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Biogenesis of Phycobiliproteins

Il. CpcS-1 AND CpcU COMPRISE THE HETERODIMERIC BILIN LYASE THAT ATTACHES
PHYCOCYANOBILIN TO CYS-82 OF 3-PHYCOCYANIN AND CYS-81 OF ALLOPHYCOCYANIN
SUBUNITS IN SYNECHOCOCCUS sp. PCC 7002
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The Synechococcus sp. PCC 7002 genome encodes three
genes, denoted cpcS-1, cpcl, cpcV, with sequence similarity to
cpeS. CpcS-1I copurified with Hise-tagged (HT) CpcU as a het-
erodimer, CpcSU. When CpcSU was assayed for bilin lyase
activity in vitro with phycocyanobilin (PCB) and apophycocya-
nin, the reaction product had an absorbance maximum of 622
nm and was highly fluorescent (A,,,,, = 643 nm). In control reac-
tions with PCB and apophycocyanin, the products had absorp-
tion maxima at 635 nm and very low fluorescence yields, indi-
cating they contained the more oxidized mesobiliverdin
(Arciero, D. M., Bryant, D. A., and Glazer, A. N. (1988) J. Biol.
Chem. 263, 18343-18349). Tryptic peptide mapping showed
that the CpcSU-dependent reaction product had one major
PCB-containing peptide that contained the PCB binding site
Cys-82. The CpcSU lyase was also tested with recombinant
apoHT-allophycocyanin (aporHT-AP) and PCB in vitro.
AporHT-AP formed an ApcA/ApcB heterodimer with an
apparent mass of ~27 kDa. When aporHT-AP was incubated
with PCB and CpcSU, the product had an absorbance maxi-
mum of 614 nm and a fluorescence emission maximum at 636
nm, the expected maxima for monomeric holo-AP. When no
enzyme or CpcS-I or CpcU was added alone, the products had
absorbance maxima between 645 and 647 nm and were not
fluorescent. When these reaction products were analyzed by
gel electrophoresis and zinc-enhanced fluorescence emis-
sion, only the reaction products from CpcSU had PCB
attached to both AP subunits. Therefore, CpcSU is the bilin
lyase-responsible for attachment of PCB to Cys-82 of CpcB
and Cys-81 of ApcA and ApcB.

Cyanobacteria are a morphologically and developmentally
diverse group of prokaryotes. Their light-harvesting com-
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plexes, phycobilisomes (PBS),* are very similar to those found
in red algal chloroplasts but are quite distinct from the chloro-
phyll-based, light-harvesting protein complexes of higher
plants (1-3). The PBS of the genetically amenable cyanobacte-
rium Synechococcus sp. PCC 7002 are ideal objects for detailed
characterization because they are among the simplest known
PBS in structure and composition. These PBS contain only 12
polypeptides and are principally composed of only two phyco-
biliproteins (PBP): allophycocyanin (AP) and phycocyanin (PC)
(3—12). Each of these major PBP is composed of two subunits, &
and (3, and each of these subunits carries at least one covalently
attached phycocyanobilin (PCB) chromophore (1-3). The
attachment of PCB to the polypeptide subunits occurs through
thioether bonds to specific cysteine residues (1-3).

For some PBP it has been demonstrated that lyase enzymes
are required for the attachment, isomerization, and detach-
ment of the bilin chromophores from the cysteine residues of
the PBP (13-21). For example, enzymes appear to be involved
in the attachment of PCB to each of the three Cys attachment
sites of PC. The products of two genes, cpcE and cpcF, which
occur downstream of the ¢pcBA structural genes that encode
the B and « subunits of PC, respectively, comprise a het-
erodimeric lyase that specifically attaches PCB to Cys-84 of
a-PC (CpcA) (13-17). The PecEF and CpeYZ lyases are similar
in sequence to CpcEF but are active on different substrate pro-
teins (18-21). A completely different family of genes, first
sequenced as part of an operon encoding PBS linker proteins
for phycoerythrin in Fremyella diplosiphon (22), is involved in
PCB attachment to the Cys-82 attachment site of 3-PC as well
as to Cys-153 of the same polypeptide (23). The Synechococcus
sp. PCC 7002 genome encodes four members of this second
lyase family (23-25). Three genes show highest sequence sim-
ilarity to cpeS and have been named cpcS-1, cpcl, and cpcV. One
gene is most similar to cpeT of F. diplosiphon and has been
named cpcT (23-25). CpcT specifically attaches PCB to Cys-
153 of B-PC in Synechococcus sp. PCC 7002 (24). In Nostoc sp.
PCC 7120 it was recently shown that the product of open read-
ing frame alr0617, which we shall refer to as CpcS-III based on
phylogenetic analyses (25), is another member of this lyase fam-

*The abbreviations used are: PBS, phycobilisome; AP, allophycocyanin; HPLC,
high performance liquid chromatography; HT, Hiss-tagged; MBV, meso-
biliverdin; Ni-NTA, nickel-nitrilotriacetic acid; PBP, phycobiliprotein; PC,
phycocyanin; PCB, phycocyanobilin; rHT-AP, recombinant Hiss-tagged-
ApcA/ApcB; rCpcBA, recombinant apoCpcB/CpcA; CpcSU, recombinant
CpcS-I/HT-CpcU.
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ily (26). Zhao et al. (26, 27) have shown that CpcS-III attaches
PCB to Cys-82 on 3-PC and B-phycoerythrocyanin as well as to
several AP subunits in Nostoc sp. PCC 7120.

The PBS core linker, also known as L, or ApcE, contains a
PBP-like domain at its N terminus that is related in sequence to
all other PBP but has the Cys residue for PCB attachment at a
structurally distinct position (5, 10, 28, 29). ApcE may not
require a lyase enzyme for bilin attachment. Zhao et al. (29)
have shown that PCB addition to ApcE can occur in the absence
of lyases in vitro, although it is currently not known if this also
occurs in vivo. Moreover, PCB addition to ApcA (a-AP) may
not require a lyase when the protein is synthesized in Esche-
richia coli cells that co-express apcA and the genes required to
synthesize PCB from heme (30). When purified HT-ApcA and
PCB were combined in vitro, PCB addition occurred, and the
resulting product was reported to have an absorption spectrum
that matched that of native holo-AP subunits (30). In some
studies in which no requirement for lyases was reported, deter-
gents or urea were added to modify the conformation of the
PBP, the bilin, or both (29, 31).

We have used a combination of reverse genetics and bio-
chemical methods to identify and characterize the PCB lyases
of Synechococcus sp. PCC 7002. In an accompanying manu-
script (25), we have presented strong evidence that null
mutants for cpcS-I and cpcl define a heterodimeric PCB lyase
that attaches PCB to Cys-82 of B-PC. The characterization of
these mutants also suggested that CpcS-I and CpcU are
required for PCB attachment to Cys-81 of the @ and 3 subunits
of AP (23, 25). In the studies presented here, the conclusions
from these reverse genetics analyses are validated in vitro, and
we show that CpcS-I and CpcU form a 1:1 heterodimer that
attaches PCB to Cys-82 of B-PC. Neither CpcS-I nor CpcU
alone is able to perform this lyase reaction. Additionally, we
show that these two proteins are also required for correct
attachment of PCB to the « and B subunits of AP in vitro.

EXPERIMENTAL PROCEDURES

Construction of Recombinant Expression Plasmids—The cpcS-1
gene was amplified by PCR from Synechococcus sp. PCC 7002
chromosomal DNA using primers 7002cpcS5 (5'-AATTTTTCC-
ATATGCAAAGCTTTGCGGATGCC-3") and 7002cpcS3 (5'-
TTGACTCGAGCAACACGGATATCTCTGTGGG-3'). The
PCR product was cloned into pAED4 T7 expression vector
using the restriction enzymes Ndel and Xhol (underlined in the
primer sequences). The cpcU gene was amplified by PCR from
Synechococcus sp. PCC 7002 chromosomal DNA using two
primers (7002cpcU5, 5'-GTAACTGTTCATATGGATATCA-
ATGCCTTTATCC-3'; 7002cpcU3, 5'-CTAAAAGCTTTCG-
TTAGTTACTGGCTTCAGCGG-3'). The PCR product was
cloned into pBS150v vector using Ndel and HindIII (underlined in
the primer sequences). The pBS150v vector includes a His, tag for
easy purification of the protein. The ¢pcV gene was amplified by
PCR using primers 7002cpcV5 (5'-GCTCTTCGCATATGAAT-
TTACTTGCGAC-3') and 7002cpcV3 (5'-TTTAAGCTTACT-
AAAGACGCGTTTCTAAATACTGCGC-3'). After PCR
amplification, the cpcV gene was cloned into vectors pAED4
and pBS150v using restriction enzymes Ndel and HindIII
(underlined in the primer sequences). The cpcB and cpcA genes
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were cloned into pAED4 as described (24). The apcA and apcB
genes were cloned in pET100 (24). The expression constructs
were sequenced at the W. M. Keck Conservation and Molecular
Genetics laboratory (University of New Orleans) to confirm
that no unwanted mutations had been introduced.

Protein Overexpression and Purification—Expression plas-
mids were transformed into E. coli BL21 DE3 cells, and colonies
were selected on Luria Bertani plates in the presence of ampi-
cillin (100 ug ml™') or spectinomycin (100 ug ml™*). For
expression of ¢pcS-1, cpcl, and cpcV, cells from a 50-ml starter
culture were added to 1 liter of Luria-Bertani medium with the
appropriate antibiotic and grown for 4 h. Cells harboring plas-
mids encoding cpcS-I or cpcV were grown at 30 °C, whereas
those encoding cpcll were grown at 37 °C. Production of pro-
teins was induced by the addition of 0.5 mm isopropyl -p-
thiogalactoside. Cells were incubated with shaking for another
4 h before cells were harvested by centrifugation, and pellets
were frozen at —20 °C until required. Purification of rCpcBA
and aporHT-AP was performed as described (24).

To purify CpcS-1, cells were resuspended in 50 mm Tris-HCI,
pH 8.0, and lysed by three passages through a chilled French
pressure cell at 138 megapascals. The lysed cell suspension was
centrifuged for 25 min at 17,000 X g to remove unbroken cells
and inclusion bodies. The supernatant was brought to 40% sat-
uration with ammonium sulfate and left at 4 °C overnight. After
centrifugation at 17,000 X g for 20 min, the pellet containing
the CpcS-I protein was resuspended in a small amount and
dialyzed exhaustively against the same buffer to remove the
ammonium sulfate. Aliquots (10 ml) of the CpcS-I (pI 4.79)
solution were loaded onto a DEAE column (Whatman DE-52:
2.5 X 12.5 cm) that had been equilibrated with 50 mm Tris-HCl,
pH 8.0, 1 mm NaNj (buffer 1; sodium azide was added to pre-
vent microbial growth during storage of the column/buffer) by
using the BioLogic LP system at room temperature (Bio-Rad).
The column was developed using the same procedure
described for CpcT (24). Fractions containing CpcS-I were
pooled and dialyzed against 50 mm Tris-HCI, pH 8.0. CpcS-I
was concentrated using an Amicon YM-10 concentrator and
stored in 2-ml aliquots at X20 °C until required. The CpcS-I
protein has a calculated molecular mass of 22,526.3 Da. Anti-
bodies were raised against the CpcS-I protein present in
inclusion bodies. Inclusion bodies were washed as described in
Fairchild et al. (15), and CpcS-I was purified by preparative
SDS-PAGE on a 15% (w/v) acrylamide gel. The band corre-
sponding to CpcS-I was excised and minced, and protein was
electroeluted from the gel slices using a procedure recom-
mended by Sigma Genosys, who generated rabbit polyclonal
antibodies to the protein.

Because CpcU is produced with an N-terminal Hisg tag, it
was purified by metal affinity chromatography using Ni-NTA
resin (Qiagen, Valencia, CA). E. coli cells containing HTCpcU
were resuspended in 20 mm Tris-HCI, pH 8.0, 50 mm NaCl, 50
mwm KCl (buffer 0) and lysed by three passages through a chilled
French pressure cell at 138 megapascals. After clarification of
the extract by centrifugation at 17,000 X g for 25 min, the
supernatant was added to 10 ml of Ni-NTA resin that had been
washed with buffer 0. The resin and the extracts were incubated
together for 15 min and then loaded into a column. The column
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was washed as described in Shen et al. (24), and HT-CpcU was
eluted from the Ni-NTA resin by the addition of 20 ml buffer C
(20 mm Tris-HCI, pH 8.0, 50 mm NaCl, 50 mm KCl, 200 mm
imidazole), dialyzed against Buffer 0, concentrated, and stored
in 2-ml aliquots at 20 °C until required. The HT-CpcU protein
has a calculated molecular mass 0of 23,471.71 Da. The HT-CpcV
protein was purified in the same manner and had a molecular
mass of 22,728.2 Da. CpcV (non-tagged; calculated molecular
mass of 19,851.3 Da) was not purified; whole cell extracts con-
taining CpcV were used in some enzyme assays.

Interaction Assays—A pulldown interaction assay was per-
formed to determine whether HT-CpcU and CpcS-I interacts
in vitro. An aliquot (50 pl) of E. coli whole-cell extract contain-
ing HT-CpcU was mixed with a whole-cell extract (50 ul) con-
taining CpcS-1, and the solution was incubated on ice for 15
min. The Ni-NTA resin (150 ul) was pelleted by centrifugation
at 3000 X g for 4 min. The supernatant was discarded, and 500
wl of buffer 0 was added. The resin was pelleted again under the
same conditions, and the supernatant was discarded. The pro-
tein solution was then added to the washed resin and incubated
for 30 min with gentle agitation. The mixture was then centri-
fuged for 5 min at 3000 X g. The supernatant was discarded, and
500 wl of buffer A1 was added, and the resin was pelleted by
centrifugation for 5 min at 3000 X g. The same procedure was
followed for buffer B and buffer A2 (as described in Shen et al.
(24)). The bound proteins were eluted by the addition of buffer
C (40 ul). An equal amount of 2X SDS-loading buffer was
added to the sample, which was boiled and loaded on a 15%
(w/v) acrylamide gel as described previously (24). For purifica-
tion of large amounts of the CpcSU complex, whole cell extracts
containing each subunit were incubated together on ice for 1 h,
and then the complexes were purified using metal affinity chro-
matography in the same way as described above for HT-CpcU.

In Vitro PcyA Reactions—A plasmid for the expression of
pcyA was kindly provided by Dr. J. C. Lagarias (32). This enzyme
was overproduced as a glutathione S-transferase fusion and
purified as described previously (32-34). PcyA reduces biliver-
din in two sequential 2-electron reductions using reduced
ferredoxin to produce PCB. rCpcBA (1 mg ml ') reactions
(total volume, 4 ml) were set up with one of the following addi-
tions; 200 pl of whole-cell extract from E. coli cells harboring
pAED4 as the negative control (24), 200 ul of CpcS-I (1 mg
ml™"), 600 ul of HT-CpcU (0.33 mg ml™ "), or 400 ul of co-
purified CpcSU (1 mg ml™"). The following were added to the
reaction mixture: 50 mm HEPES buffer, pH 7.3, 1 mm MgCl, 6.5
mM glucose-6-phosphate, 1.6 mm NADP ™, 1.1 units of glucose-
6-phosphate dehydrogenase ml™', 4.6 uM recombinant ferre-
doxin from Synechococcus sp. PCC 7002 (35) or spinach ferre-
doxin (Sigma), 0.025 units ml™' of spinach (Sigma) or
recombinant Synechococcus sp. PCC 7002 ferredoxin:NADP™
oxidoreductase (12, 35, 36), 10 uM bovine serum albumin, 5 um
biliverdin (Porphyrin Products, Logan, UT), and 10 um PcyA
(32-34). All reactions were incubated in a 30 °C water bath for
1 h in the dark. Another aliquot of biliverdin was added (for a
final concentration of 10 uMm), and the reactions were allowed to
continue for 1 h at 30 °C. The reaction solutions were clarified
by centrifugation at 14,000 X g for 10 min.
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For reactions containing aporHT-AP (in a 1.5 ml volume),
aporHT-AP (600 ul of 2.0 mg ml ™! solution) was added to one
of the following: 50 ul of pAED4 E. coli control extract, 50 ul of
CpcS-1 (1 mg ml™"), 150 ul of HT-CpcU (0.33 mg ml™ '), or
both CpcS-I and HT-CpcU (50 and 150 ul, respectively; i.e. not
copurified). These reactions contained the same concentra-
tions of buffers, PcyA, and other additions as specified above for
the rCpcBA reactions.

Fluorescence emission spectra were acquired with a
PerkinElmer Life Sciences fluorometer with the slits set at 10
nm (excitation and emission), and the excitation wavelength
was set to 590 nm. The absorbance spectra were measured
on a Lambda 35, dual-beam UV-visible spectrophotometer
(PerkinElmer Life Sciences). Zinc-enhanced bilin fluorescence
of proteins was performed after SDS-PAGE using the FX imag-
ing system to excite the bilin chromophores at 532 nm and a
555-nm long-pass filter (Bio-Rad) (24).

Tryptic Digestion of Phycocyanin—The products of the four
rCpcBA lyase reactions described above and holo-PC (100 ul of
a 4 mg ml~ ' solution), which had been purified as described
from Synechococcus sp. PCC 7002 (37), were purified by ion-
exchange chromatography on separate DEAE columns (1 X 3
cm) that had been equilibrated with 5 mm sodium phosphate,
pH 7.0. The colored products were eluted with 100 mm sodium
phosphate buffer, pH 7.0. The samples were exhaustively dia-
lyzed against 50 mm sodium phosphate buffer, pH 7.0, 1 mm
2-mercaptoethanol and then concentrated by ultrafiltration
over an Amicon YM10 membrane (Millipore, Billerica, MA).
The resulting samples were analyzed by SDS-PAGE. Concen-
trated reaction samples were diluted 1:4 and were titrated to pH
2.0 with 1 N HCL These solutions were incubated for 45 min in
the dark at room temperature to allow proteins to unfold. Tryp-
tic digestion was performed as described (38), and peptides
were purified for HPLC analysis as described (24). The peptide
samples were stored in the dark at —20 °C until required for
HPLC analysis.

High Performance Liquid Chromatography—Tryptic pep-
tides were separated on a C,4 reverse-phase HPLC column (5
pm X 10 mm X 250 mm; Waters Corp., Milford, MA) using a
Waters HPLC equipped with a 600E pump and a photodiode
array detector. The peptide separation was performed as
described (38) using 0.1 M phosphate buffer, pH 2.1, and 100%
acetonitrile. Bilin peptides were monitored at 600 nm. For size
exclusion chromatography, a Bio-Sil SEC250 column (Bio-Rad;
300 X 7.8 mm) equipped with a guard column of the same
material (80 X 7.8 mm) was used in conjunction with the
Waters HPLC pump and detector. The temperature for all runs
was 22 °C. The liquid phase was 50 mm sodium phosphate, pH
7.0, and was delivered at a rate of 0.8 ml min~'. Samples (200
wl) were injected onto the column that was equilibrated in the
phosphate buffer. A standard curve was established using
molecular weight standards from Bio-Rad (thyroglobulin, 670
kDa; bovine +y-globulin, 158 kDa; chicken ovalbumin, 44 kDa;
horse myoglobin, 17 kDa; vitamin B, ,, 1.35 kDa). Samples were
collected from various peaks, and the proteins present were
precipitated by the addition of an equal volume of 20% (w/v)
trichloroacetic acid before SDS-PAGE.
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SDS-PAGE and Immunoblotting—SDS-PAGE, immunoblot-
ting with rabbit antibodies against Synechococcus sp. PCC 7002
CpcS-1, and determination of zinc-enhanced fluorescence of
proteins were performed as previously described (24, 25).

RESULTS

Purification of CpcS-I, HT-CpclU, and HT-CpcV—The
genome of the unicellular marine cyanobacterium Synechococ-
cus sp. PCC 7002 encodes three paralogs, denoted cpcS-I, cpcl,
and cpcV;, of the cpeS gene of F. diplosiphon (22). In the accom-
panying paper (25), a reverse genetics approach provided
strong evidence that two of these genes, cpcS-I and cpcll,
encode the subunits of a heterodimeric PCB lyase specific for
the Cys-82 position of 3-PC and Cys-81 of the o and 8 subunits
of AP. To test directly whether these proteins are lyases, each
gene was amplified by PCR and cloned into expression vectors
as described under “Experimental Procedures.” The cpcU gene
was expressed as a fusion protein with a His, tag at its N termi-
nus, whereas the cpcS-I gene was expressed with no affinity tag.
The cpcV gene was expressed with and without a His, tag. After
induction with isopropyl 1-thio-B-p-galactopyranoside, the
recombinant proteins were readily detectable among the solu-
ble proteins of E. coli cell extracts as shown in supplemental Fig.
1 (the arrows indicate the polypeptides corresponding to each
protein). The apparent molecular masses on SDS-PAGE were
consistent with the calculated molecular masses and ranged
from 19 kDa (CpcV) to 23 kDa (HT-CpcU; see “Experimental
Procedures”). CpcS-1I, HT-CpcU, and HT-CpcV were purified
as described above.

Lyase Subunit Interactions—Some PCB lyases, such as CpcE/
CpcF and PecE/PecF (13-20), are heterodimers, and therefore,
it was important to learn whether CpcS-I and CpcU interact to
form a heterodimer. To determine whether these proteins can
form a stable complex, purified CpcS-I (Fig. 14, lane 2) and
purified HT-CpcU (Fig. 1A, lane 3) were mixed as described,
and HT-CpcU was affinity-purified using the Ni-NTA resinina
pulldown experiment. As shown in Fig. 14, lane 1, a protein
with the electrophoretic mobility of CpcS-I copurified with
HT-CpcU. To verify the identity of the protein that copurified
with HT-CpcU, an immunoblot was prepared from an identical
gel and probed with antibodies raised against CpcS-I. The anti-
bodies to CpcS-I did not cross-react with HT-CpcU (Fig. 1B,
lane 2) but recognized both purified CpcS-I (Fig. 1B, lane 1) and
CpcS-I that copurified with HT-CpcU in the pulldown experi-
ment (Fig. 1B, lane 3). When individual E. coli whole-cell
extracts containing CpcS-I and HT-CpcU were combined and
allowed to interact for 1 h on ice before purification by Ni-NTA
chromatography, CpcS-1 and HT-CpcU could be co-purified
and were present in an approximate 1:1 stoichiometry as judged
by Coomassie Blue staining after SDS-PAGE (Fig. 1C, lane I).
To determine the molecular weight of this complex, the copu-
rified, recombinant CpcS-I and HT-CpcU (CpcSU) complex
was subjected to size exclusion chromatography (Fig. 2). As
judged by SDS-PAGE, both CpcS-I and HT-CpcU were present
in all fractions (data not shown). The molecular weight of the
most abundant component was calculated to be 37,500, and the
latest eluting (~33 min peak) corresponded to single-subunit
monomers with molecular weights of ~20,000-25,000. The
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FIGURE 1. SDS-PAGE and immunoblot analysis of CpcS-l1 and HT-CpcU.
Panel A shows a Coomassie Blue-stained SDS-polyacrylamide gel that was
loaded with the products of the interaction between HT-CpcU and CpcS-I
after elution from metal chelation chromatography. Lane 1, purified HT-CpcU
and CpcS-I complex; lane 2, molecular mass standards (S) whose sizes are
givento the left;lane 3, purified CpcS-I; lane 4, purified HT-CpcU. Panel B shows
an immunoblot of another part of the gel shown in panel A that had been
probed with anti-CpcS-I antibodies. Lane 1 contained purified CpcS-I; lane 2
contains HT-CpcU; lane 3 contains the eluate from metal chelation chroma-
tography that contains both CpcS-l and HT-CpcU. Panel C shows the results
from SDS-PAGE analysis of the product of a large scale copurification of HT-
CpcU and CpcS-l complex. E. coli extracts containing the individual proteins
were combined as described, and CpcS-l was copurified with HT-CpcU with a
1:1 stoichiometry as shown in lane 1. Lane S shows molecular mass standards
whose masses are indicated at the left.

combined M, of HT-CpcU (23,475) and CpcS-1 (22,526) is
~46,000. Therefore, these results indicated that CpcS-I and
HT-CpcU form a 1:1 heterodimer. Unless stated otherwise, the
CpcSU heterodimer complex was used for all subsequent
experiments.

Bilin Addition Assays with ApoPC—As described under
“Experimental Procedures,” recombinant CpcB and CpcA
(rCpcBA) were co-purified from E. coli and used for PCB addi-
tion assays (with PcyA-generated PCB in situ) with CpcS-1, HT-
CpcU, CpcSU, or a control extract from E. coli cells harboring
an empty vector (no lyase). In Fig. 34, the absorption spectra of
these reaction products are shown. The absorption maximum
for the no-lyase control (PCB and rCpcBA only) was 635 nm.
This product likely represents covalently bound mesobiliverdin
(MBYV), a more oxidized bilin product that occurs when no
lyases are present (24, 38). PCB attachment reactions with
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CpcS-1 or the HT-CpcU produced reaction products with
absorption maxima at 631 nm, which is also probably MBV.
However, when the CpcSU heterodimer was present, the
absorption maximum of the rCpcBA product was 622 nm,
which is very similar to the maximum expected for PCB bound
at Cys-82 on B-PC (39). The same results were achieved when
purified PCB replaced PcyA-generated PCB in addition reac-
tions with rCpcBA (see supplemental Fig. 2). The fluorescence
emission spectra of these reaction products are shown in Fig.
3B. The product of the CpcSU reaction was extremely fluores-

0.5 1 T T 1 T

37.5 kDa
04 -

03 -

Absorbance

0 10 20 30 40 50
Time
FIGURE 2. Size exclusion chromatography of CpcSU. Approximately 200 ul
of CpcSU (~1 mg ml~") was injected onto the size exclusion column, and the
protein absorbance was monitored at 280 nm. The apparent molecular mass
of the complex, calculated after chromatography of molecular mass stand-
ards (see under “Experimental Procedures”), is shown above the major peak.
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cent and had an emission maximum at 643 nm, whereas the
control reaction had a small fluorescence yield with a maxi-
mum at ~660 nm. The products of reactions with CpcS-I or
HT-CpcU alone also had low fluorescence yields with maxima
near 650 nm. The PCB chromophore bound to Cys-82 of 3-PC
should be highly fluorescent at ~644—650 nm (39-41),
whereas MBV is much less fluorescent and has an emission
maximum at 660—668 nm (38). The absorbance and fluores-
cence emission spectra of the reaction product obtained from
CpcSU are both consistent with the presence of PCB at the
Cys-82 site on CpcB. However, because both apoCpcA (one
PCB addition site at Cys-84) and apoCpcB (two PCB addition
sites, Cys-82 and Cys-153) are present in the reaction mixture,
it was necessary to determine experimentally which site(s) car-
ried the PCB chromophore(s). An aliquot of each reaction was
separated by SDS-PAGE, and the zinc-enhanced fluorescence
of PCB-bound peptides (Fig. 44) was recorded; subsequently,
the gel was stained with Coomassie Blue (Fig. 4B). Fig. 4A shows
the bilin fluorescence of holo-PC purified from Synechococcus
sp. PCC 7002 (lane 1) and of the CpcSU-dependent, rCpcBA
reaction product (lane 2), showing only one fluorescent band
corresponding to B-PC. The bilin-linked CpcB subunit of this
reaction (Fig. 4B, lane 2) had an electrophoretic mobility that
was slightly faster than that of holo-B-PC. This finding is con-
sistent with the presence of a single PCB chromophore (588 Da)
rather than the two PCB chromophores of holo-B-PC (Fig. 4B,
lane 1).

Identification of the PCB Addition Site on [B-PC—Because
B-PC has two PCB chromophore binding sites, one at Cys-82
and one at Cys-153, tryptic mapping of the CpcSU-dependent,
rCpcBA reaction product was performed to identify which Cys
residue(s) carried PCB. The rCpcBA product of the CpcSU

—CpeBA
—.—--CpcBA + CpcS

810%

7108 B
—— -CpcBA + CpcU
—----CpeBA + CpcSU

§10° |- f: \.. )

T
643 nm
,P.'

510° |- : [ -
410% | f \ -

310° [ ! \ .

Fluorescence Emission

210°

110°

Wavelength (nm)

FIGURE 3. Absorbance and fluorescence emission spectra of in vitro bilin addition reactions with CpcS-l and HT-CpcU and rCpcBA. A, absorbance
spectra of reactions with rCpcBA alone (control, solid line) and rCpcBA with CpcS-I alone (dash dots), HT-CpcU alone (long dashes), or CpcS-l and HT-CpcU
copurified (long dash triple dot). The absorption maxima of some reaction products are indicated. B, fluorescence emission spectra of the same reactions with
excitation at 590 nm (10-nm slit widths). The fluorescence emission maximum for rCpcBA with CpcS-I/HT-CpcU was at 643 nm, whereas all products had

emission maxima between 650 and 660 nm.
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FIGURE 4. SDS-PAGE analysis of bilin addition reaction of rCpcBA prod-
ucts from CpcSU reactions. A, zinc-enhanced fluorescence of holo-PC puri-
fied from Synechococcus sp. PCC 7002 (lane 1) and the CpcSU-dependent
rCpcBA reaction product (/ane 2). The identity of each fluorescing polypep-
tide is indicated at the /eft. B, the same SDS-PAGE gel after staining with Coo-
massie Blue. The masses of molecular mass standards (S) are indicated to the
right in kDa. The same gel was used in both panels, but a different procedure
and instrument, each using a different magnification, was used to acquire the
two images.

addition reaction and the purified holo-PC from Synechococcus
sp. PCC 7002 were digested with trypsin. The products of the
tryptic digestions were analyzed by HPLC chromatography on
a C, reverse-phase column. The elution profile of the bilin
peptides (recorded at 600 nm) is shown in Fig. 5. The top chro-
matogram shows the elution profile of tryptic digestion of
holo-PC. There are three main peaks in the profile, which corre-
spond to the chromopeptides containing the a-Cys-84, B-Cys-82,
and 3-Cys-153 residues, at which PCB is covalently bound in holo-
PC. The peptide containing a-Cys-84 eluted first at 20.1 min and
was followed by the B-Cys-82 peptide at 23.1 min and the
B-Cys-153 peptide at 30.1 min. This elution order of the pep-
tides is consistent with the previously reported results from
Arciero et al. (38). It is also consistent with the calculated
masses of the tryptic peptides, which are: a-Cys-84 = 1251 Da,
B-Cys-82 = 1323 Da, and B-Cys-153 = 4075 Da (24). The lower
chromatogram shows the elution profile for the tryptic peptides
from rCpcBA that had been incubated with PCB and CpcSU.
Only one PCB-containing tryptic peptide, with a retention time
of 23.0 min, was observed. This retention time identifies this
peptide as the one that includes the 3-Cys-82 binding site. This
result consequently demonstrates that CpcSU is a bilin lyase
that specifically attaches PCB to Cys-82 of the B-PC subunit.
Bilin Addition to ApoAP—We next tested whether CpcS-1,
CpcU, or CpcSU was involved in bilin attachment to the « and
B subunits of AP (aporHT-AP). We presumed that aporHT-AP
would purify as an (af3) heterodimer (i.e. the “monomer”). To
test this assumption experimentally, size-exclusion chroma-
tography of aporHT-AP was performed, and the majority of the
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FIGURE 5. Reverse-phase HPLC separation of tryptic peptides with bound
bilins. The top chromatogram shows the elution pattern of tryptic peptides
containing bilins (as determined by absorbance at 600 nm) derived from wild-
type Synechococcus sp. PCC 7002 PC. Arrows identify the three bilin-contain-
ing peptides by the cysteinyl residue that carries the PCB chromophore. The
bottom chromatogram shows the retention times for the PCB peptides
derived from CpcSU-dependent rCpcBA product. Only one PCB-linked pep-
tide, with a retention time at 23.0 min and corresponding to the Cys-82 site of
B-PC, is observed.

protein eluted as a complex with a M, of ~27,000, which sug-
gested that the recombinant protein was forming an af3 pro-
tomer (monomer; the calculated M, is 38,600) (supplemental
Fig. 3). When both CpcS-I and HT-CpcU are present in the
PCB addition reaction, the absorbance maximum of the prod-
uct was 614 nm, which is consistent with that expected for
holo-monomeric AP (Fig. 6A4) (42). When CpcS-I, CpcU, or
only aporHT-AP (control) was incubated with PCB, the absorb-
ance maximum was 645—647 nm. However, only the CpcSU-
dependent rHT-AP reaction product was fluorescent and had
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FIGURE 6. Absorbance and fluorescence emission spectra of in vitro bilin addition reactions with aporHT-AP (HT-ApcA/ApcB). A, absorbance spectra of
the control reaction (solid line), the reaction containing CpcS-I (medium dashes), HT-CpcU (short dashes), or both CpcSU (long dash triple dots). B, shows the room
temperature, fluorescence emission spectra of the same reactions upon excitation at 590 nm with 10-nm slit widths. The maxima for some absorbance or

fluorescence emission of some of the products are indicated.

the expected emission maximum at 636 nm. The other reaction
products, including the negative control, were nearly non-flu-
orescent and had only very low fluorescence emission at 650
nm, consistent with the presence of MBV. Native holo-AP is
isolated as a trimer (a;f3;), and in this form, its absorbance is
red-shifted to 650 nm (1-3). The holo-monomeric AP has an
absorption spectrum that is more similar to that of the individ-
ual « or B subunits, which have absorption maxima near 614
nm (43). Therefore, it was important to determine whether
bilin addition had taken place on both subunits or on only one
of the two subunits.

Aliquots of each reaction were analyzed by SDS-PAGE, and
proteins were tested for the presence of bilins using zinc-en-
hanced fluorescence (Fig. 7B). After recording the fluorescence
emission, the gel was stained with Coomassie Blue (Fig. 74). A
bilin was attached to ApcB but not to HT-ApcA in the products
from the control reaction with PCB and no enzyme (Fig. 74,
lane I). The addition product to ApcB in the absence of an
added enzyme is not the same as native AP, however, as evi-
denced by the absorbance and fluorescence emission spectra of
this control reaction (Fig. 6, A and B). The ApcB product of this
non-enzymatic attachment could either be MBV or PCB, which
is not rigidly held in a stretched conformation. To determine
which was the case, the products from a control reaction were
dissolved in 8 M urea, pH 2 (see supplemental Fig. 4). The spec-
trum of the protonated bilin in the absence of any protein inter-
actions was identical to that of PCB, which has absorption max-
ima at 359 and 664 nm under these conditions. MBV would
have produced absorption maxima in the visible that were
shifted 20 nm further to the red relative to PCB (31, 38, 44).
Therefore, PCB can bind to ApcB in the absence of any lyase,
but the resulting PCB product was not bound in a stretched
conformation and did not have the absorption properties
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FIGURE 7. SDS-PAGE of products after in vitro bilin addition reactions.
A, analysis of PCB addition to aporHT-AP (HT-ApcA/ApcB) by SDS-PAGE and
Coomassie Blue staining. B, the same gel showing the zinc-enhanced fluores-
cence of PCB attached to the proteins in lanes 1-4. The legend at the top
identifies which lyase subunit(s) was present in the samples using the +/—
system.The HT-ApcA and ApcB proteins are identified at the left, and the sizes
of molecular mass markers (lane S) are indicated in kDa at the right.

expected for native ApcB. Only when both CpcS-I and
HTCpcU (Fig. 7B, lane 4), were present was there significant
PCB addition to both AP subunits. The absorbance spectrum of
this CpcSU-dependent rHT-AP product had a slight shoulder
at 650 nm (Fig. 6A4), which is probably attributable to the for-
mation of some trimeric AP, which as noted above has an
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absorption maximum at 650 nm and a fluorescence emission
maximum at ~663 nm. The fluorescence emission spectrum of
this reaction product was rather broad and had significant
emission beyond 650 nm. Given the markedly different proper-
ties of the addition product for CpcSU, we conclude that CpcSU
is also responsible for attachment of PCB to Cys-81 on both AP
subunits in vitro.

Bilin Addition Assays with CpcV—CpcV exhibited very little
activity when proteins in whole-cell extracts of E. coli were
added to rCpcBA and PCB to assay for PCB lyase activity. When
CpcV was added alone or in combination with CpcS-I or CpcU
(supplemental Fig. 5), a small amount of fluorescence from
rCpcBA was often detected from such PCB addition assays.
However, when compared with the activity obtained with
CpcSU, the amount of this activity was consistently very low
(supplemental Fig. 5). When CpcV alone or CpcV together with
CpcS-1 or CpcU from whole-cell extracts of E. coli were added
to rCpcBA and PCB, the resulting products had absorption
maxima near 600 nm and fluorescence emission maxima near
620 nm (supplemental Fig. 5). Because strains with null muta-
tions in cpcV had no phenotype unless this mutation was com-
bined with mutations in ¢pcS-I and cpcll (25), CpcV does not
play a major role in PCB attachment to PBP.

DISCUSSION

The results presented here clearly show that both CpcS-Iand
CpcU are required to attach PCB to Cys-82 on 3-PC, Cys-81 on
a-AP, and probably to Cys-81 on -AP. The CpcS-I and CpcU
orthologs from Synechocystis sp. PCC 6803 are similarly
required for PCB addition to 8-PC (45). CpcS-I and HT-CpcU
copurified as a stable heterodimer. Therefore, some cyanobac-
teria require a heterodimeric lyase for PCB attachment to the
Cys-82 position on B-PC and both AP subunits. This result
differs from those obtained by Zhao et al. (26, 27), who recently
showed that only the product of open reading frame alr0617,
denoted CpeS by these authors, of Nostoc sp. PCC 7120 is
required for PCB addition to Cys-82 of 3-PC and B-phyco-
erythrocyanin. It is presently unclear why two lyase subunits are
required for some cyanobacteria but not for others. One obvi-
ous possibility is that the Alr0617 lyase is a homodimer,
whereas a gene duplication event has occurred in some cya-
nobacteria, including Synechococcus sp. PCC 7002 and Syn-
echocystis sp. PCC 6803. Phylogenetic analyses (see Fig. 1 of Ref.
25) show that Alr0617 belongs to a phylogenetically distinct
subgroup of the CpcS family, which we have named CpcS-III.
Whether organisms with CpcS-III arose by the loss of CpcU or
organisms with CpcS-I gained CpcU by a gene duplication
event, is presently unclear.

The in vitro biochemical results presented here are com-
pletely consistent with in vivo results obtained from the analysis
of cpcS-1, ¢pcll, and cpcS-I and cpcl mutants (25). These
mutants had severely reduced levels of PBP, and some of the PC
that these mutants accumulated were missing the PCB at
Cys-82 of B-PC. We also observed that when PBS were sub-
jected to mass spectrometry, some of the PC present had the
mass expected for wild-type B-PC, whereas some of the 3-PC
had a mass consistent with one missing PCB, and a compound
with the mass of free PCB was observed at 587.5 Da (25). Our
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interpretation of these results is that, in the absence of CpcS-I
or CpcU, PCB can associate with 8-PC in the Cys-82 binding
pocket non-covalently, and it slowly becomes covalently bound
to Cys-82. However, only that fraction of the protein in which
the chromophore has the requisite R stereochemistry at C-3" of
the PCB is likely to be stably incorporated into PBS and avoid
degradation.

Our results also show that a lyase is required for bilin addi-
tion to AP subunits. While the results described here were
being prepared for publication, Zhao et al. (27) also reported
that CpcS-III (Alr0617) attaches PCB to AP subunits in Nostoc
sp. PCC 7120. Although we observed that some bilin addition
took place on ApcB in the absence of enzymes, this product did
not have the expected absorbance of holo-B-AP, probably
because the attached bilin assumed a cyclic conformation
rather than its normal stretched conformation (46 —49). One of
us (W. M. S.) had previously observed that bilin addition can
take place to recombinant Nostoc sp. PCC 7120 apoAP subunits
in vitro without enzymes. However, like the results shown in
this paper, these products had red-shifted absorbance maxima
when compared with native, holo-AP subunits; the products
were not highly fluorescent like the native, holo-AP subunits,
and when denatured, the spectra of these products were con-
sistent with those for bound PCB.® Similar results were also
observed for PCB addition to CpcA in vitro. When the deter-
gent Triton X-100 was added, the product in the absence of
enzymes was PCB and not MBV, but its absorbance properties
were altered, presumably due to the chromophore conforma-
tion and interaction (or lack of interaction) with CpcA (31).
Recently, Hu et al. (30) showed that bilin addition to ApcA
could take place without enzymes either in vitro or in E. coli
cells. The ApcA product they obtained appeared to be similar to
native, holo-ApcA.

The strongest evidence supporting the necessity of enzymes
for PCB addition to AP subunits comes from the analysis of
cpcS-1 cpel, cpcS-1 cpcl cpcV, and cpcS-1 cpcl cpcT mutants
(25). ApcB levels in these three mutants, as quantitated from
immunoblots, were 27, 13, and 7% of ApcB levels in wild-type
cells, respectively. In contrast, a cpcBAC mutant had =68% of
wild-type ApcB levels (25). If these lyase subunits were only
required for the addition of PCB to Cys-82 on B-PC, then one
would expect little or no effect on the AP content of cells.
Clearly, there is a major defect in AP biogenesis in the CpcS-1
and cpcU mutants, suggesting that lyases are normally required
for PCB addition to the AP subunits ix vivo.

Similar to the results of Zhao et al. (26, 27) for CpcS-111, we
found no evidence that CpcS-I and CpcU could perform PCB
transfer reactions from PC to aporHT-AP (see supplemental
Fig. 6). Therefore, this class of lyases appears to differ from the
CpcE/CpcF (13-17, 51, 52) and PecE/PecF (18 -20) class of
lyases, which might have a role in the repair of damaged PBP
and in the removal of bilins during PBP degradation as well as
their role in biogenesis. The 8-82 chromophore has the impor-
tant role of acting as the acceptor/fluorescing PCB within a
trimer of PC (1, 50). If this 3-82 PCB becomes damaged, there

5 P.Fung, W. M. Schluchter, and A. N. Glazer, unpublished results.
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would be serious consequences to energy transfer. This chro-
mophore is buried more deeply within the trimer interior and,
therefore, might be less accessible for removal or replacement
than the Cys-84 PCB of the a-PC. This could be one reason why
the CpcSU lyase apparently is not involved in bilin repair or
replacement and, thus, why it might never have evolved the
capacity for the transferase reaction.

We have been unable to determine a function for CpcV to
date. No obvious PCB attachment reaction could be demon-
strated, and CpcV does not appear to play an important role in
PBP degradation/turnover, since there was no difference in PBP
degradation for the cpcV mutant and the wild type under nutrient
starvation conditions.® Interestingly, Synechocystis sp. PCC 6803
does not have a cpcV ortholog, and this gene is only found in some
of the cyanobacterial genomes sequenced thus far (25). Because
CpcV apparently does not play a critical role in PBP biogenesis or
turnover, it is possible that this divergent, lyase-like protein is
involved in PCB attachment to a protein other than a PBP.

In conclusion, we have shown here that CpcS-I and CpcU
form a heterodimeric lyase that attaches PCB to Cys-82 on
B-PC and to Cys-81 of the « and B subunits of AP. Together
with the previously described CpcE/CpcF heterodimeric PCB
lyases for Cys-84 on «-PC (13-17) and CpcT for Cys-153 of
B-PC (24) it appears that all of the lyases required for PBP bio-
genesis in Synechococcus sp. PCC 7002 have been identified.
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