCQRDFRASMQVRAN

acz00 77 - ~ITTCHRDFLRTLQVRAN ELHQAGRKT

ac3ldgd 6789 - -HSPCHLEIREQFEVRAY QWS LLARNGDQ

ac3ildg2 313 - -HFSCHLEIBEQFEIKAY

acildg3 496 = ~FAPCHVETLREQFEARSY FLTQ

ac3l4gl 137 = ~LTEPYQKQLEDKFQIKAS TLLTQ

acl2Sgl 107 - NLLAQ

acl2Sg2 267 = EAMEARAY DLLVQ

=1rl393g3 520 = RRFEIRAF HLLHQ

ac297g3 S48 - QFQIYAF NFLTQ

plpa 776 = =AINCAVQCFTVAESQSR QLMQS

slrleos 420 - -KGDPLRRSFLRYQVKSL RLLEQ

slrl393g2 325 ==-=--ADFDQSMLALAKAN ESSDEEFALK

2110041g1 303 -ISNPHRQWHEE QHQVEAS EMRERQFLQQ

yphlsynp2 93 =ILTLVTWTETINSVRAD LAEENEFVRQQAKP

glrl759 675 -NSTHTKAFYQRFQVESF ADEFELLEARAEQ

slrl393gl 128 VQLDPVQGEFCRTLGIKSL AHL

slr0687 233 LDEITEGPRAKDGVEI LEWEETEFLCHESSQ

slr0484 317 L - DDALTLVEGNATQ

ac258g3 1052 I TGEINIVIQEGNQ

ac259gl 307 D PEDQNFARSETNL

ac259g2 606 (= SIPVDERLEMLLGANWATQ

ac3Tégl a0 RFIDNPVVKSY PH-VRFYAG! PKQLNQPQIDALVALSRL

ac340gl 102 REVENPLVRQKPTAFRFYAG PRNLSLKEQRILEKRLARQ

4 4 4 3 4 4

FIGURE 2: Multiple sequence alignment of bilin lyase GAF domains identified by pattern searches described in the text. Sequence similarity
groups (1, D=E; 2, R=K; 3,F=Y =W, and 4, L= | =V = M), shown in the consensus sequence reflect conservation in more than
75% of the sequences and are shaded. Sequence IDs reflect the gene name, CyanobaSgecitfocystisp. PCC 6803 genes (indicated
with the prefix ‘slI' or ‘slr’), or contig locations forAnabaenasp. PCC 7120 loci (indicated with the prefix ‘ac’). The gene ID suffixes,
g1—g4, reflect multiple bilin lyase GAF domains in a given protein. Residue numbers for each protein sequence are indicated. Database
accession numbers are SP:P06593 for asphyA, SP:P14712 for atphyA, SP:P14713 for atphyB, SP:P14714 for atphyC, SP:P42498 for atphyE,
GB:U31284 for mcphyl, SP:Q55168 for cphl, DBJ:BAA10536 for cph2/sll0821, GB:U59741 for rcaE, GB:U67397 for plpA,
)(Iapl?]:lAQFlgzsl.l for drbphP, GNL:PAGP_287 for pabphP, GB:AAD22391.1 for rcppr, GB:AF258464 for cikA, and GB:P32039 for

np2.
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Ficure 3: Expression and assembly of CpH2390 and Cph2 ) 1
C423. E. coli strains harboring plasmid encoding Cphl, Cph2 1.2
N390, or Cph2-C423 were induced to express recombinant proteins
as described in Materials and Methods. Soluble protein extracts
were fractionated on SDSPAGE followed by immunoblot (upper
panel) and zinc-blot analyses (lower panel). apo, apoprotein only;
+PCB, 4uM PCB was preincubated with soluble protein extract
prior to gel electrophoresis analysis.
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To allow further investigation of its spectroscopic proper-
ties, Cph2-N197 was affinity purified. As shown in Figure 0 , N —
5B, the PCB adduct of CphaN197 was photochromic 250 350 450 550 650 750
although the difference spectrum was markedly different wavelength (nm)

from those of other phytochromes. In comparison to the PCB FicurRe 4: Spectrophotometric analyses of recombinant Cph2 bilin

adduct of the photosensory domain of Cphl (i.e., Cphl |yase domains. (A) Difference spectra of PCB adducts of Gph2
N514), Cph2-N197 displayed a blue-shifted Pfr maximum N390 and Cph2C423 adducts were measured as described in
(i.e., 690 nm vs 706 nm) and reduced the amount of Materials and Methods. Difference spectra of recombinant AsphyA

conversion to the Pfr form (Figure 5B). CphRI197 also and Cphl are presented for comparison. Absorption maxima and
: minima are indicated in nm. (B) Absorption spectrum of affinity-

exhibited a broqder absorptjon peall< and a smaller ratio Ofpurified Cph2-C423-PCB adduct. The absorption between 350
the red-to-blue light absorption maxima compared to those and 800 nm is rescaled and shown in the insert with the absorption
of the PCB adduct of Cphl. Like PEB adducts of other unit (AU) indicated.

phytochromes, the PEB adduct of CpHR197 was strongly ) )
fluorescent (Figure 5C), with fluorescence excitation and effect on the difference spectra. Only by converting both
emission spectra very similar to those of PEB adducts of residues to alanine (or glycine) was bilin binding abolished.
apophytochromes, known as phytofluogg) This indicates ~ In contrast, all site-directed mutations tested for glutamate
that PEB is bound to Cph2N197 in a configuration very ~ 57 (i-e., E189 on Cphtjwhich included substitutions with
similar to that of other phytofluors. alanine, glycine, lysine, and threoninabolished bilin at-
Functional Analysis of Conseed Charged Residues in _tachment_. These resulys show th_at_ glutamate 57 (i.e., E189)
the Bilin Lyase DomairiThe alignment of the phytochrome- 1S e_s;entlal for catalys_ls_, but |nd|_\{|dually, aspartate-20 and
related protein family shown in Figure 2 reveals that the most &"9inine-21 are not critical for bilin attachment and holo-
highly conserved residues of the lyase domain possesgProtein photoreversibility.
hydrophobic side chains with only four charged residues,
i.e., aspartate-20, arginine-21, glutamate-57, and aspartatePISCUSSION
108, being conserved in more than 80% of the proteins. These investigations document the predictive utility of
Interestingly, the site of bilin attachment, i.e., cysteine-141, examining the protein and nucleic acid databases to delimit
was preserved in only 5365% of the aligned proteins. To  a subdomain in phytochrome that is sufficient for one of its
test the role of these charged residues in bilin lyase activity, biochemical activities (i.e., bilin binding). By taking advan-
site-directed mutations were introduced into Cpihb14, tage of the deletion mutagenesis already performed by nature,
and the effects of these mutations on bilin binding and we have made progress in defining the borders of this
photoactivity were examined. As shown in Figure 6, aspar- functional subdomain that would have been difficult to define
tate-20 (i.e., D171 on Cph1l) and arginine-21 (i.e., R172 on by directed mutagenesis. Indeed, that the N-terminal 197 aa
Cphl) could be substituted with alanine or glycine without of Cph2 combines with PCB to yield a photoactive holo-
affecting the binding of PCB. Such mutations also had no phytochrome convincingly establishes that the P3 GAF




Bilin Lyase Domains Biochemistry, Vol. 39, No. 44, 2003493

P2 P3 P4
A. ma 5,80 CphiNst14  Coorrrrth
2 & a 2 &% Y
kDa ® + * - S~
P €259 “~~.
182- <
Z D171 ! '
1;3_ Ry72- E189 R222
gf: Mutant PCB-ligation photoreversibility
38- 852 /) |
Cph1-N514 (WT)  + + : :
26— ——— — — 652 | ;
D171A + it
western blot zinc blot 644 | :
R172A,G + (shifteg Pr max) /i:\if
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_ —t
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R222G * 0
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=
©
£ 652 FiIGURE 6: Lyase activity and spectral properties of CpiN514
o IO 1AU mutants. (A) Conserved charged residues in chromophore lyase
g ) domain selected for site-directed mutagenesis. C259 (*) is the
L putative chromophore attachment site in Cph1l. (B) Lyase activity
of Cph1-N514 and each mutant were determined by the presence
Cph- (+) or absence ) of fluorescence on zinc-blot analysis as
N514 described in Materials and Methods. Difference spectrum of each
- 706 . . construct was also measured. Abbreviations used: D, aspartate; A,
500 600 700 250 450 650 alaning; R, arginine; G, glycine; E, glutamate; K, lysine; T,
wavelength (nm) threonine.
known phytochromes, aka the phytofluor32), strongly
C. 10 supports this interpretation. The reduced photoconversion
efficiency, broader absorption envelope, and reduced ratio
= 81 578 588 of the red-to-blue light absorption maxima of the PCB adduct
S ' of Cph2-N197 are consistent with those of a biliprotein
8 6 HH whose bilin prosthetic group is less extended and less rigidly
s L held than those of native phytochromes. Since a more
S 41 ‘;‘ ‘typical’ phytochrome difference spectrum is restored when
o \ the adjacent P4 domain is present as was seen for the PCB
3 2 \, adduct of Cph2N390, the P4 domain appears to serve a
= “‘-h dual role—both to stabilize the extended configuration of the
0400 500 600 ‘7-00 Pr chromophore and to stabilize the Pfr form of the bilin
wavelength (nm) prosthetic group.

Our studies also suggest that molecular evolution of a
Ficure 5: Biochemical and spectral analyses of recombinant phytochrome progenitor yielded a second class of phyto-

Cph2-N197. (A) Soluble protein extracts containing recombinant _ N i i ; il
Cph2-N197 were fractionated on SDSAGE followed by im- chrome-related proteins in cyanobacteria with bilin lyase

munoblot (left panel) and zinc-blot analyses (right panel). apo, don*_ngins that bind bilinsf to affqrd nonphotoaqtive biliproteins.
apoprotein only:+PCBH-PEB, 4-10 uM PCB/PEB was preincu-  1ypified by the C-terminal bilin lyase domain on Cph2, we
bated with soluble protein extract prior to gel electrophoresis propose that other members of thiganobacterialphyto-

S”CaéySidsa (Bt) (Diffk()e)rence and atbSOtrpctjion gpectra of g‘ﬂﬁfzh— chromelike (Cpl) family are biliproteins whose bilin pros-
adduct (a, b) were constructed and compared with the one i i in-li igu-
of Cph-N514-PCB adduct (c. d). Absorption maxima and Sthetic groups adopt a more cyclic, porphyrin-like configu

minima are indicated in nm. (C) Fiuorescence excitation (solid line) "ation. In this regard, we have observed that PCB covalently
and emission (dashed line) spectra of Cph97—PEB adduct. binds to recombinant SIr1969, another member of the cpl
family. Like Cph2-C423, the PCB adduct of SIr1969 is not
domain defined by the alignment in Figure 2 represents ared, far-red reversible; absorbs light more strongly in the
bona fide bilin lyase domain. blue region; and is nonfluorescent (data not shown). These
Spectroscopic data presented in this report also indicatespectrophotometric properties are consistent with a porphy-
that the P3 GAF domain is sufficient for tethering the bilin rin-like configuration of their bilin prosthetic groups, in
A-, B-, and C-ring pyrrole rings in a configuration similar which the excited state is quenched by phototautomerization
to that of the native phytochrome chromophore. Indeed, the of adjacent pyrrole rings that share an intramolecular H-bond
striking similarity of the fluorescence excitation and emission (40). On the basis of the multiple sequence alignment of the
spectra of the PEB adduct of CphRI197 with those of bilin lyase domains of the extended phytochrome superfam-
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ily, we propose that the presence of the-28 aa region Figure 6 shows that this mutant still bound bilin and yielded
adjacent to the putative cysteine binding site (i.e., residuesa photoactive holophytochrome. The possibility that other
114-138 in Figure 2), distinguishes the phytochrome photo- less conserved basic residues play a role in propionate
receptor family from the cpl family. The functional signifi-  binding (i.e., arginine-95, arginine-210, or arginine/lysine-
cance of this region of phytochromes is further underscored 203), perhaps in bona fide phytochromes only, remains to
by the loss of function L309S atphyA mutation (C. Fairchild be addressed in future investigations. We would like to know
and P. H. Qualil, personal communication) and S349F atphyBthe functional role(s) of aspartate-21 and arginine-22 that
mutation @2), which both map to this region. are conserved in more than 80% of the phytochrome
With regard to the nature of the bilirapoprotein associa-  superrfamily. One intriguing possibility is that these residues
tion in the Cpls, it is important to note that the conserved play a universal role in transducing the light and/or ligand
cysteine residue (i.e., cys141 in Figure 2) is not present on binding signal by the phytochromes, Cphs, Cpls, and possibly
all of the bilin lyase domains represented in Figure 2. While other GAF domain-containing proteins to other associated
it is conceivable that many of these phytochrome-related functional domains in these proteins. The role that these
domains might bind bilins through a different residue(s), such residues play in the light-dependent regulation of protein
as the histidine adjacent to cysl41l as was reported forkinase activity of phytochromeg,(43) will be the subject
drBphP @), we favor the conserved cysteine to be the site of a future investigation.
of bilin attachment for all phytochrome-related proteins that
possess this residue. This includes both lyase domains ofACKNOWLEDGMENT
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