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Phytobilins are linear tetrapyrrole precursors of the light-harvesting prosthetic groups of the phytochrome photorecep-
tors of plants and the phycobiliprotein photosynthetic antennae of cyanobacteria, red algae, and cryptomonads. Previ-
ous biochemical studies have established that phytobilins are synthesized from heme via the intermediacy of biliverdin
IXa (BV), which is reduced subsequently by ferredoxin-dependent bilin reductases with different double-bond specific-
ities. By exploiting the sequence of phytochromobilin synthase (HY2) of Arabidopsis, an enzyme that catalyzes the
ferredoxin-dependent conversion of BV to the phytochrome chromophore precursor phytochromobilin, genes encod-
ing putative bilin reductases were identified in the genomes of various cyanobacteria, oxyphotobacteria, and plants.
Phylogenetic analyses resolved four classes of HY2-related genes, one of which encodes red chlorophyll catabolite re-
ductases, which are bilin reductases involved in chlorophyll catabolism in plants. To test the catalytic activities of these
putative enzymes, representative HY2-related genes from each class were amplified by the polymerase chain reaction
and expressed in Escherichia coli. Using a coupled apophytochrome assembly assay and HPLC analysis, we examined
the ability of the recombinant proteins to catalyze the ferredoxin-dependent reduction of BV to phytobilins. These in-
vestigations defined three new classes of bilin reductases with distinct substrate/product specificities that are involved
in the biosynthesis of the phycobiliprotein chromophore precursors phycoerythrobilin and phycocyanobilin. Implica-

tions of these results are discussed with regard to the pathways of phytobilin biosynthesis and their evolution.

INTRODUCTION

Phytobilins are linear tetrapyrrole molecules synthesized by
plants, algae, and cyanobacteria that function as the direct
precursors of the chromophores of the light-harvesting phy-
cobiliproteins and of the photoreceptor phytochrome (Beale,
1993; Hughes and Lamparter, 1999). The pathways of phy-
tobilin biosynthesis have been elucidated by biochemical
fractionation of plant and algal extracts, by overcoming a
blocked step with exogenous putative intermediates, and by
analysis of linear tetrapyrrole-deficient mutants (Beale and
Cornejo, 1991a, 1991b, 1991c; Terry et al., 1993). These
studies indicate that the biosynthesis of phytobilins shares
common intermediates with heme and chlorophyll biosyn-
thetic pathways to the level of protoporphyrin IX, at which
point the latter two pathways diverge by metalation with iron
or magnesium (Beale, 1993). Phytobilins are derived from
heme, which is converted to biliverdin IXa (BV), the first
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committed intermediate in their biosynthesis. In red algae,
cyanobacteria, and plants, this interconversion is accom-
plished by ferredoxin-dependent heme oxygenases that are
related in sequence to the mammalian heme oxygenase
(Cornejo et al., 1998; Davis et al., 1999; Muramoto et al.,
1999). Although they catalyze the same reaction, mamma-
lian heme oxygenases use an NADPH-dependent cyto-
chrome P450 reductase to generate reducing power for
heme catabolism (Maines, 1988).

The metabolic fate of BV differs in mammals, cyanobacte-
ria, and plants, with BV being metabolized by different re-
ductases with unique double-bond specificities (Figure 1).
Mammalian biliverdin IXa reductase (BVR), an NAD(P)H-
dependent enzyme that catalyzes the two-electron reduc-
tion of BV at the C10 methine bridge to produce bilirubin [Xa
(BR), was the first of these enzymes to be discovered
(Maines and Trakshel, 1993). A similar enzyme, encoded by
the gene bvdR, was identified recently in cyanobacteria
(Schluchter and Glazer, 1997). Cyanobacteria and red algae
also possess novel ferredoxin-dependent bilin reductases
for the synthesis of the linear tetrapyrrole precursors of their
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phycobiliprotein light-harvesting antennae complexes (Beale
and Cornejo, 1991a, 1991b, 1991c; Cornejo et al., 1998).
Primarily on the basis of studies with the red alga Cyanidium
caldarium, these investigators proposed that the biosynthe-
sis of the two major phycobiliprotein chromophore precur-
sors, phycoerythrobilin (PEB) and phycocyanobilin (PCB),
requires two ferredoxin-dependent bilin reductases and
several double-bond isomerases. The first bilin reductase
catalyzes the two-electron reduction of BV at the C15 meth-
ine bridge to produce the BR isomer 15,16-dihydrobiliverdin
(DHBYV), whereas the second bilin reductase catalyzes the
conversion of 15,16-DHBV to 3Z-PEB, a formal two-electron
reduction of the C2 and C3" diene system. In C. caldarium,
an additional enzyme mediates the isomerization of 3Z-PEB
to 3Z-PCB, both of which appear to be isomerized to their
corresponding 3E isomers before assembly with the nas-
cent phycobiliprotein apoproteins (Beale and Cornejo, 1991a,
1991b, 1991c). More recent studies lend support for a simi-
lar pathway of PCB and PEB synthesis in cyanobacteria
(Cornejo and Beale, 1997). In contrast with mammals and
phycobiliprotein-containing organisms, plants and green al-
gae reduce BV to 3Z-P®B by the ferredox-in-dependent
enzyme P®B synthase, which targets the 2,3,3',32-diene
system for reduction (Terry et al., 1995; Wu et al., 1997). In
plants, 3Z-P®B is isomerized to its 3E isomer, which ap-
pears to be the immediate precursor of the phytochrome
chromophore (Terry et al., 1995). The green alga Mesotae-
nium caldariorum possesses a second bilin reductase activ-
ity that catalyzes the reduction of the 18-vinyl group of P®B
to produce 3Z-PCB (Wu et al., 1997). These investigations
also revealed that 3E-PCB is the natural phytochrome chro-
mophore precursor in this organism.

Despite the extensive biochemical analysis of the phytobi-
lin biosynthetic pathways in plants, algae, and cyanobacte-
ria, the low levels of bilin reductase expression have
hindered efforts to clone these enzymes. Using a genetic
approach, Kohchi and colleagues (2001) recently cloned the
HY2 locus of Arabidopsis, which encodes the enzyme P®B
synthase. The studies reported here were undertaken to
identify HY2-related genes in the protein and nucleic acid
databases. Using cloning, expression, and biochemical
characterization, our investigations revealed three new
classes of ferredoxin-dependent bilin reductases with either
unique substrate or product specificities.

RESULTS

The HY2-Related Gene Family in Cyanobacteria,
Oxyphotobacteria, and Plants

A recently published paper describes the cloning of the HY2
gene of Arabidopsis (Kohchi et al., 2001). Using the de-
duced protein sequence of HY2, TBLASTN, BLASTP, and
PSI-BLAST searches (Altschul et al., 1990, 1997) were per-

formed to identify putative bilin reductases in the nonre-
dundant National Center for Biotechnology Information
database, in CyanoBase (Nakamura et al., 2000), and in the
Joint Genome Institute Microbial Genome database (http://
spider.jgi-psf.org/JGI_microbial/html). These searches iden-
tified 15 putative proteins from various photosynthetic bac-
teria and two known proteins from plants. Figure 2 shows a
multiple sequence alignment of this family of proteins using
CLUSTAL W (Higgins et al., 1996), hand adjustment with
MEME (Bailey and Elkan, 1995), and highlighting with
GENEDOC (http://www.psc.edu/biomed/genedoc). This align-
ment revealed regions of strong similarity interspersed with
highly diverged regions, with an average pairwise similarity
score of 25%. No sequence similarity of these proteins was
observed with mammalian biliverdin reductases.

On the basis of the biochemical data presented here, we
name these HY2-related cyanobacterial loci after their roles
in the biosynthesis of PCB (i.e., pcyA) and PEB (i.e., pebA
and pebB). One of these proteins, the product of locus
slr0116 (i.e., pcyA) in the genome of the cyanobacterium
Synechocystis sp PCC6803, appears to be part of an op-
eron with a putative response regulator located 62 bp up-
stream (Ashby and Mullineaux, 1999). Interestingly, this
response regulator belongs to the OmpR subfamily for
which a mutation (ycf27) was shown to cause a reduced en-
ergy transfer from the phycobilisomes to photosystem | (Ashby
and Mullineaux, 1999). pcyA-related open reading frames
(orfs) also were found in the oxyphotobacterium Prochloro-
coccus sp MED4 (CCMP1378), which is also known as
Prochlorococcus marinus MED4, in the marine cyanobacte-
rium Synechococcus sp WH8102, and in the nitrogen-fixing,
heterocyst-forming filamentous cyanobacteria Anabaena sp
PCC7120 and Nostoc punctiforme. Among the other identi-
fied HY2-related genes are two orfs, orf236 and orf257, from
the marine cyanobacterium Synechococcus sp WH8020
that lie adjacent to each other within the major phycobilipro-
tein gene cluster (Wilbanks and Glazer, 1993a, 1993b).
These orfs, which encode the proteins Ycp2_SYNPY and
Ycp3_SYNPY, appear to be part of a three-gene operon
containing an upstream orf of unknown function, orf200.
A similar operon was identified in Synechococcus sp
WH8102. The genomes of N. punctiforme and Prochloro-
coccus, both the MED4 and SS120 (CCMP1375) subspe-
cies, also contain similar operons. In contrast to the N.
punctiforme and Anabaena operons, an upstream orf in the
Prochlorococcus operons exhibits a striking similarity to the
ferredoxin-dependent heme oxygenase gene HY1 (Davis et
al., 1999; Muramoto et al., 1999) and its homologs in the cy-
anobacterium Synechocystis sp PCC6803 (Cornejo et al.,
1998). On the basis of their roles in PEB biosynthesis shown
in this study, we name these orfs pebA and pebB.

PSI-BLAST iterations also identified a weak relatedness of
HY2 to the red chlorophyll catabolite reductase (RCCR)
from barley and Arabidopsis. RCCR is involved in chloro-
phyll catabolism and catalyzes the ferredoxin-dependent re-
duction of the linear tetrapyrrole, red chlorophyll catabolite



(RCCQ), to yield the primary fluorescent chlorophyll catabolite
(Wathrich et al., 2000). These investigators showed that
RCCR was incapable of reducing BV to either bilirubin or
P®B (Wiithrich et al., 2000). Interestingly, the sequence sim-
ilarity between RCCR and the other HY2-related proteins is
so weak that TBLASTN searches using the two RCCR se-
quences failed to identify HY2 or other HY2-related proteins
present in the publicly available databases (Withrich et al.,
2000). This divergence undoubtedly reflects the unusual
substrate specificity of the RCCR for bilins derived from
chlorophyll catabolism.

Phylogenetic analysis of the HY2-related family of pro-
teins was performed using a heuristic parsimony search
with a modified PAM250 weighting matrix and the program
PAUP* version 4.0 (see Methods). A single tree obtained
with this analysis (Figure 3) revealed four clades of HY2-
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related proteins with strong bootstrap support: PcyA, PebA,
PebB, and RCCR. We noted that HY2 lies within in the PebB
clade.

Recombinant HY2-Related Proteins Are
Bilin Reductases

The HY2-related cyanobacterial orfs were amplified by poly-
merase chain reaction and cloned into the Escherichia coli
expression vector pGEX-6P-1, which is similar to the vector
described for mHY2 (Kohchi et al., 2001). With this vector,
the proteins were expressed as glutathione S-transferase
(GST) fusions, which enabled their purification by affinity
chromatography. The GST tag was removed via site-spe-
cific protease digestion, which resulted in an additional five

HY2

3Z-phytochromobilin (3Z-P®B)

15,16-dihydrobiliverdin (DHBV)

BVR/BvdR

bilirubin (BR)

3Z-phycocyanobilin (3Z-PCB)

3Z-phycoerythrobilin (3Z-PEB)

Figure 1. Pathway of the Biosynthesis of Bilin Pigments.

The mammalian bile pigment bilirubin and the linear tetrapyrrole precursors of the phytochrome and phycobiliprotein chromophores of plants,
algae, and cyanobacteria share the common intermediate biliverdin IXa. HY2, phytochromobilin synthase or 3Z-phytochromobilin:ferredoxin ox-
idoreductase; PcyA, 3Z-phycocyanobilin:ferredoxin oxidoreductase; PebA, 15,16-dihydrobiliverdin:ferredoxin oxidoreductase; PebB, 3Z-phyco-
erythrobilin:ferredoxin oxidoreductase; BVR/BvdR, biliverdin IXa:NAD(P)H oxidoreductase. The dashed arrow with a question mark indicates a
second type of putative 3Z-phycocyanobilin:ferredoxin oxidoreductase. The dashed arrow indicates a putative phycoerythrobilin-phycocyano-
bilin isomerase (Beale and Cornejo, 1991b).
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Figure 2. Multiple Sequence Alignment of the Identified Bilin Reductases.
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All identified sequences were aligned using the programs CLUSTAL W and MEME. Conserved residues in 90 or 70% of the aligned sequences
are depicted in the consensus sequence with uppercase or lowercase letters, respectively. Sequence similarity groups, labeled 1 (D = E), 2 (R =
K),3(F=Y =W),and 4 (L = | =V = M), shown in the consensus sequence reflect conservation in >90% of the sequences. Dark shading with
white letters, gray shading with white letters, and gray shading with black letters reflect 90, 70, and 50% sequence conservation, respectively.
SYNY3, Synechocystis sp PCC6803; SYNPY, Synechococcus sp WH8020; SYN81, Synechococcus sp WH8102; PROMA, Prochloroccocus sp
SS120; PROME, Prochloroccocus sp MED4; NOSPU, Nostoc punctiforme; ANASP, Anabaena sp PCC7120; ARATH, Arabidopsis thaliana; and
HORVU, Hordeum vulgare. Database accession numbers are GB: AF339056 for PcyA_ANASP (CyanoBase contig 362), GB: AF339057 for
PcyA_NOSPU (JGI contig 632), PIR: S76709 for PcyA_SYNY3, PcyA_SYN81 is on JGI contig 51, GB: AF352050 for PcyA_PROME (JGI contig
26), SW: Q02189 for PebA_SYNPY, PIR: S31075 (fragment)/ JGI contig 72 for PebA_SYN81, EMB: CAB95700.1 for PebA_PROMA,
PebA_PROME is on JGI contig 26, GB: AF352049 for PebA_NOSPU (JGI contig 622), SW: Q02190 for PebB_SYNPY, PebB_SYN81 is on JGlI
contig 72, EMB: CAB95701.1 for PebB_PROMA, PebB_PROME is on JGI contig 26, GB: AF339058 for PebB_NOSPU (JGI contig 622), DDBJ:
AB045112 for HY2_ARATH, EMB: CAB77705.1 for RCCR_HORVU, EMB: CAB16763.1 for RCCR_ARATH. Asterisks indicate every tenth amino
acid; dashes indicate gaps; numbers above the line indicate amino acid sequence numbering starting with number one.



to eight N-terminal amino acids due to the cloning strategy.
Figure 4 shows SDS-PAGE results of purified recombinant
protein representatives of the PcyA, PebA, PebB, and HY2
subfamilies. One liter of bacterial culture yielded between 1
and 10 mg of soluble recombinant protein depending on
which protein was expressed. The deduced molecular
masses of the recombinant processed proteins, confirmed
by SDS-PAGE (Figure 4), are as follows: Anabaena PcyA,
28.7 kD; Synechocystis PcyA, 28.9 kD; Synechococcus sp
WHB8020 PebA, 28 kD; Synechococcus sp WH8020 PebB,
30.3 kD; and Arabidopsis mHY2, 33.4 kD.

To determine whether the recombinant HY2-related pro-
teins possess bilin reductase activity, we used a coupled
holophytochrome assembly assay to analyze crude protein
extracts from E. coli expressing these proteins for their abil-
ity to convert BV to phytobilins under standard P®B syn-
thase assay conditions (M.T. McDowell and J.C. Lagarias,
manuscript submitted for publication). Figure 5A shows that
crude bacterial lysates containing GST fusions of mHY2 and
PcyA_SYNY3 (PcyA_ANASP; not shown) all exhibited BV re-
ductase activities, yielding phytobilin products that could
combine with the cyanobacterial phytochrome Cph1 apo-
protein (apoCph1) to yield phytochrome difference spectra.
The bilin metabolites incubated with apoCph1 resulted in
different maxima and minima, suggesting that the various
proteins reduced BV to distinct products. Both PcyA-con-
taining extracts produced a BV metabolite(s) that gave
spectra identical to those of the PCB adduct of apoCph1,
with difference maxima at 655 nm and minima at 705 nm
(Yeh et al., 1997). Figure 5A shows that both difference
peaks of the mHY2 metabolites were markedly red shifted,
with maxima at 670 and 730 nm, which is characteristic of
the P®B adduct of apoCph1 (Yeh et al., 1997; Kohchi et al.,
2001). Identical results were obtained using the purified re-
combinant HY2 and PcyA proteins (data not shown). Simi-
larly, E. coli extracts lacking HY2 or PcyA proteins failed to
metabolize BV to bilin products that could functionally as-
semble with apoCph1 (data not shown).

In contrast to the results for PcyA and HY2, no phyto-
chrome difference spectrum was observed when the BV
metabolites from reactions containing PebA_SYNPY,
PebB_SYNPY, or a 1:1 mixture of the two Synechococcus-
derived proteins were incubated with apoCph1. To deter-
mine whether fusion to GST is responsible for inhibiting the
enzyme activity of these proteins, GST was removed by pro-
tease digestion and the full-length proteins were purified
(Figure 4). Neither the purified proteins nor the 1:1 mixture of
PebA and PebB were able to convert BV to a bilin product(s)
that yielded a photoactive adduct with apoCph1 (Figure 5A).
The observation that coincubation of a 1:1 ratio of PebA and
PebB with BV elicited a color change of the assay mixture
from bluish-green to pink suggested that these proteins
converted BV to bilins unable to form a photoconvertible
holophytochrome. It is noteworthy that this pronounced
color change was not observed when either PebA or PebB
was assayed separately. This strongly implied that the
PebA/PebB mixture could convert BV to PEB, the precur-

HY2-Related Bilin Reductases 969

100 PcyA_ANASP

100 PcyA_NOSPU

99 PcyA_SYNY3

100

PcyA_SYN81

PcyA_PROME

100 PebA_SYNPY

100 PebA_SYN81

PebA_PROMA

29 PebA_PROME

PebA_NOSPU

100 PebB_SYNPY

99 PebB_SYN81

%8 PebB_PROMA

97

PebB_PROME

93 PebB_NOSPU

HY2_ARATH

RCCR_ARATH

RCCR_HORVU

— 500 changes

Figure 3. Phylogenetic Tree of the HY2 Family of Ferredoxin-Depen-
dent Bilin Reductases.

The alignment shown in Figure 2 was used to calculate the HY2 fam-
ily phylogram using parsimony analysis with the program PAUP*.
Bootstrap values using 100 replicates are shown in branch posi-
tions. Abbreviations used for the organisms are the same as those
given in Figure 2.

sor of the phycobiliprotein C-phycoerythrin. To test this
hypothesis, BV-derived bilin metabolites from PebA, PebB,
and PebA/PebB were incubated with apoCph1, and the
mixtures were analyzed spectrofluorometrically for the pro-
duction of the fluorescent PEB-apoCph1 “phytofluor” ad-
ducts (Murphy and Lagarias, 1997). Only the PebA/PebB
product mixture yielded a highly fluorescent compound,
whose excitation and emission spectra were consistent
with the formation of a phytofluor (Figure 5B). This result
suggested that PebA and PebB were both required for the
conversion of BV to PEB.

HPLC Reveals Distinct Substrate/Product Specificity for
Each Member of the HY2 Family

HPLC analysis was performed to identify the bilin metabo-
lites of the HY2 family members using a chromatographic
system that is able to separate 3E and 3Z isomers of P®B,
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Figure 4. SDS-PAGE of Affinity-Purified Bilin Reductases.

Lane 1, GST-PcyA_SYNY3 after glutathione agarose affinity chro-
matography; lane 2, purified recombinant PcyA_ANASP after a sec-
ond round of glutathione agarose affinity chromatography; lane 3,
mHY2; lane 4, PebA_SYNPY; lane 5, PebB_SYNPY. STD, molecular
mass standards (in kilodaltons).

PCB, and PEB (M.T. McDowell and J.C. Lagarias, manu-
script submitted). As shown in a recently published paper,
recombinant mHY2 efficiently reduced BV by two electrons
to yield a mixture of both isomers of POB (Kohchi et al.,
2001). In comparison, both PcyA proteins converted BV to a
mixture of the 3E and 3Z isomers of PCB, a four-electron re-
duction (Figure 6). A time-course experiment was performed
and revealed no evidence for other colored bilin intermedi-
ates (data not shown). Incubation of PebA_SYNPY with BV
resulted in the formation of an early eluting product that
was detectable only at 560 nm and not at 380 nm (Figure
6). Optical spectroscopy revealed that this product had an
absorption maximum at 575 nm in acetone:20 mM formic
acid (50:50, v/v) (data not shown). Based on its absorption
spectrum (data not shown), early retention time, and re-
sults shown below, this product was determined to be
15,16-DHBV. A similar absorption spectrum for DHBV has
previously been published (Beale and Cornejo, 1991b). In
contrast to PebA_SYNPY, PebB_SYNPY was unable to
metabolize BV (Figure 6). Identical results were observed
with the N. punctiforme PebA and PebB homologs (data
not shown).

A mixture of PebA and PebB effectively converted all of
the BV to two colored pigments, one purple (retention time 9
min) and the other pink (retention time 10.5 min), whose re-
tention times differed from that of 15,16-DHBV (Figure 6).
Both bilin metabolites have absorption maxima in ace-
tone:20 mM formic acid (50:50, v/v) near 580 nm (data not
shown). Because PebB could not metabolize BV, these re-
sults suggest either that the 15,16-DHBV product of PebA
was metabolized by PebB to the purple and pink bilins or
that PebB forms a complex with PebA to alter its product
profile. That 15,16-DHBV was a substrate for PebB was
demonstrated by incubation of PebB with HPLC-purified
15,16-DHBV. In this case, the same two bilin products were

observed (data not shown). HPLC coelution experiments
showed the purple and pink pigments to be the 3E and 3Z
isomers of PEB, respectively (data not shown). Both pig-
ments are chemically stable in the HPLC mobile phase, elut-
ing as single peaks after purification and reinjection.
Moreover, both HPLC-purified pigments form phytofluors
upon incubation with apoCph1, indicating that these are
configurational isomers of PEB. HPLC-purified 15,16-DHBV
from the PebA-mediated reduction of BV, however, was un-
able to form a fluorescent adduct with apoCph1 (data not
shown).

Biochemical studies of ferredoxin-dependent bilin reduc-
tases from algae and plants indicated that the 3Z isomers of
PEB, PCB, and P®B were the primary metabolites of these
enzymes, with the formation of the 3E isomer requiring dis-
tinct bilin isomerase(s) (Beale and Cornejo, 1991a, 1991b,
1991c; Cornejo and Beale, 1997; M.T. McDowell and J.C.
Lagarias, manuscript submitted). Our results show that both
bilin isomers are produced with recombinant HY2, PcyA,
and PebA/PebB proteins. We believe that the production of
the 3E isomers occurred because of the presence of glu-
tathione in the assay mixture and because of heating in the
Speed-Vac concentrator. In this regard, glutathione-medi-
ated 3Z to 3E isomerization of phycobilins has been re-
ported for bilin reductases from C. caldarium (Beale and
Cornejo, 1991c). Preliminary experiments performed with
GST fusion proteins that did not come in contact with re-
duced glutathione or with proteins that were eluted from the
affinity column by protease digestion greatly increased the
relative amount of 3Z isomers produced (data not shown).
Heating that occurred during concentration also contributed
to the formation of the 3E isomers. If the drying time was re-
duced, only 3Z isomers were detected (data not shown).
Therefore, we conclude that in all cases the 3Z isomers are
the primary reaction product of these reductases and that
the production of the 3E isomers occurs by non-enzyme-
mediated side reactions caused by heat and reduced glu-
tathione.

The HY2 Family of Bilin Reductases Are
Ferredoxin Dependent

All of the reductive interconversions of BV and 15,16-DHBV
presented here were dependent on reduced ferredoxin,
which necessitated the inclusion of ferredoxin:NADP* oxi-
doreductase and an NADPH-regenerating system in the as-
say mixture. Indeed, none of the reduced bilin metabolites
were detectable via HPLC when either ferredoxin or the
NADPH-regenerating system was omitted from the assay
mixture (data not shown). These results are in agreement
with the ferredoxin dependence of the bilin reductases from
plants and algae (Beale, 1993; M.T. McDowell and J.C.
Lagarias, manuscript submitted). Thus, this family of pro-
teins constitutes a new class of bilin:ferredoxin oxidoreduc-
tases (EC 1.3.7.n).



o 004
e
0.03
[}
| ™
Q .02
b=
T o1
8
c 0
(1]
-E -0.01 |
o]
g -0.02 |
<
-0.03 | 705
550 650 T 750
0}]
(8]
c
([o}]
(&]
7]
@
| ™
o]
-
-
©
Q
N
©
£
.
(o] 0 L 1 L L 1 n
=2 370 470 570

Wavelength (nm)

Figure 5. Phytochrome Difference Spectra and Phytofluor Fluores-
cence Spectra of Recombinant Cyanobacterial Phytochrome (Cph1)
Incubated with Reaction Metabolites.

(A) BV was incubated with a soluble protein extract of isopropyl-
B-thiogalacto pyranoside-induced E. coli DH5a strain carrying
PGEXNN under standard P®B synthase assay conditions for 30 min
at 28°C under green safe light. Recombinant apoCph1 was added to
the reaction and incubated for additional 30 min at room tempera-
ture under green safelight, and a phytochrome difference spectrum
was obtained. The difference spectrum shown as a solid line was ob-
tained with apoCph1 incubated with PcyA_SYNY3 metabolites, the
spectrum shown in dashed lines was obtained with mHY2 metabo-
lites. Absorption maximum and minimum were indicated as nm. Nei-
ther PebA_SYNPY, PebB_SYNPY, or a mixture of both was able to
form a photoconvertible holophytochrome (no difference spectrum
shown).

(B) Phytofluor fluorescence spectra of recombinant cyanobacterial
phytochrome (Cph1) incubated with PebA and PebB metabolites.
The fluorescence excitation and emission spectra of the phytofluor
were obtained after incubation of apoCph1 with the reaction metab-
olites of PebA_SYNPY and PebB_SYNPY. The solid line represents
the excitation spectrum monitored with an emission wavelength of
590 nm. The dashed line shows the emission spectrum obtained
with an excitation wavelength of 545 nm.
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DISCUSSION

Using a combination of protein-based pattern searches of
genomic databases, phylogenetic analysis, and biochemical
characterization, these investigations establish that the HY2
family of ferredoxin-dependent bilin reductases can be sub-
divided into five classes: PcyA, PebA, PebB, HY2, and
RCCR families (Figure 3). This classification system is sup-
ported by the distinct substrate preference and double-
bond regiospecificity of representative members of each bi-
lin reductase subfamily. PcyA, PebA, and HY2 all recognize
BV as a substrate, yet each yields different bilin products.
PebB and RCCR possess unique bilin substrates (i.e.,
15,16-DHBV and RCC, respectively), and neither metabo-
lizes BV (Withrich et al., 2000; this study). Biochemical anal-
yses of representatives of the three new classes of bilin
reductases identified here, PcyA, PebA, and PebB, docu-
ment their involvement in the biosynthesis of the phycobili-
protein chromophore precursors PCB and PEB.

The PcyA Family of Ferredoxin-Dependent BV
Reductases Plays a Key Role in PCB Biosynthesis

In this investigation, we have documented that the pcyA
genes of the cyanobacteria Synechocystis sp PCC6803,
Anabaena sp PCC7120, and N. punctiforme (data not shown)
encode bilin reductases that catalyze the four-electron
reduction of BV to 3Z-PCB. PCB is the precursor of the
chromophores of the phycobiliproteins phycocyanin and al-
lophycocyanin, which are abundant in all three cyanobacte-
ria. PcyA enzymes are atypical bilin reductases because all
others catalyze two-electron reductions. Formally, these en-
zymes catalyze two-electron reductions of both the A and D
rings of BV; however, we have not detected the production
of semireduced intermediates such as P®B and 187,182-
DHBV. Thus, it appears that the partially reduced intermedi-
ates are tightly bound to the enzyme. The direct conversion
of BV to PCB in these cyanobacteria is in contrast to the
proposed pathways of PCB biosynthesis in the red alga C.
caldarium, which involves the intermediacy of PEB (Beale,
1993), and in the green alga M. caldariorum, in which 3Z-
P®B is an isolable intermediate (Wu et al., 1997). pcyA-
related genes also are present in the oxyphotobacterium
Prochlorococcus sp MED4, an unanticipated observation in
view of the lack of phycobiliproteins in this organism. Phyloge-
netic analyses place this oxyphotobacterial protein in the PcyA
clade of PCB:ferredoxin oxidoreductases. During the review
process of this manuscript, we were able to clone the
Prochlorococcus sp MED4 pcyA gene and express it as an
N-terminal GST fusion. We determined that recombinant
PcyA_PROME was able to reduce BV to PCB in our stan-
dard phytochrome-based assay (data not shown). It there-
fore possesses the same enzymatic activity as all other
studied PcyA enzymes.
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Figure 6. HPLC Analysis of the BV Metabolites of PebA, PebB,
PcyA, and HY2 Bilin Reductases.

Forty micrograms of purified protein was incubated at 28°C under
green safelight in a total assay volume of 5 mL. The assay system
contained an NADPH-regenerating system, spinach ferredoxin-
NADP* reductase, spinach ferredoxin, and BSA. The reaction was
started by adding 5 .M BV and was stopped by placing the mixture
on ice. Bilins were extracted from the incubation mixture using a

peb Operons Encode Bilin Reductases Involved in
PEB Biosynthesis

We have observed that the pebA and pebB genes of the cy-
anobacteria Synechococcus sp WH8020 and N. puncti-
forme encode bilin reductases that catalyze the conversions
of BV to 15,16-DHBV and 15,16-DHBV to 3Z-PEB, respec-
tively (Figure 1). PebA therefore is a 15,16-DHBV:ferredoxin
oxidoreductase, whereas PebB is a 3Z-PEB:ferredoxin oxi-
doreductase. Both activities are consistent with the pathway
of PEB biosynthesis in the red alga C. caldarium (Beale,
1993). The two peb genes also are found in the same op-
eron in both phycoerythrin-producing cyanobacteria, and
their close association with the major phycobiliprotein gene
clusters supports their role in phycobilin biosynthesis
(Wilbanks and Glazer, 1993b). We hypothesize that PebA
and PebB function as a dual enzyme complex, in view of the
synergistic metabolism of BV observed when the two en-
zymes are coincubated. A peb operon is not present in the
genome of the cyanobacterium Synechocystis sp PCC6803,
an organism that lacks phycoerythrin. This strongly sug-
gests that PCB is synthesized in this cyanobacterium via the
PcyA-dependent pathway, as opposed to the PEB pathway
found in C. caldarium (Beale, 1993). In this regard, biochem-
ical analyses of crude extracts from Synechocystis sp
PCC6803 provide no evidence for the production of PEB
(Cornejo and Beale, 1997).

The MED4 and SS120 subspecies of the oxyphotobacte-
ria Prochlorococcus also possess peb operons very similar
to those of Synechococcus sp WH8020 and WH8102, ex-
cept that the former possess upstream genes related to
heme oxygenase. This strongly suggests that both oxypho-
tobacterial subspecies can synthesize PEB. In this regard,
genes encoding the « and B subunits of a novel phycoeryth-
rin have been identified in the SS120 subspecies of Prochlo-
rococcus (Hess et al., 1996, 1999). It also has been shown
that this unusual phycoerythrin plays a role in light harvest-
ing in this ecotype (Lokstein et al., 1999), which is adapted
for photoautotrophic growth at great ocean depths where
light is limited. This observation is consistent with the lack of

Sep-Pak C,g reversed-phase column and analyzed by HPLC on a
Phenomenex Ultracarb 5-pm ODS20 4.6 mm X 250 mm column
with a 4.6 mm X 30 mm guard column. The HPLC solvent was ace-
tone:20 mM formic acid (50:50, v/v), and the effluent was monitored
at 560 nm for the first 11.5 min and at 380 nm for the remaining time.
STDS, mixture of different bilin standards; HY2, metabolites ob-
tained by mHY2; PcyA, metabolites obtained by PcyA_SYNY3;
PebA, metabolites obtained by PebA_SYNPY; PebB, metabolites
obtained by PebB_SYNPY; PebA + PebB, metabolites obtained by
a 1:1 mixture of PebA_SYNPY and PebB_SYNPY. Symbols are used
for better visualization of peaks. Single symbols indicate the 3E-iso-
mer (except 15,16-DHBV and BV) and double symbols indicate the
3Z-isomer, respectively.



phycoerythrin genes in the high light-adapted MED4 eco-
type. Although the enzymatic activities of Prochlorococcus
PebA and PebB have not been determined experimentally,
our phylogenetic reconstructions suggest that these pro-
teins may be functional orthologs of the Synechococcus
and Nostoc enzymes. Further analysis of the bilin biosyn-
thetic pathways in Prochlorococcus and marine cyanobac-
teria such as Synechococcus sp WH8020 will be interesting,
because the shorter wavelength-absorbing phycourobilin
chromophores are major constituents of their phycoeryth-
rins (Ong and Glazer, 1991; Hess et al., 1996). Although we
have identified PCB and PEB biosynthetic enzymes in both
organisms, it remains to be determined whether either these
or other enzymes play a role in phycourobilin biosynthesis.

Phycobilin Isomerases: Are They Necessary?

PcyA, HY2, and PebB mediate bilin reductions that yield the
3Z isomer of their respective products. Because numerous
studies have established that the more thermodynamically
stable 3E isomers are substrates for assembly of the phyco-
biliprotein and phytochrome holoproteins, it has been pro-
posed that there are unique 3Z/3E isomerases that mediate
this interconversion (Beale, 1993; Terry et al., 1993). It
should be noted that the 3Z isomer of P®B has been shown
to be a substrate for apophytochrome (Terry et al., 1995);
however, these investigators suggested that isomerization
to the 3E isomer is necessary to yield the correct stereo-
chemistry of the holophytochrome chromophore. Such an
isomerase activity has been identified in extracts of the red
alga C. caldarium; however, this reaction also can be medi-
ated by reduced glutathione (Beale and Cornejo, 1991b).
For this reason, the need for a 3Z/3E isomerase has been
questioned. All of the hy mutant loci have now been cloned
from Arabidopsis, and none of these genes appear to en-
code a bilin isomerase. Thus, the isomerization of 3Z-P®B
may occur chemically or may be catalyzed by a genetically
redundant family of bilin isomerases.

X-ray crystallographic analyses of phycobiliproteins have
revealed that the stereochemistries of the thioether linkages
to distinct cysteine residues are not all the same (Schirmer
et al., 1987; Schmidt et al., 1987). Therefore, we propose
that the different stereochemistries arise from the use of the
3Z and 3E isomers of the phycobilin precursor as substrates
for assembly to distinct cysteinyl moieties. Beale and
Cornejo (1991b) have identified a bilin isomerase that cata-
lyzes the conversion of 3Z-PEB to 3Z-PCB in C. caldarium,
which appears to be the sole pathway for PCB biosynthesis
in this organism. More recently, a lyase/isomerase from the
cyanobacterium Mastigocladus laminosus was described
that is involved in both the isomerization of PCB to phycovi-
olobilin and its covalent attachment to apo-a-phycoerythro-
cyanin (Zhao et al., 2000). On the basis of these results and
the diversity of bilin isomers found in phycobiliproteins from
marine cyanobacteria, cryptomonads, and oxyphotobacte-
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ria (Ong and Glazer, 1991; Hess et al., 1996; Wedemayer et al.,
1996), it is likely that numerous bilin isomerases are present
in these oxygen-evolving photosynthetic organisms.

Molecular Evolution of the HY2 Family of
Bilin Reductases

A single phylogenetic tree that is well supported with boot-
strap replicates was obtained for the HY2 family (Figure 3).
This tree delineates four clades of bilin reductases, which is
in good agreement with the enzymes’ double-bond specific-
ity for reduction. HY2 appears most closely related to the
PebB clade of enzymes that catalyze a reduction of 15,16-
DHBYV to PEB. We predict that phytochromobilin synthases,
because of their exquisite BV substrate specificity, will form
a distinct clade when HY2 orthologs from other plant species
are identified. The relatedness of HY2 and PebA enzymes is
reasonable because both families mediate reduction of the
vinyl pyrrole A ring to form the ethylidene moiety. We specu-
late that these two classes arose from a common ancestor
that used BV as a substrate. This notion is based on the ob-
servation that the PebA family of bilin reductases also rec-
ognizes BV as a substrate.

Unlike HY2 and PebB, members of the PebA family target
the 15,16 double bond of BV for reduction. To evolve the
PebA and PebB/HY2 subfamilies, we envisage a duplication
of a ferredoxin-dependent BV reductase gene and subse-
quent divergence in a marine cyanobacterium growing in
a light-limited environment. Such an environment would
provide the selection pressure favoring evolution of the bio-
synthetic pathway for PEB, whose incorporation into phyco-
erythrin extends the light-harvesting wavelength range of
their phycobilisomes. Depending on the rooting of the HY2
family tree, the comparative branch lengths of the PebA and
PebB/HY2 families on the phylogenetic tree suggest that
the A ring reductases are more ancient, with the 15,16 re-
ductases evolving more recently. On the basis of these in-
ferences, we speculate that a cyanobacterial progenitor of
plant chloroplasts possessed a bilin reductase with an A
ring reductase regiospecificity. The progenitor of present
day cyanobacteria likely would have possessed the ability to
synthesize PCB, an essential component of their allophyco-
cyanin-containing phycobilisome core. Thus, the common
pebA/pebB ancestor might have resembled present-day
pcyA genes, which encode atypical BV reductases that cat-
alyze the four-electron reduction of BV to PCB. To date,
pcyA genes appear to be present in all cyanobacteria,
whereas a peb operon is lacking in the phycoerythrin-defi-
cient cyanobacterium Synechocystis sp PCC6803.

The role of the pebA, pebB, and pcyA genes in Prochloro-
coccus sp MED4 remains a mystery. Members of this genus
are distinguished by the presence of integral membrane an-
tennae complexes that contain divinyl chlorophyll a, and b,
and by the lack of phycobilisomes (Partensky et al., 1999).
Functional phycoerythrins have been detected only for the
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SS120 subspecies. As such, these organisms have been
thought by some to be descendants of the class of prokary-
otic photosynthetic organisms whose endosymbiosis led to
higher plant chloroplasts. Phylogenetic analyses using 16S
rBNA indicate that this probably is not the case, because
Prochlorococcus species appear more similar to marine Syne-
chococcus species than to chloroplasts (Urbach et al., 1998).
These analyses also suggest that Prochlorococcus evolved
more recently from a phycobilisome-containing ancestor that
resembled a marine Synechococcus species. The need for
pebA, pebB, and pcyA genes for phycobilin biosynthesis in
this ancestor is self-evident, and such genes may not yet
have been lost from Prochlorococcus species. It is conceiv-
able that these BV reductases are required to make bilin
chromophore precursors of light receptors, such as the phy-
tochromes (Hughes and Lamparter, 1999). Although phyto-
chrome-like genes are abundant in some cyanobacterial
genomes, none are present in the genome of Prochlorococ-
cus sp MED4 (data not shown). Alternatively, BV reductases
may be needed to drive heme oxygenase, whose role in iron
metabolism is well documented (Poss and Tonegawa, 1997a,
1997b; Richaud and Zabulon, 1997; Schmitt, 1997).

In addition to the bilin reductases involved in phytobilin
biosynthesis, a separate class exists of bilin reductases that
are involved in chlorophyll degradation (Hortensteiner et al.,
2000; Wiuthrich et al., 2000). The pathway of chlorophyll
degradation that occurs during plant senescence is similar
to the heme degradation pathway (Matile and Hoértensteiner,
1999). After dephytylation and magnesium removal, the
chlorophyll macrocycle ring is opened by a monooxygenase
that has yet to be cloned (Hortensteiner et al., 1998). This is
followed by a ferredoxin-dependent reduction of the bilin
product catalyzed by the RCCR (Hortensteiner et al., 2000;
Wiithrich et al., 2000). RCCRs are the most diverged mem-
bers of the ferredoxin-dependent bilin reductase family. In-
deed, these enzymes have markedly different substrate
specificities. It is notable that RCCRs catalyze a reduction
very similar to that mediated by the PebA family (i.e., a 15,16
double-bond reduction). The structural determinants that
are responsible for RCCR’s unique substrate specificity and
double-bond regiospecificity will be interesting to discover.
Presumably, chlorophyll catabolism would be important for
chlorophyll-containing prokaryotes; however, to date, RCCR
genes are not readily identifiable in the genomes of any pho-
tosynthetic prokaryotes. It is possible that RCCR genes
were lost, or alternately, that they evolved more recently
from an HY2-like gene in the chloroplast endosymbiont
progenitor, because they are found in cryptogams and plants
(Hortensteiner et al., 2000).

Mechanistic Implications
Ferredoxin-dependent bilin reductase catalyzes two- and

four-electron reductions of linear tetrapyrroles. Because
ferredoxin is a one-electron carrier, these enzymes are

mechanistically quite different from the NAD(P)H-dependent
BVR/BvrD family of BV reductases. Preliminary analyses to
date have failed to identify a metal or flavin cofactor in any of
the recombinant enzymes reported here, suggesting that elec-
trons are transferred directly to the bilin moiety, possibly via re-
duction of an amino acid residue within the enzyme. Although
this finding suggests the presence of bilin radical intermedi-
ates, additional experiments are needed to assess this hypoth-
esis. The oxygen sensitivity of RCCR supports the hypothesis
that bilin radicals, which react with molecular oxygen, are pro-
duced during RCC catalysis (Wthrich et al., 2000).

Examination of highly conserved residues in the entire
HY2 family and those within each of the five classes of bilin
reductases provides information regarding residues impor-
tant to the protein structure, ferredoxin interaction site, and
substrate/product specificity. In this regard, only a small
number of residues are conserved in the entire HY2 family of
enzymes. These include hydrophobic residues at positions
137, 157, 158, 256, and 314, Pro-151, Phe-221, Ser-222,
and Asp-171 (Figure 2). The notable lack of conserved basic
residues suggests that the propionyl moieties of the bilin
substrates do not form salt linkages with the enzymes. The
conserved hydrophobic residues proline and phenylalanine
are likely to be involved in overall protein structure (i.e., fold-
ing). Alternately, they may form hydrophobic interactions
with conserved regions of the various bilin substrates. The
loss-of-function hy2-1 and hy2-104 alleles of phytochromo-
bilin synthase from Arabidopsis support the critical role of
Pro-151 in HY2’s structure. The conserved serine and as-
partate residues likely play catalytic roles, such as hydrogen
bonding with the substrate and/or substrate protonation to
make the bound bilin a better electron acceptor.

Despite the wide divergence of the HY2 family, we believe
that these conserved residues indicate that the active sites of
all members of this class are similar. We speculate that the
distinct double-bond reduction specificities of the BV reduc-
tases (i.e., PcyA, PebA, HY2), the 15,16-DHBV reductases
(i.e., PebB), and the RCCR families reflect the positioning of
the respective substrates within the catalytic pocket. Be-
cause the A/B and C/D rings of BV are very similar but not
identical, it is conceivable that the substrate binding sites of
the PebA and HY2 enzymes are tailored to position BV in op-
posite orientations, favoring electron transfer to the bilin C/D
ring or A ring, respectively. If this is true, then the PebB class
might tether its 15,16-DHBV substrate in an orientation simi-
lar to that of the HY2 family, whereas RCC might be bound to
RCCR in a manner similar to that in which BV is bound to
PebA. Future studies will address the unique substrate/prod-
uct specificity using domain swapping, site-directed mutagen-
esis, synthetic biliverdin substrates, and x-ray crystallography.

Biotechnological Implications

The availability of genes for bilin reductases that mediate
the biosynthesis of P®B, PCB, and PEB provides us with



useful tools for numerous biotechnological applications. The
ability to engineer the biosynthesis of PEB in any BV-pro-
ducing organism is now feasible via the introduction of one
or two genes. In this way, phytofluors potentially can be pro-
duced in any ferredoxin-containing organism. Coexpression
of bilin reductase genes with apophytochromes should en-
able us to produce holophytochromes in bacteria and yeast.
This will facilitate not only three-dimensional structural anal-
ysis of phytochrome but also the reconstruction of phyto-
chrome signaling in a nonplant system in which we can exploit
the power of molecular genetic analyses. This approach has
proven invaluable for the structure—function analysis of the
steroid hormone receptor family. By introducing the pcyA
gene into wild-type and chromophore-deficient mutant
plants, we also should be able to change the wavelength
specificity of phytochrome, which may favorably alter plant
growth and development in the field environment. Introduc-
tion of the pebA and pebB genes into plants potentially will
shunt the conversion of BV to PEB, yielding photomorpho-
genetically challenged plants with fluorescent phyto-
chromes. This would be especially useful for the analysis of
the temporal and spatial patterns of phytochrome expres-
sion in plants.

METHODS

Reagents

All chemicals, including glutathione agarose, were purchased from
Sigma (St. Louis, MO) and were American Chemical Society grade or
better. Restriction enzymes and Taq polymerase were from Gibco
BRL (Cleveland, OH). HPLC-grade acetone and 80% formic acid
were purchased from Fisher Scientific (Pittsburgh, PA). The expres-
sion vector pGEX-6P-1 and PreScission protease were obtained
from Amersham Pharmacia Biotech (Piscataway, NJ). Centricon-10
concentrator devices were purchased from Amicon (Beverly, MA).

Bioinformatics

Protein and nucleic acid database searches were performed using
programs at publicly available World Wide Web sites. Preliminary
sequence data were obtained from the Department of Energy Joint
Genome Institute (http://spider.jgi-psf.org/JGI_microbial/html/). Mul-
tiple sequence alignments were performed using the programs
CLUSTAL W (Higgins et al., 1996), GENEDOC (http://www.psc.edu/
biomed/genedoc), and MEME (Bailey and Elkan, 1995) to guide hand
alignments. Phylogenetic analysis of the HY2-related family of pro-
teins based on the alignment shown in Figure 2 was conducted using
a heuristic parsimony search with a modified PAM250 weighting ma-
trix (Dayhoff et al., 1978) using the program PAUP* version 4.0
(Swofford, 1993). Because there are negative values in the PAM250
matrix, the most negative penalty was set equal to zero, and all other
values were increased correspondingly. Scores for transitions to and
from gaps were not defined in the original matrix; they were set equal
to the most costly transition (25) defined in the matrix. These modifi-
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cations were made by R.K. Kuzoff (personal communication). Char-
acters 1 to 65 and 323 to 368 in the alignment were excluded from
our analysis because they correspond to N- and C-terminal exten-
sions not common to all members of the HY2 family (i.e., plastid tran-
sit peptide found on HY2 and red chlorophyll catabolite reductase
[RCCR], C-terminal extension found only on HY2). For Hordeum vul-
gare RCCR, missing characters 65 to 116 were replaced with ques-
tion marks, which were weighted as zero. A rescaled consistency
index was used for character weighting.

Construction of Expression Vectors

HY2-related genes from Synechocystis sp PCC6803, Synechococ-
cus sp WH8020, and Anabaena sp PCC7120 were amplified from
chromosomal DNA via polymerase chain reaction using the following
primers, which contained the indicated and underlined restriction
sites: Synechocystis pcyA, BamHIfwd: 5'-AAGGATCCATGGCCGTCA-
CTGATTTAAG-3’, Sallrev: 5'-ACGCGTCGACTATTATTGGATAAC-
ATCAAATAAGAC-3'; Synechococcus pebA, EcoRlfwd: 5'-GGAATT-
CATCTTTGATTCATTTCTCAATG-3’, Notlrev: 5'-ATAGTTAGCGGC-
CGCTCATTTGTGAGAGGAGGAGGC-3'; Synechococcus pebB,
EcoRlfwd: 5'-GGAATTCATCACAAATCAAAGATTCAAAAGC-3’, Notlrev:
5'-ATAGTTAGCGGCCGCTTATAGATCAAAAAGCACAGTGTGG-3';
and Anabaena pcyA, EcoRlfwd: 5'-GGAATTCATCTCACTTACTTC-
CATTCCCTC-3’, Notlrev: 5'-ATAGTTAGCGGCCGCTTATTCTGG-
GAGATCAAATAAC-3'. The polymerase chain reaction products
were then cut with the indicated enzymes and inserted into similarly
restricted pGEX-6P-1. The integrity of the plasmid constructs was
verified by complete DNA sequence determination of the insert
(Davis Sequencing, Davis, CA). All of the constructs place the HY2-
related gene downstream of and in frame with the glutathione S-trans-
ferase (GST) gene of Schistosoma japonicum under the control of a
Ptac promoter. A recognition sequence for PreScission protease is
located upstream of the cloned gene. Proteolytic cleavage yields the
native protein with a small N-terminal extension. In all cases, the
original initiation methionine was changed to an isoleucine.

Expression and Purification

Expression and purification were performed according to instruc-
tions supplied by the manufacturer (Amersham Pharmacia Biotech)
and as described before (Kohchi et al., 2001). Between 1 and 10 mg
of purified protein was obtained per liter of bacterial culture.

Protein Determination

Protein concentration was determined by the Bradford method with
BSA as a standard (Bradford, 1976) or by measuring the absorbance
at 280 nm and using the calculated &4 , for each individual protein
(Gill and von Hippel, 1989).

Standard Bilin Reductase Activity Assay

Assays for bilin reductase activity were performed as described pre-
viously for P®B synthase (Kohchi et al., 2001) and are based on the
PhD dissertation work of Michael T. McDowell (M.T. McDowell and
J.C. Lagarias, manuscript submitted).
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Direct HPLC Analysis

Bilin reductase assay mixtures were loaded onto a Waters (Milford,
MA) C,g Sep-Pak Light preconditioned as follows: 3-mL wash with
acetonitrile to wet the Sep-Pak, 3-mL wash with MilliQ water, and
3-mL wash with 50 mM 4-methylmorpholine/glacial acetic acid, pH
7.7. After the sample was loaded onto the Sep-Pak, it was washed
with 3 mL of 4-methylmorpholine/glacial acetic acid, pH 7.7, fol-
lowed by 3 mL of 0.1% (v/v) trifluoroacetic acid. The bilin metabolites
were then eluted from the Sep-Pak with 2 mL of 100% acetonitrile.
The eluate was dried using a Speed-Vac lyophilizer (Savant Instru-
ments Inc., Farmingdale, NY), and the dried samples were analyzed
by HPLC. Samples were first dissolved in 10 uL of DMSO and then
diluted with 200 pL of the HPLC mobile phase (50:50 v/v acetone:20
mM formic acid). After the samples were dissolved, they were centri-
fuged briefly to collect the sample, passed through a 0.45-pum poly-
tetrafluoroethylene syringe filter, and chromatographed using a
Varian (Palo Alto, CA) 5000 liquid chromatograph. The HPLC column
used for all of the analyses was a Phenomenex (Torrance, CA) Ultra-
carb 5-pm ODS20 4.6 X 250-mm analytical column with a 4.6 X 30-
mm guard column of the same material. The mobile phase used with
this column was acetone:20 mM formic acid (50:50, v/v). The flow
rate was 0.8 mL/min. The eluate was monitored at 560 nm for the first
11.5 min and at 380 nm for the remaining time using a Varian UV100
flow-through absorbance detector. Peak areas were quantitated us-
ing a Hewlett-Packard (Palo Alto, CA) model 3365 Chemstation II.

Coupled Spectrophotometric and Spectrofluorometric Analysis

An aliquot of ~20 pg of crude recombinant Cph1 apoprotein (Yeh
and Lagarias, 1998) was added to 1 mL of bilin reductase assay mix-
ture under green safelight. Mixtures were incubated for 30 min at
room temperature to permit phytobilin binding. Phytochrome differ-
ence spectra were obtained as described previously (Terry and
Lagarias, 1991). A spectrofluorometric assay was used to detect the
formation of intensely fluorescent phycoerythrobilin (PEB) adducts of
Cph1 (Murphy and Lagarias, 1997). Emission spectra were obtained
with an excitation wavelength of 545 nm using an SLM Aminco Bow-
man AB2 spectrofluorometer (Spectronic Instruments Inc., Roches-
ter, NY).
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