7092 Biochemistry2006,45, 7092-7099

Biosynthesis of Fluorescent AllophycocyanirSubunits by Autocatalytic Bilin
Attachment

I-Chen Hu# Tian-Ren Le€, Hui-Fen Lin} Chuang-Chun Chiuehand Ping-Chiang Lyu*

Department of Life Sciences and Institute of Bioinformatics and Structural Biology, National Tsing Hugrdihyi
Hsinchu, Taiwan, and Far East Bio-Tec Company, Ltd., Taipei, Taiwan

Receied October 10, 2005; Resed Manuscript Receed April 11, 2006

ABSTRACT: Allophycocyanin (APC) is one of the phycobiliproteins expressed in cyanobacteria. Phyco-
biliproteins contain a covalently bound chromophore, and thus, they are valuable as fluorescent probes.
Biosynthesis of a functional phycobiliprotein is achieved by a bilin attachment process between the
chromophore and apoprotein. Chromophore lyases are necessary to catalyze the chromophorylation of
cyanobacterial phycobiliproteins, such as C-phycocyanin, and phycoerythrocyanin. To identify the lyase
that catalyzes the chromophorylation of the ARGubunit (ApcA), we searched the entire genomes of

two cyanobacterigGynechocystisp. PCC6803 andnabaenasp. PCC 7120; however, these genomes do

not appear to encode an APC-specific chromophore lyase. In this study, chromophorylated ApcA (chromo-
ApcA) was obtained via a spontaneous bilin attachment reaction. The absorption and fluorescence
characteristics of chromo-ApcA were similar to those of the native ARSubunit. The extent of
chromophore attachment to apo-ApcA was comparable to that of the lyase-catalyzed reactions for other
phycobiliproteins. These results indicate that ApcA has autocatalytic bilin:biliprotein lyase activity.

Phycobilisomes are unique photosynthetic light-harvesting the cpc and pecoperons, respectively. The entire genomes
complexes found in cyanobacteria and red alda€bj. The of two cyanobacteriaSynechocystisp. PCC680320) and
main components of these complexes are phycobiliproteinsAnabaenasp. PCC 7120 31), have been sequenced;
(1, 4), which are covalently attached with tetrapyrrol chro- however, on the basis of the Gene Category List of
mophores (bilin), giving them distinct absorption and emis- Synechocystisp. PCC6803 andnabaenasp. PCC7102 in
sion spectra in the visible rangé, (7). Allophycocyanin the CyanoBase database, there is no lyase shown to catalyze
(APC)! C-phycocyanin (CPC), and phycoerythrocyanin the chromophorylation of APC. BLAST was used to perform
(PEC) are the three most common phycobiliproteins in a survey of different databases at NCBI, but no additional
cyanobacteria, and each contains the covalently attachedsequence which was similar tpcE cpcF, pecE or pecF
chromophore, phycocyanobilin (PCB])( Ferredoxin-de-  and might be the chromophore lyase of APC was found.
pendent heme oxygenase (HO1) and phycocyanobilin: oy anahacterial phytochrome®2-25) and the core
ferredoxm omdoreduc_tase (PcyA) are two key enzymes membrane linker (km) (2, 3) constitute other examples of
involved in the synthetlc process frqm cellular heme to PC.B proteins having covalently attached chromophores. Each
.(8)' P.CB reacts W't.h a cysteine re5|du§ of the. ap_ophycqbﬂ- phytochrome has a chromophore lyase domain in its N-
:cgrrogﬁ'eng?o?rmhig'sogmirnzggg;i?n?]tt'sbriﬁafgggg'f(rlel?u'red terminal region, and thus, these proteins can autocatalyze

The attac%ment of chromophorrc)asyto aprt))biliproteiné has the incorppration of chrompphoregﬁ(—_ZS). Leu a_lso s a
been studied extensively over the past 20 yearslQ). The PCB-bearing chromoprptem, and it is respon5|ble_ for the

' attachment of phycobilisomes to the photosynthetic mem-

attachment of PCB to cysteines of the Cle&ubunit is brane. As reported recentl2®), the reaction betweendy
catalyzed by a specific lyase, CREGsubunit PCB lyase and PCB results from the autocatalytic activity @il Thus,

(CpcE/CpcF) 14, 15). In addition, the PECa-subunit ; .
: S the other possible mechanism of chromophore attachment
phycoviolobilin (PVB) lyase (PecE/PecF) catalyzes the to apo-APC may be through autocatalysis.

attachment of PCB to the PE&Gsubunit and isomerizes PCB
to PVB (16—19). Genes encoding the chromophore lyases Here we report the biosynthesis of the ARGsubunit
of CPC @pcgcch) and PEC pecﬂpece are located in (ApCA) and the attachment of PCB to the apo-ApcA. Native
APC is a trimeric protein, consisting of thre®d) monomers
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B-007-001-CC3 and NSC-94-2752-B-007-003-PAE from the National PCB moiety 81, 32). The sequences of APC and CPC are
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Table 1: Cloning Materials

constructed restriction expression
vector gene primers enzymes vector antibiotic
pHPduet hol 5-TCATGAGTG TCAACTTAGCTTCC-3 BsgHI andEcoRlI pACYCDuet 34 ug/mL chlorophenicol
and B-GAATTC CTAGCC TTC GGA GG-3 (Novagene)
pcyA 5-CAT ATG GCC GTC ACT GAT TTAAGT TTG ACC-3  Ndd andXhd pACYCDuet 34 ug/mL chlorophenicol
and 3-CTC GAG TTA TTG GAT AAC ATC AAATAA (Novagene)
GAC TTG GC-3
pEFduet cpcE 5-CAT ATG AGT GAA CCT AAC CTC AAC CCC G-3 Ndd andBarmH| pET23b 100ug/mL ampicillin
and 3-TTA GAG TAA ACT ATC CAT TAATTC C-3' (Novagene)
cpckF 5-AGG AGG GCT AAC ATATGG AGG GTA ATA GCG-3 Sal andXhd pET23b 100ug/mL ampicillin
and 3-CTA GAT TGG GCC GAT GTT TTC CAG G-3 (Novagene)
pSAa apcA 5'-GGA TCC GAT GAG TAT CGT TAC CAAATC C-3 BanHlandSal pETDuet 100ug/mL ampicillin
and 3-GTC GAC TGA CAT TGC ACC AAT TAG G-3 (Novagene)

unit. Interestingly, the presence or absence of CpcE/CpcFinto Escherichia col(E. coli) strain BL21(DE3) (Novagene)
during the synthesis of chromo-ApcA yielded the same for protein overexpression. A single colony of transformed
chromoprotein adduct, suggesting that CpcE/CpcF is not aBL21(DE3) was cultured in 20 mL of LB medium with
chromophore lyase for APC and that APC is chromopho- antibiotics (Table 1) at 37C overnight. The bacterial culture
rylated via an autocatalytic mechanism. We also demonstratewas transferred into 400 mL of LB containing antibiotics
an in vitro attachment reaction between pure apo-ApcA and and incubated with shaking at 3C. After the absorbance
PCB, confirming the autocatalytic mechanism for ApcA at 600 nm reached 0.6, the cultures were induced with 0.5
chromophorylation. The extent of attachment of PCB to apo- mM isopropyl 1-thiog-p-galactopyranoside (IPTG) at 3C
ApcA was comparable to that of the lyase-catalyzed reactionsfor 4 h. The cultures were subsequently harvested by
of other phycobiliproteinsi(5). These results reveal that our centrifugation (100§ for 30 min at 4°C). Cell pellets were
experimental conditions allowed the covalent assembly of resuspended in 20 mL of buffer A [50 mM sodium phosphate
PCB and apo-ApcA, suggesting that ApcA is an autocatalytic and 150 mM NacCl (pH 7.4)]. After sonication, the cell debris

bilin:biliprotein lyase. was removed by centrifugation (17@pfor 30 min at 4°C).
Cell lysate containing Histagged proteins were loaded
MATERIALS AND METHODS into an open column containing 4 mL of TALON metal

Construction of Plasmid&.he Synechocystisp. PCC6803 af_finity resins (BD Biosciences). The resins were washed
hol, pcyA(8, 33, 34), cpcE andcpcFgenes and thSpirulina with 5 cpl_umn volume.s (_aach of buffer A, buffer B (buffer
sp.apcAgene were amplified by PCR using specific primers A containing 10 mM imidazole), and buffer C (buffer A
(Table 1) and Tag DNA polymerase. The chromosomal DNA containing 25 mM imidazole). Hisagged proteins were
of SynechocystiandSpirulinawas isolated according to the ~ €luted from the resin with 2 column volumes of buffer D
method of Wu et al. 35). All the PCRs were run for 30 (buf_fer A Contalnlng 100 mM imidazole) and then_d|alyzed
cycles (95°C for 60 s, 55°C for 60 s, and 72C for 60 s) against 50 mM sodium phosphate (pH 7.0). Protein concen-
and with an additional incubation at 7€ for 10 min. The trations were determined with a Bio-Rad protein assay kit
PCR products were then digested with the appropriate (Bio-Rad Laboratories), after serial dilutions of the pure
restriction enzymes (Table 1) and purified with a PCR Clean Protein.
up kit (Qiagen). Preparation of Chromo-ApcAthe equal amounts of apo-

To generate the pHPduet plasmid, a PCR-amplified DNA ApPCA and CpcE/CpcF in the cell lysate were estimated by
fragment containing theol gene was cloned between the SDS-PAGE. To determine the concentration of PCB in
BspHI and EcaRl sites of the first multicloning site (MCS)  lysates, lysate was 10-fold diluted with methanol containing
of pACYCDuet (Novagene)_ Another DNA fragment con- 5% HCI. The concentration of PCB was then quantiﬁed by

taining thepcyAgene was cloned between tNdd and Xhd absorption using an excitation coefficient of 37.9 miMm?
sites of the second MCS of pACYCDuet. ThpcE DNA at 690 nm 86).
fragment was cloned between tNeld and BanH]| sites of Culture lysates [in 50 mM sodium phosphate (pH 7.0)]

vector pET23b (Novagene) to generate the pEmono plasmid.containing an equal molar quantity of apo-ApcA and PCB
Sequentially, the DNA fragment @pcFwas cloned between  were mixed and incubated in the dark h at 20°C. To
the Sal and Xhd sites of the pEmono plasmid to produce examine whether CpcE/CpcF is necessary for the PCB
the bicistronic plasmid, pEFduet. To facilitate the expression attachment reaction, cell lysates froi coli bearing the
and purification of Hig-tagged ApcA, the expression vector pPEFDuet plasmid were added to the reaction mixture, and
was constructed. The DNA fragment apcAwas cloned then the experiment was performed under the same condi-
between theBanH| and Sal sites of vector pETDuet tions. For spectral measurements, the PCB adduct was then
(Novagene) to generate the pSAa plasmid. Two ApcA purified using TALON metal affinity resins as described
mutations, A-C81A and A-C81S, were constructed with the above and dialyzed against 50 mM sodium phosphate (pH
QuikChange site-directed mutagenesis kit (Stratagene), re-7.0).
spectively. All of the constructed plasmids were sequenced Purification of PCB.To obtain pure PCB fronk. coli,
to check for the validity of gene sequences. plasmid pHPduet was employed for production $¥n-
Overexpression and Purification of Proteinhe expres- echocystisiO1 and PcyA, after IPTG induction as described
sion vectors described above were individually transformed previously. PCB was then derived from cellular heme by
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HO1 and PcyA 8) under this culture condition. The cell

pellet was harvested and resuspended with 100% acetone’

and PCB was released from the cells. Cell debris was
removed by centrifugation (170§®@or 30 min at 4°C), and
organic solvent was removed by a spin vacuum. The dry
PCB product was dissolved in 100% methanol and stored at
—80°C. The concentration of PCB (in methanol containing
5% HCI) was quantified by absorption using an excitation
coefficient of 37.9 mM?! cm™t at 690 nm 86).

Electrophoresis and 2n—UV Fluorography.PCB co-
valently modified proteins were detected by 2ZrUV
fluorography 87). Two micrograms of proteins was loaded
and separated by 12% sodium dodecyl sulfatelyacryla-
mide gel electrophoresis (SB®AGE) according to Ber-
kelman et al. 87) with modifications. The final concentration
of 1 mM zinc chloride was added to both gels and running
buffers. After electrophoresis, the chromophorylated protein
bands on gels were visualized by UV fluorography before
they were stained with Coomassie blue.

Spectral AnalysisThe circular dichroism (CD) spectra of
chromophorylated ApcA were obtained using an AVIV 202
spectropolarimeter. A 1@M protein sample [in 20 mM
sodium phosphate buffer (pH 7.0)] was scanned from 260
to 195 nm at 25°C. Thermal unfolding was monitored at
222 nm over a range of temperatures{B6 °C).

UV —vis absorbance spectra were recorded with a Hitachi
U-3010 spectrophotometer ugia 1 cmpath length cuvette
with protein concentrations of 2M [in 50 mM sodium
phosphate buffer (pH 7.0)]. All spectra were obtained at 25
°C, using a bandwidth of 2 nm, and a scan speed of 600
nm/min.

Emission spectra were monitored from 600 to 700 nm with
excitation at 600 nm using a Perkin-Elmer LS 55 lumines-
cence spectrometer at 26. Each protein sample concentra-
tion was 3uM [in 50 mM sodium phosphate buffer (pH 7.0)].
Both excitation and emission slit widths were set at 5 nm,
and a scan speed was 100 nm/min.

The masses of purified proteins and PCB were determined
using a Micromass Quattro Ultima electrospray ionization
mass spectrometer (ESI-MS). The samples were desalte
with ZipTips according to the instructions of the manufac-
turer (Millipore) and finally prepared in 75% acetonitrile
(ACN) with 0.1% trifluoroacetic acid (TFA). Samples were
flow injected (~10 pmolkL, 5 uL) into the source of the
mass spectrometer at a rate of20min utilizing a carrier
solvent of HO and ACN (1:1, v/v). Data were acquired over
a wide scan mass range ofz ~500-1500 with a cone
voltage of 60 V and a capillary voltage of 2.5 kV. Output
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Ficure 1: (A) IPTG-induced cell pellet and (B) purified PCB and
protein samples.

RESULTS

Protein Expressionlo investigate the biosynthetic process
of APC, we usecE. colito produce cyanobacterial proteins,
including the enzymes (HO1 and PcyA) that produce the
chromophore PCB as well as the chromophore lyases for
the CPCo-subunit (CpcE/CpcF) and the AP&-subunit
apoprotein (apo-ApcA). To obtain the soluble proteins, we
optimized the culture conditions, extraction, and purification
processes. The solubility of the proteins and stability of PCB
were increased by (a) reducing the concentration of IPTG
from 2 to 0.5 mM, (b) lowering the incubation temperature

om 37 to 30 °C during protein expression, and (c)

r
(Larvesting the culture withi4 h ofinduction by IPTG. PCB

is derived from heme by ferredoxin-dependent heme oxy-
genase (HO1) and phycocyanobilin:ferredoxin oxidoreduc-
tase (PcyA)8). TheE. colicells containing plasmid pHPduet
turned deep blue-green afta 4 hinduction with IPTG at
30°C (Figure 1A). The blue color of the cell pellets clearly
revealed the production of PCB. The cells harboring either
plasmids pEFduet or pSAa, in contrast to pHPduet, displayed
no color change after induction with IPTG.

masses of different proteins were calculated and averaged Rrgaconstitution of Chromo-Apc/ince no chromophore

using Micromass Maximum Entropy.

In Vitro Bilin Attachment Assayl.he assembly assay was
performed with 1 nmol each of purified PCB and purified
apo-ApcA in 10QuL of 50 mM sodium phosphate (pH 7.0).
After rapid mixing had been carried out, the absorption
spectrum during the assembly was measured from 500 to
700 nm at 2 min intervals using a Hitachi U-3010 spectro-

lyase responsible for chromophorylation of APC was known,
we first examine whether CpcE/CpcF participates in the
biosynthesis of ApcA and serves as the lyase. Eheoli
BL21(DE3) cells bearing expression plasmids pSAa, pHP-
duet, and pEFduet were induced with IPTG. After cell lysis
by sonication, the clear supernatants were obtained by
centrifugation. Reconstituted mixtures from three different

photometer. The fluorescence spectra during the assemblycell lysates were further incubated, and thesHigged ApcA

were also measured at 2 min intervals using a Perkin-Elmer

protein was purified with a metal affinity column. The eluted

LS 55 luminescence spectrometer. Emission spectra wereblue protein (Figure 1B) was named chromo-ApcA-ef and

monitored from 600 to 700 nm with excitation at 600 nm.

was then analyzed by SB®AGE in the presence of 1 mM
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Ficure 2: SDS-PAGE (12%) and Z#r—UV fluorography of chromo-ApcA. (A) Coomassie blue-stained gel. Arrows and labeling denote
that a is the APQx-subunit, b the8-subunit, and ¢ Histagged ApcA. (B) ZAT™—UV fluorography. (C) Mass spectra of purified apo-ApcA,
PCB, and chromo-ApcA.

Zn?*, The major Coomassie blue-stained band of 19 kDa The absorption spectra during the bilin attachment reaction
corresponded to the calculated molecular mass of thg His were measured at 2 min intervals (Figure 3A). Purified PCB
tagged APCo.-subunit (Figure 2A). A single bright band in the assembly buffer [50 mM sodium phosphate (pH 7.0)]
was visualized by UV fluorography before Coomassie blue had an absorption maximum at 610 nm, and purified apo-
staining (Figure 2B), and this band comigrated with the 19 ApcA exhibited no absorption between 500 and 700 nm.
kDa Coomassie blue-stained band, indicating that the During the assembly reaction, the absorption maximum of
chromophore was linked to the polypeptide. Interestingly, PCB shifted significantly from 610 to 620 nm (Figure 3A),
the chromo-ApcA protein purified from the lysate mixture indicating that PCB was transferred from the free state in
in the absence of CpcE/CpcF had all the same propertiesbuffer to the bound stat®). Figure 3B shows the increase
as chromo-ApcA-ef, such as the elution conditions, the in absorption over time at thi,.x of the final product, indi-
blue appearance (Figure 1B), and the results of PAGE andcating that the attachment reaction was nearly complete in
Zn?*—UV fluorography (Figure 2A,B). These results indicate 30 min. Incubation of apo-ApcA with PCB also resulted in
that CpcE/CpcF is not necessary for the biosynthesis of thethe induction of a red fluorescence of the emission maximum
PCB-attached AP@-subunit. at 642 nm (Figure 3C). Chromophorylation of apo-ApcA by
In Vitro Bilin Attachment Assayl.he aforementioned data PCB during the assembly was also confirmed by PAGE and
demonstrate that the attachment of apo-ApcA with PCB Zn?"—UV fluorography (Figure 3D). In addition, the inten-
occurs in the absence of a cyanobacterial lyase enzyme. Wesity of the chromo-ApcA band increased during the time
further performed an in vitro assembly reaction using purified course, indicating continuous production of the adduct over
apo-ApcA and purified PCB to exclude the possibility that time.
some contaminating chromophore lyase-like activity from  Spectral PropertiesWe further examined chromo-ApcA
E. colicatalyzed the bilin attachment. The purities of purified with regard to its spectral characteristics using CD, mass
apo-ApcA and PCB were confirmed by electrophoresis and spectrometry, and absorption and emission. The CD spec-
mass spectrometry. Apo-ApcA exhibits only a single band tra of the native APCa-subunit and chromo-ApcA both
on the Coomassie blue-stained gel without detectable con-exhibited double minima at 206 and 222 nm (Figure 4).
taminations (Figure 2A), and one major component in the Chromo-ApcA had a predominantly helical structure with a
mass spectrum (Figure 2C). PCB shows no protein contami-melting temperatureTy,) of 63 °C. The mass spectrum
nations on the gel (Figure 2A) and one major component of exhibited a component of 19 457 Da (Figure 2C), which
m/z 587.7 in the mass spectrum (Figure 2C). Both results matches that predicted for chromophorylated ApcA (apo-
eliminate the existence of contaminating protein fiancoli. ApcA minus the N-terminal methionine and plus PCB) and
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Ficure 3: In vitro bilin attachment assay with PCB and apo-ApcA. (A) Spectra for the free PCB chromophore (thick dashed line) in
assembly buffer [50 mM sodium phosphate (pH 7.0)] and the chromophore during the attachment reaction at 2 min intervals, from 1 min
(bottom curve) to 31 min (top curve). During the reaction, the molar ratio of PCB to apo-ApcA was 1:1. The absorption maximapt 610 (
and 620 nm (*) are marked. Arrows indicate the direction of change with time. The thin, horizontal dashed line represents the spectrum of
apo-ApcA. (B) Large increase in absorption over time atithg of the final product. (C) Fluorescence spectra of the in vitro bilin attachment
assay. The fluorescence spectra during the attachment reaction at 2 min intervals excited at 600 nm, from 1 min (bottom curve) to 29 min
(top curve). During the reaction, the molar ratio of PCB to apo-ApcA was 1:1. (D) PAGE atid-ZiV fluorography.

confirms that the modification of apo-ApcA by PCB was Identification of the PCB-Attached Residurenative APC,

via a covalent link. Chromo-ApcA had an absorption PCB reacts with a cysteine residue to form a thioether bond.
maximum of 620 nm and an emission maximum of 640 nm The APCo-subunit has only one cysteine residue, Cys81.
(Figure 5A). The absorption and emission spectra were To confirm that chromo-ApcA covalently linked with PCB
similar to that for native APCa-subunits (Figure 5B), via this cysteine, we constructed mutants in which this
indicating that chromo-ApcA had physical characteristics residue was replaced with alanine or serine (A-C81A or
consistent with those of the native protein. A-C81S, respectively). Wild-type and mutated apo-ApcA
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proteins were overexpressedHn coli, and the cell lysates
were employed in the reconstituted experiment. After 030 1
incubation with the cell lysate containing PCB, the dis
tagged ApcA proteins were purified with a metal affinity
column. Two purified mutants did not have the blue
appearance caused by PCB attachment, absorption in the
visible range, or fluorescence characteristics of chromopho-
rylated proteins (data not shown). Among chromo-ApcA,
A-C81A+PCB, and A-C81%PCB, only the chromo-ApcA
band exhibited fluorescence via PAGE and?ZaUV
fluorography (Figure 2B). The comparison between chromo-
ApcA and mutants therefore confirms that recombinant ApcA
covalently linked with PCB via Cys81.
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DISCUSSION

In this work, we investigated the biosynthesis process of , ) .

the APCa-subunit in vitro, so we usef. coli to produce FIGURE 5. Absorption and emission spectra. (A) Spectra of chromo-
) ] X ApcA (3 uM) in 50 mM phosphate buffer (pH 7.0). (B) Spectra of

several recombinant proteins 8fnechocystisp. However,  the native APGu-subunit (3zM) in 50 mM phosphate buffer (pH
since we failed to obtain th8ynechocystidpcA, we used 7.0). Each absorption spectrum is shown as a solid line, and each
the ApcA fromSpirulinasp. in this experiment, because these fluorescence spectrum is shown as a dashed line. The excitation
two proteins are highly similar (they are 93% similar and Wavelength for emission measurements was 600 nm.
80% identical in amino acid sequence).

Our results constitute the first demonstration that apo-
ApcA can become covalently modified by PCB to form a
fluorescent chromoprotein, and no known chromophore lyase

was necessary to mediate the modification reaction. We had . i o .
supposed that CpcE/CpcF might be a chromophore lyase for_reactlon mixture containing CpcA (CRGsubunit) and PCB

APC: however, the fact that the biosynthesis of chromo- IN the absence of the chromophore lyase, CpcE/CpcF; no
ApcA does not require CpcE/CpcF indicates that the S|gn|f|.cant. Chrom_oprotem was synthe5|zed_ even after an
modification of apo-ApcA by PCB occurs via an autocata- overnlg_ht incubation (based on the ab_sor_ptlon spectrum of
lytic mechanism. the pu_r|f|ed product). Thus, these data indicate that the apo-
Results of the in vitro bilin attachment assay performed APCA indeed autocatalyzes the attachment of PCB.

with the purified apo-ApcA and PCB excluded the possibility =~ The observed mass of chromo-ApcA reveals that PCB is
that some contamination frofa. coli catalyzed the reaction, covalently linked to the ApcA polypeptide. In native APC,
thereby confirming autocatalysis by ApcA. Previous reports bilin attachment is via a thioether bond between PCB and a
have mentioned that nonenzymatic attachment of PCB to cysteine residue. The comparison between chromo-ApcA and
CPC or PEC in vitro results in products whose spectral Cys81 mutants via PAGE and Zn-UV fluorography
properties differ from those of the native biliproteir®s 88). (Figure 2B) and apparent molecular masses (Table 2) confirm

Wavelength (nm)

In the case of the ApcA, however, the assembled and native
proteins had very similar spectral characteristics such as CD
spectra (Figure 4), absorption, and fluorescence spectra
(Figure 5). As a control, we included an in vitro assembly
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Since ApcA is an autocatalytic enzyme and does not exactly

Table 2: Apparent Molecular Mass of Proteins ’ - )
obey the classical Michaetidvlenten model, further study

theoretical observed ; L .
protein molecular mass molecular mass of the detayled epzyme kinetics of ApcA is nee(_jed_._
sample modification (Da) (Da) The amino acid sequence of ApcA is not significantly
native APC 17 847.63 17 847 similar to those of known chromophore lyases or phyto-
a-subunit chromes, both of which catalyze chromophorylation. On the
apo-ApcA  — 18873.29 18873 other hand, ApcA is similar in sequence to the cere
with PCEF 19460.29 19457 membrane linker (kv). ApcA and Ley have a low degree
with PCB and 19 460.29 19 457 o A .
CpcE/CpCF of sequence S|m|lar|ty.|n overall sequence but a high degree
ApcA-C81A — 18841.23 18 842 of similarity in two regions comprising residues-183 and
with PCB 19 428.23 18 842 87—171, the latter of which contains the chromophore-
ApcA-C81S  — 18857.23 18858 bonding cysteine. As reported recenti39), the reaction
with PCB? 19 444.23 18 858

: : : ' between Iy and PCB results from the autocatalytic activity
a All the Hiss-tagged protein samples interacted with PCB at@0 of Lew; this activity was considered a novel type of bilin:

for 2 h and then purified by metal affinity resinsThe theoretical o -
molecular mass (without the initial methionine residue) was com- biliprotein lyase. Our results strongly suggest that ApcA can

puted with PeptideMass (http://tw.expasy.org/tools/peptide-mass.html). 81SO serve as an aumcatalyti(? b”imbiliPrOtem lyase. The
The native APCa-subunit is covalently bonded with PCB. Three ~consensus sequence of two aligned regions may serve as a
different ApcA proteins are Higtagged recombinant protierfsThe signature of this novel type of autocatalytic chromophore

observed molecular masses were determined by ESI-MS, and theinitial|yase which remains further confirmation by discovering
methionine residue had been removed in all of the ApcA samples. more members of this family.
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