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Abstract

This review presents a summary of recent investigations examining the structure and function of the
chlorophyll-proteins CPa-1 (CP47) and CPa-2 (CP43). Comparisons of the derived amino acid sequences of
these proteins suggest sites for chlorophyll binding and for interactions between these chlorophyll-proteins
and other Photosystem IT components., Hydropathy plot analysis of these proteins allows the formulation
of testable hypotheses concerning their topology and orientation within the photosynthetic membrane. The
role of these chlorophyll-proteins as interior light-harvesting chlorophyll-a antennae for Photosystem II is
examined and other possible additional roles for these important Photosystem II components are discussed.

1. Introduction

In the late 70’s, a minor chlorophyll-protein which,
during electrophoresis, migrated between CP I and
CP II (LHCP) was identified by a number of wor-
kers (Hayden and Hopkins 1977, Anderson et al.
1978, Henriques and Park 1978, Wessels and
Borchert 1978). This chlorophyll-protein was
termed CPa and was found to contain no detect-
able chlorophyll-5. Delepelaire and Chua (1979),
using low temperature LiDS-PAGE, were able to
resolve CPa into two components, which they
termed CP III and CP IV in the green alga
Chlamydomonas; they had earlier established that
the apoproteins of these chlorophyll-proteins were
associated with Photosystem II (PS II) (Chua and
Benoun 1975). Soon thereafter these chlorophyll-
proteins were observed by numerous workers with
a variety of plant and algal materials using a num-
ber of different electrophoretic systems. These
chlorophyll-proteins are termed CPa-1 (or CP47)
and CPa-2 (or CP43) in the current literature (see
Green 1988 for a more complete discussion). CPa-1
and CPa-2 cach consist of a single polypeptide
chain. The apparent molecular masses of the apo-
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proteins (from spinach) are 45-51 kDa and 40-45
kDa, respectively, as determined by polyacryla-
mide gel electrophoresis. The lower apparent mole-
cular masses are observed after strongly denaturing
electrophoretic conditions (i.e. heated samples or
inclusion of urea). The primary functional roles
which have been assigned to these proteins is that
of interior chlorophyll-a antennae for PS II. In this
capacity, these proteins appear to serve as inter-
mediary transducers of excitation energy from the
light-harvesting pigment bed (light-harvesting
chlorophyll-a/b proteins in green algae and higher
plants and phycobilosomes in cyanobacteria) to the
reaction center of PS II. Other possible roles for
these proteins in PS IT cannot be excluded based on
the experimental data which are currently available.

At least seven proteins appear to be required for
photosynthetic oxygen evolution within the PS II
membrane protein complex (Ghanotakis et al.
1987). These include CPa-1 (CP47), CPa-2 (CP43),
DI, D2, the extrinsic manganese-stabilizing pro-
tein, and the « and f subunits of cytochrome bss,.
Additionally, several low molecular mass polypep-
tides have recently been identified which appear to
be associated with PS II (Ikeuchi et al. 1989). At
least one of these, the 4.1 kDa product of the psb [
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gene, appears to be associated with the PSII reac-
tion center (Ikeuchi and Inoue 1988). The oxygen-
evolving complex also contains a number of inor-
ganic cofactors which are absolutely required for
water oxidation. These cofactors include bound
manganese, calcium and chloride (Amesz 1983,
Dismukes 1986, Homann 1987). It is possible that,
in vivo, the proteins D1, D2, cytochrome bss, and
the psb I gene product form the reaction center of
PS II and that these proteins bear as prosthetic
groups the primary and secondary electron accep-
tors and donors of the photosystem (Y, Pggy,
Pheophytin, Q,, and, probably, Qg). PS II core
preparations which contain these proteins have
been isolated from both higher plants (Nanba and
Satoh 1987, Akabori et al. 1988, Ghanotakis et al.
1989) and recently from cyanobacteria (Gounaris
et al. 1989). These preparations, however, do not
contain bound manganese and are non-functional
with respect to oxygen evolution, Additionally,
they do not contain Q, or Qg, and do not exhibit
the characteristic EPR signals associated with Y,
or Yy, (Frank et al. 1989). It is possible that other
intrinsic components of PSII are required to sta-
bilize these functional groups and EPR signals.
Additionally, the proteins which bind the inorganic
cofactors required for oxygen evolution and the
manganese-stabilizing protein have not been un-
ambiguously identified. Interestingly, all PS II sub-
membrane complexes which have been isolated to
date which have the ability to evolve oxygen con-
tain the two chlorophyll-proteins CPa-1 and CPa-
2. The object of this review is to summarize the
structural and functional characteristics of these
two proteins with particular emphasis on the iden-
tification of possible functionally important do-
mains on these proteins and to suggest other pos-
sible roles which these important PS I components
may perform.

2. Structural organization of CPa-1 and CPa-2
2.1. CPa-1 structure

CPa-1is encoded by the psbB gene, which is located
in the chloroplast genome in higher plants and
green algae and in the genomic DNA of cyanobac-
teria. Comparisons of the derived amino acid se-
quences of CPa-1 (Fig. 1) from Synechocystis 6803

(Vermaas et al. 1987), Marchantia (Ohyama et al.
1986), tobacco (Shinozaki et al. 1986) and spinach
(Morris and Herrmann, 1984) indicate that this
protein is highly conserved. 72% of the amino acids
are identical in these four species, a value which
increases to 85% if conservative amino acid re-
placements are included. It is generally assumed
that regions on functionally similar but structurally
divergent proteins, which exhibit high degrees of
similarity, represent functionally important do-
mains. This type of analysis is difficult to apply to
CPa-1 from different species since these proteins
are functionally identical and exhibit only slight
structural divergence. One interesting feature, how-
ever, is apparent upon examination of the derived
primary structure of CPa-1. 40% of the non-
conservative amino acid replacements are found in
four small regions encompassing only 12% of the
protein (residues 73-89, 182-200, 277-296, and
407-416). In these variable domains almost half of
the residues are non-conservatively replaced. These
regions all lie on predicted hydrophilic loop por-
tions of CPa-1 which are probably lumenally ex-
posed (see below). Additionally, these variable re-
gions are either immediately adjacent to, or in the
vicinity of, predicted membrane-spanning helixes of
CPa-1. These variable regions would appear to
represent domains in which a considerable amount
of amino acid substitution is tolerated without ap-
parent effects on protein functionality.

Numerous lines of biochemical evidence suggests
that CPa-1 is an intrinsic membrane protein (Pic-
cioni et al. 1981, Piccioni et al. 1982, Bricker et al.
1983). Hydropathy plots of CPa-1 have been inter-
preted to suggest the presence of either 7 (Morris
and Herrmann 1984) or 6 (Vermaas et al. 1987)
transmembrane alpha helixes. It appears that the
second transmembrane helix predicted by Morris
and Herrmann (1984) is probably too short and too
hydrophilic to span the thylakoid membrane. In
spinach, the six predicted membrane-spanning
alpha helixes appear to be located in approximately
the following positions: Helix I, Leu'®-Leu®; Helix
II, Val®*~Trp"'®; Helix I11, Ile'**~1Leu'®"; Helix IV,
Ne'®-Val®®; Helix V, Val*’-Trp®’; Helix VI,
Trp**-Gly*”® (Fig. 2). The positions of these puta-
tive alpha helixes and their primary structure are
strongly conserved in all species examined.

The distribution of histidyl residues within these
helixes is intriguing. Histidyl residues are primary
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1 100
MGLPWYRVHT VVINDPGRLI SVHLMHTALY AGWAGSMALY ELAIFDSSDA VLNPMWROGM FVLPFMARLG VTSSWNGNSV TGETGLDPGF WSFEGVAAAH
MGLPWYRVHT VVLNDPGRLI AVHLMHTALV SGWAGSMALY ELAVFDPSDP VLDPMWROGM FVIPFMTRLG ITKSWGGWSI TGETVTNAGI WSYEGVAAVH
MGLPWYRVHT VVLNDPGRLI SVHIMHTALV AGWAGSMALY ELAVFDPSDP VLDPMWROGM FVIPFMTRLG ITNSWGGWSI TGGTITDPSI WSYEGVAGAH
MGLPWYRVHT VVLNDPGRLL SVHIMHTALV AGWAGSMALY ELAVFDPSDP VLDPMWROGM FVIPFMTRLG ITNSWGGWSI TGGTVTNPGI WSYEGVAGAH
MGLPWYRVHT VVLNDPERL- -VH-MHTALV -GWAGSMALY ELA-FD-SD- VL-PMWROGM FV-PFM-RLG -T-SH-GWS- T6~Te-v--- WS-EGVA--H

I

101 200
IVLSGLLFLA AVWHWVFWDL ELFVDPRTGE SALDIPKMFG IHLFLSGLLC FGFGAFHLTG VWGPGMWVSD PYGLTGHVOP VAPEWGP

IVLSGLLFLA ATWHWVYWDL ELFRDERTGK PSLOLPKIFG IHLFLSGVLC FAFGAFHVTG LHGPGIWISD PYGLTGKVOP VAPAEEAégF g:?#:&é!Xé
IMFSGLCFLA AIWHWVYWDL EIFSDERTGK PSLDLPKIFG IHLFLSGVAC FGFGAFHVTG LYGPGIWVSD PYGLTGKVOP VCSAWGVEGF DPFVPRGIAS
IVFSGLCFLA ATWHWVYWDL EIFCDERTGK PSLDLPKIFG IHLFLSGVAC FGFGAFHVTG LYGPGIWVSD PYGLTGKVOP VNPAWGVEGF DPFVPGGIAS
1--SGL-FLA A-WHWV-WDL E-F-D-RTG- --LDLPK-F& THLFLSG--C F-FGAFH-TG --GPG-W-SD PYGLTG-VQP V---WG--GF -PF-P-G---

11 II1

300
HHIAAGIVGI IAGLFHLTVR PPERLYKALR MGNIETVLSS SIAAVFFAAF VVAGTMWYGN ATTPIELFGP TRYOWDKGYF QEF
HHIAAGILGI LAGLFHLSVR PPORLYKGLR MGNVETVLSS SIAAVFFAAF VVAGTMWYGS AATPIELFGP TRYOWDOGFF unggggxlgg gﬂgﬁﬁgtgg
HHIAAGTLGI LAGLFHLSVR SPORLYKGLR MGNIETVLSS SIAAVFFAAF VVAGTMWYGS ATTPIELFGP TRYQWDOGYF DOEIYRRVSA GLAENGSFSE
HHIAAGTLGI LAGLFHLSVR PPORLYKGLR MGNIETVLSS SIAAVFFAAF VVAGTMWYGS ATTPIELFGP TRYOWDOGYF OOETYRRVSA GLAENQSLSE
Mj-l_-ve%m -P-RLYK-LR MGN-ETVLSS SIAAVFFAAF VVAGTMWYG- A-TPIELFGP TRYQWD-G-F Q-EI-RR--. GLAE--S-SE

301
AWSTIPEKLA FYDYVGNSPA KGGLFRTGAM NSGDGIAQEW IGHPIFKDKE GRELEVRRMP NFFETFPVIM TDADGVVRAD IPFRRSESKF SVEOTGV#Sg

AWSKIPEKLA FYDYIGNNPA KGGLFRAGAM DNGDGIAVGW LGHAVFKDKE GNELFVRRMP TFFETFPVVL VDEQGIVRAD VPFRI

AMSKIPEKLA FYDYIGNNPA KGGLFRAGSM DNGDGIAVGW LGHPIFRDKE GRELFVRRMP TFFETFPVVL IDGDGIVRAD VPFR;:E§§¥ gxggxgx;xg
AWSKIPEKLA FYDYIGNNPA KGGLFRAGSM DNGDGIAVGW LGHPIFRDKE GRELFVRRMP TFFETFPVVL. VDGDGIVRAD YPFRRAESKY SVEQVGVTVE
AWS-IPEKLA FYDY-N-PA KGGLFR-G-M --GDGIA--W -GH--F-DKE G-EL-VRRMP -FFETEPV-- ~D--G-VRAD -PFRR-ESK- SVEQ-GVTV-

401 500
FYGGALDGOT FSNPSDVKKF ARKAQLGEGF DFDTETFNSD GVFRTSPRGW FSFGHAVFAL LFFFGHIWHG SRSLFRDVFA GVDPGLEEQVE FGVFAKVED
FYGGALDGVS FSDPATVKKY ARRAOLGEIF EFDRATLKSD GVFRSSPRGW FTFGHATFAL LFFFGHIWHG ARTLFROVFA GIDPDLEAQVE FGAFOKLGD
FYGGELNEVS YSDPATVKKY ARRAQLGEIF ELDRASLKSD GVFRSSPRGW FSFGHASFAL LFFFGHIWHG SRSLFRDVFA GIDPDLDVOVE FGAFQKTGD
FYGGELNGVS YSDPATVKKY ARRAGLGEIF ELDRATLKSD GVFRSSPRGW FTFGHASFAL LFFFGHINWHG ARTLFRDVFA GIDPDLDAQVE FGAFOKLED
FY6G-L---- -S-P--VKK- AR-AQLGE-F --D----- SD GVFR-SPRGW_F-FGHA-FAL LFFFGHIWHG -R-LFRDVFA G-DP-L--OVE FG-F-K-GD

501 508
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Fig. 1. Comparison of the derived amino acid sequences of CPa-1 from four species. A consensus sequence is shown; amino acid residues
which are not conserved in all species are indicated by a dashed line (-). Predicted location of putative membrane-spanning helixes are
shown by underlining and are indicated with Roman numerals (I-VI)

candidates for axial ligands for chlorophyll mole-
cules. All of the bacteriochlorophyll molecules in
the Rhodopseudomonas viridis teaction center
(Deisenhofer et al. 1985), and five of seven
chlorophylls in the Prosthecochloris light-harvest-
ing chlorophyll-protein (Tronrud et al. 1986), the
only chlorophyll-proteins for which crystal struc-
tures are available, are ligated to histidyl residues.
The location of the twelve histidyl residues which
are present in the predicted membrane-spanning
helixes of CPa-1 are shown in Fig. 2. All of these
histidyl residues are located near the membrane
surface. A similar positioning of histidyl residues in
membrane-spanning domains has also been pred-
icted in other chlorophyll-proteins such as the
alpha and beta polypeptides of the purple and
green bacteria antenna complex and the light-
harvesting chlorophyll a/b proteins of higher plants
(Zuber et al. 1987). Additionally, Helixes I and VI

of both CPa-1 and CPa-2 possess a pair of histidyl
residues (. . . HxyH. . ) located near the predicted
stromal membrane surface. There exists a striking
similarity between the location of histidyl residues
in CPa-1 and those located in the membrane-span-
ning regions of CPa-2 (Fig. 4) even though these
two proteins, while obviously related, exhibit only
limited overall primary sequence homology
(<20%). Even within the predicted membrane-
spanning helixes the homology is only about 30%.
This suggests that the position of these histidyl
residues may be critical to the functioning of CPa-1
and CPa-2. de Vitry et al. (1984) demonstrated,
using "*C labeling techniques, that both CPa-1 and
CPa-2 bound 20-25 chlorophylls/protein. Since the
total number of conserved histidyl residues in CPa-
1is 14 and in CPa-2 is 12, one must conclude that
other sites must act as chlorophyll ligands in these
chlorophyll-proteins. Candidates for such alterna-



Stroma Leu

|

1
| His™

i

Fig. 2. Predicted membrane folding pattern of spinach CPa-1. Membrane-spanning helixes are indicated by Roman numerals I-VI. The
extrinsic loop regions A-E are also indicated. Location of the epitope for the monoclonal antibody FAC2 is shown by a bold line. The

approximate locations of the histidyl residues are shown

tive ligands include the amino acid residues Asn
and Gln (Wechsler et al. 1985) as well as backbone
carbonyl groups and water molecules (Tronrud et
al. 1986). In addition to chlorophyll, CPa-1 and
CPa-2 also contain beta-carotene (Akabori et al.
1988). The binding site(s) for this pigment have not
been determined.

Five hydrophilic loops connect the predicted
transmembrane alpha helixes in CPa-1. In spinach,
these loops are approximately located in the fol-
lowing positions: Loop A, Tyr*-Gly”, Loop B
Glu'®-Lys"’, Loop C, Tyr'®-Gly"’, Loop D,
Arg”®-Glu®*, and Loop E, Tyr**-Gly**. Analysis
of a variety of intrinsic membrane proteins of both
procaryotic and eucaryotic origin has indicated
that short hydrophilic segments (< 100 amino acid
residues) which are translocated across membranes
have a much lower abundance of arginyl and lysyl
residues than to hydrophilic segments which are
not translocated (von Heijne and Gavel 1988).
Analysis of CPa-1 by these methods shows that the
short hydrophilic segments, Loops B and D, as well
as the N-terminus (Met!-Arg'®) and C-terminus
(Ser’'-Val’®) of the protein’ contain a relatively

high abundance of lysyl and arginyl residues sug-
gesting that these segments are not translocated
across the thylakoid membrane and are conse-
quently located on the stromal side of the
membrane. Loops A and C have a much lower
relative abundance of these positively charged
amino acids and are probably translocated to the
lumenal side of the thylakoid. It should be noted
that Loops A and C are also significantly larger
than Loops B and D. It is not known if this is of any
functional significance. Large hydrophilic domains
(> 100 amino acid residues), such as Loop E of
CPa-1, are apparently translocated across the
membrane by different mechanisms than are short
segments. No correlation between the amino acid
composition of long segments and their transloca-
tion was found (von Heijne and Gavel 1988).
Location of the other hydrophilic segments of CPa-
1 as well as the location of the transmembrane
regions of this protein lead to the predition that
Loop E is located on the lumenal side of the thyla-
koid membrane. It should be noted that other
models have been presented which have suggested
that the N-terminus of CPa-1 is located to the



lumenal side of the thylakoid membrane (Murphy
1986). No direct evidence elucidating the absolute
topology of CPa-1 is currently available. Studies,
such as those performed on the D1 protein by Sayre
et al. (1986), which would unequivocally determine
the topology of this membrane-spanning protein,
are obviously required.

A word of caution is in order here. The above
analysis is based primarily on the examination of
hydropathy plots from derived amino acid
sequence data to identify transmembrane alpha
helixes. It has been noted (Paul and Rosenbusch
1985, Ferenci 1989) that other hydrophobic struc-
tures, such as extended beta sheets, could span the
biological membrane. If arranged in an extended
beta sheet configuration, 5-6 hydrophobic residues
could span the bilayer. Such structures would be
difficult or impossible to identify using currently
available computational techniques.

2.2. CPa-2 structure

CPa-2 is encoded by the pshC gene, which is also
located on the chloroplast genome of higher plants
and green algae and in the genomic DNA of cya-
nobacteria. The derived amino acid sequences for
nine species, Synechocystis 6803 (Chisholm and
Williams 1988), Syrechococcus 7942 (Golden and
Stearns 1988), Chlamydomonas (Rochaix et al.
1989), Marchantia (Ohayama et al. 1986), spinach
(Alt et al. 1984), tobacco (Shinozaki et al. 1986),
pea (Bookjans et al. 1986), wheat (Hird S, Dyer T
and Gray J unpublished observations) and maize
(Krebbers 1983), are shown in Fig. 2. In all species
examined, the psbC gene overlaps a psbD gene
(which encodes D2) and is translated in a different
reading frame. This overlap accounts for the large
number of psbC genes which have been sequenced
since research on the structure of the pshD gene has
been quite intensive. Additionally, a partial se-
quence for Euglena (Montandon et al. 1986) is
included. The complete sequence for the Euglena
gene is unavailable at this time since it contains
large introns and has not been completely se-
quenced. CPa-2, like CPa-1, is highly conserved,
with 67% of the amino acids being identical, a
value which increases to 80% if conservative amino
acid replacements are included. Five regions of
particularly high variability (residues 1-37,

5

101-124, 133-150, 201-216 and 462-473) are evi-
dent upon examination of the predicted amino acid
sequence of CPa-2. Of particular interest is the
extremely variable region at the N-terminus of
CPa-2. Synechococcus and Chlamydomonas exhibit
an apparent twelve amino acid residue deletion
with respect to the other predicted psbC sequences
which have been determined. Previously, it had
been speculated that the actual start codon in Syne-
chocystis and Symnechococcus was a GTG codon
thirty-six nucleotides downstream from the puta-
tive AUG start codon identified in the other species
(Chisholm and Williams 1988, Golden and Stearns
1988). This alternative possible translation start
codon is also conserved in all species examined.
Additionally, a strong shine-Dalgarno ribosome
binding site is positioned upstream from the hyp-
othesized GTG start codon. Thus, two possibilities
exist, either Synechococcus and Chlamydomonas
are exhibiting a true twelve amino acid residue
N-terminal deletion, or, the actual start codon for
all of the species is the GTG start codon. If the first
possibility proves to be true, it would appear that
these twelve N-terminal residues are neither re-
quired for the stable maintenance of this protein in
the membrane nor for the formation of functional
configuration of this molecule. Resolution of this
problem will require S1 nuclease digestion analysis
and/or N-terminal sequence information from un-
processed CPa-2 (see below). In this review, the
amino acid sequences which were originally
presented by the various investigators, are shown in
Fig. 3.

Within the other four variable regions of CPa-2,
over 40% of the amino acid residues exhibit non-
conservative replacement. Two of these variable
regions are adjacent to Helix IT of CPa-2, a third is
situated in the middle of the hydrophilic loop
separating Helixes III and IV, while the fourth is
located at the C-terminus of the protein. Again, as
with the analogous regions in CPa-1, these domains
represent portions of CPa-2 which can apparently
tolerate a substantial amount of amino acid varia-
bility.

As with CPa-1, hydropathy plots of CPa-2 can
be interpreted to suggest either seven (Alt et al.
1984) or six (Chisholm and Williams 1988) mem-
brane-spanning helixes. It appears that the second
helix predicted by Alt et al. (1984) is probably too
short and too hydrophilic to span the thylakoid
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1
MKTLSSLRRF SMVGGRDLPS

VIAGGRDIDS

LTVGGRDAET
LALGGRDAET
LTLAGRDAET
LALAGRDAET
LALTGRDOET
FVLAGRDQET
FVLAGRDQET

SPVVTLSN. T
MVTLSSPS

METLFNGT
YPVETLFNGL
YPVETLFNGT
YHVETLFNGT
YHVETLFNGT
YHVETLFNGT
YHVETLFNGT

MKTLYSQRRF
MKTLYSLRRF
MKTLYSLRRF
MKTLYSLRRF
MKILYSLRRF
MKILYSLRRF

101

PAGEVTDIFP
PGGEVVDTFP
FDGIVLDTYP
PGGEIIDTFP
PGGEIVDTFP
PGGEVIDTFP
PGGEVIDTFP
PGGEVIDTFP
PGGEVLDTFP
PGGEVLDTFP
--G---D--P

FFVVGVLHLI
YFVVGVLHLI
FFVCGVLHLI
YFVSGVLHLI
YFVSGVLHLI
YFVSGVLHLI
YFVSGVLHLI
YFVSGVLHLI
YFVSGVLHLI
YFVSGVLHLI
-FV-GVLHLI

SSAVLGLGGI
SSAVLGLGGI
SSAVLGFGGV
SSAVLGFGGV
SSAVLGFGGI
SSAVLGFGGI
SSAVLGFGGI
SSAVLGFGGI
SSAVLGFGGI
SSAVLGFGGI
SSAVLG-6G-

II

201

NPTLNPAIIF GYLLKAPFGG
NPTLNPAVIF GYLLKSPFGG
NPTTNAAVIF GYLVKSPFGG
NLTLSPGVIF GYLLKSPFGG
NVTLSPSIIF GCLLKSPFGG
NLTLSPSIIF GYLLKSPFGG
NFTLSPSILF GYLLKSPFGG
NLTLSPSVIF GYLLKSPFGG
NLTLSPGVIF GYLLKSPFGG
N-T---=-- F G-L-K-PFGG

EGWIISVNNM
DGWIVSVDNL
DGWICSVDNM
EGWIVSVDNL
EGWIVSVDDL
EGWIVSVDDL
EGWIVSVDDL
EGWIVSVDDL
EGWIVSVDDL
-GWI-SV---

301

FYGPTGMEAS QSQAFTFLVR
FFGPTAAEAS QSQAFTFLVR
FYGPTGPEAS QSQAFTFLVR
FYGPTGPEAS QAQAFTFLVR
FYGPTGPEAS QAGAFTFLVR DORLGANVGS
FYGPTGPEAS QAGAFTFLVR DORLGANVGS
FYGPTGPEAS QAGAFTFLVR DORLGANVGS
FYGPTGPEAS QAQAFTFLVR DORLGANVGS
FYGPTGPEAS QAGAFTFLVR DORLGANVGS
F-GPT--EAS Q-QAFTFLVR DORLGAN--S

DORLGANIAS
DORLGANIGS
DORLGANVAS
DORLGANVGS

401

LGSLNSVGGV ITDVNSFNYV SPRAWLATSH
LGSLNSVGGV ATEINSVNFV SPRAWLATSP
LGSLNSVGGV ATEINAVNFV SPRSWLACSH
LGSLNSVGGV ATEINAVNYV SPRSWLATSH
LGSLNSVGGV ATEINAVNYV SPRSCLSTSH
LGSLNSVGGV ATEINAVNYV SPRSWLSTSH
LGSLNSVGGV ATEINAVNYV SPRSWLATSH
LGSLNSVGGV ATEINAVNYV SPRSWLSTSH
LGSLNSVGGV ATEINAVNYV SPRSWLATSH
LGSLNSVGGV -T--NAVN-V SPR--L--SH

RLINLSGKLL GAHVRHAGLI
RLINLSGKLL GAHVAHAGLX
RLINVSGKLL GAHVAHAGLI
RLINLSGKLL GAHVAHAGLI
RLINLSGKLL GAHVAHAGLI
RLINLSGKLL GAHVAHAGLI
RLINLSGKLL GAHVAHAGLI
RLINLSGKLL GAHVAHAGLI
RLINLSGKLL GAHVAHAGLI
RLINLSGKLL GAHVAHAGLX
RLIN-SGKLL GAHV-HAGLI

I

TGFAWWSGNA
TGYAWWSGNA

SGNA
TGFAWWSGNA
TGFAWWAGNA
TGFAWWAGNA
TGFAWWAGNA
TGFAWWAGNA
TGFAWWAGNA
TGFAWWAGNA
TG-AWW-GNA

EEYSSFFGYD
EEYSTFFSQD

WKDKNQMTNI
WKDKNGMTNI

WKDKNKMTNI
WKDKNKMTTI
WKDRNKMTTI
WKDRNKMTTI
WKDRNKMTTI
WKDRNKMTTI
WKDRNKMTTI
WKD-N-MT-1

YHALRGPEVL
YHALRGPESL

YHSLIGPETL
YHALIGPETL
YHALLGPETL
YHALLGPETL
YHALLGPETL
YHALLGPETL
YHALLGPETL
YH-L-GPE-L

EESYPFFGYV
EESFPFFGYV
EESFPFFGYV
EESFPFFGYV
EESFPFFGYV
EESFPFFGYV
EESFPFFGYV
EE---FF---

EDITGGHIWI
EDVIGGHIWI
EDITGGHIWI
EDITGGHVWL
EDIIGGHVWI
EDIIGGHVWL
EDITGGHVWL

GLICISGGIW HILTKPFGWA
GLICISGGIWN HILTKPFGWV
GTLEILGGIW HIYTTPWPWA
GSICIFGGIW HILTKPFAWA
GVICILGGIW HILTKPFAWA
GSICILGGIW HILTKPFAWA
GSICILGGIW HILTKPFAWA
EDIIGGHVWL GFICVFGGIW HILTKPFAWA
EDIIGGHVWL GSICVLGGIW HILTKPFAWA

ED-IGGH-W- G----- GGIW HI-T-P--W-

AQGPTGLGKY
AQGPTGLGKY
AQGPTGLGKY
AQGPTGLGKY
AOGPTGLGKY
AQGPTGLGKY
AQGPTGLGKY
AQGPTGLGKY
AQGPTGLGKY
AQGPTGLGKY

LMRSPSGEII
LMRSPTGEII
LMRSPTGEIL
IMRSPTGEIT
LMRSPTGEVI
LMRSPTGEVI
LMRSPTGEVI
LMRSPTGEVI
LMRSPTGEVI
-MRSP-GE-I

FGGETMRFWD
FGGETMRFWD
FGGETMRFWD
FGGETMRFWD
FGGETMRFWO
FGGETMRFWD
FGGETMRFWD
FGGETMRFWD
FGGETMRFWD
FGGETMRFWD

FVLGFFFLVG HLWHAGRARA AAAGFEKGID
FVLAFFFLVG HLWHAGRARA AAAGFEKGID
FCLGFFFFIG HLWHAGRARA AAAGFEKGID
FVLGFFFFVG HLWHAGRARA AAAGFEKGID
FVLGFFLFVG HLWHAGRARA AAAGFEKGID
FVLGFFFFVG HLWHAGRARA AAAGFEKGID
FVLGFFLFVG HLWHAGRARA AAAGFEKGID
FVLGFFFFVG HLWHAGRARA AAAGFEKGID
FVLGFFFFVG HLWHAGRARA AAAGFEKGID
F-LGFF---G HLWHAGRARA AAAGFEKGID

VI

VFWAGANTLF
VFWAGANTLF
VFWTGAMNLF
VFWAGAMNLF
VFWAGAMNLF
VFWAGAMNLF
VFWAGAMNLF
VFWAGAMNLF
VFWAGAMNLF
VFWAGAMNLF
VFW-GAM-LF

IGYHLILLGC
IGYHLILLGL

LGYHLIMLGL
LGIHLILLGA
LGIHLILLGI
LGIHLILLGL
LGIHLILLGI
LGIHLILFGL
LGIHLILLGL
-G-HLI--6G-

RRALIWSGEA
GRAFIWNGEA
RRAFVWSGEA
RRALVWSGEA
RRALVWSGEA
RRALVWSGEA
RRALVWSGEA
RRAFVWSGEA
RRAFVWSGEA
-RA--W-GEA

FRGPWLEPLR
FRGPCVEPLR
FRGPWLEPLR
LRAPWLEPLR
LRAPWLEPLR
LRAPWLEPLR
LRAPWLEPLR
LRAPWLEPLR
LRAPWLEPLR
-R-P--EPLR

RETEPTLFMP
RATEPVLAMR
RFDEPVLSMR
RDFEPVLSMT
ROFEPVLSMT
RDFEPVLSMT
RDFEPVLSMT
RDLEPVLYMN
RDLEPVLYMT
R--EP-L-M-

EVAHFIPEKP
EVAHFVPEKP
EVAHFVPOKP
EVSHFVPEKP
EVAHFVPEKP
EVAHFVPEKP
EVAHFVPEKP
EVAHFVPEKP
EVAHFVPEKP
EVAHFVPEKP
EV-HF-P-KP

GALLLVFKAM
GAFLLVFKAM

GAWLLVWKAM
GAFLLVFKAL
GAFLLVFKAL
GAFLLVFKAL
GSFLLVFKAF
GAFLLVLKAL
GAFLLVLKAL
G-~LLV-KA-

I1I

YLSYSLGALS
YLSYSLGALS
YLSYSLGAIG
YLSYSLGAIA
YLSYSLAALS
YLSYSLGALS
YLSYSLGALA
YLSYSLAALS
YLSYSLGALS
YLSYSL-A--

100
HIATLGWGVG
HLATLGWGVG
HLATLGFGVG
HIATLGYGVG
HLATLGWGVG
HLATLGWGVG
HLATLGWGVG
HLATLGWGVG
HLATLGHGVG
HLATLGHGVG
H-ATLG-GV&

MYEQGLILLP
MYEQGIILLS
MYEQGLILLP
MYEQGLILLP
MYEQGLILLP
MYEQGLILLP
MYEQGLILLP
MYEQGLILLP
MYEQGLILLP
MYEQGLILLP
MYEQG-ILL-

200
PGGGDVRVIT
PGGGDVRIIS

PGGGDVRVIT
PGGGDVRKIT
PGGGDVRKIT
PGGGDVRKIT
PGGGDVRKIT
PGGGDVRKIT
PGGGDVRKIT
PGGGDVR-I-

FFGGVYDTWA
FFGGVYDTWA

YFGGVYDTWA
YFGGLYDTWA
YFGGVYDTWA
YFGGVYDTWA
YFGGIYDTWA
YFGGVYDTWA
YFGGVYDTWA
-FGG-YDTWA

300
WFNNTAYPSE
WYNNTVYPSE
WFNNTAYPSE
WFNNTAYPSE
WFNNTAYPSE
WFNNTAYPSE
WENNTAYPSE
WFNNRAYPSE
WFNNTAYPSE
W-NN--YPSE

LMGFIASVFV
LMGFIASTMV
VMGFIACCMS
VFGFIACCFV
VFGFIACCFV
VFGFIACCFV
VFGFIACCFV
VFGFIACCFV
VFGFIACCFV
-=GFIA-=-=--

GPNGLDLDKL
GPNGLDLDKL
GPNGL.DLNKL
GPNGLDLSKL
GPNGLDLSRL
GPNGLDLSRL
GPNGLDLSRL
GPNGLDLSRL
GPNGLDLSRL
GPNGLDL--L

473
DLD
DLD
PLD
PLN
PLN
PLN
PLN
PLN
PLN
-L-

v

400
RAAEYMTHAP
RAAEYMTHAP
RAAEYMTHAP
RSAEYMTHAP
RSAEYMTHAP

RNDIOPWOVR
TNDIOPWOAR
KNDIOPWQER
KKDIQPWOER
KKDIOPWQER
KKDIOPWAER RSAEYMTHAP
KKDIOPWQER RSAEYMTHAP
KKDIOPWOER RSAEYMTHAP
KKDIOPWQER RSAEYMTHAP
--DIOPWA-R R-AEYMTHAP

Fig. 3. Comparison of the derived amino acid sequences of CPa-2 from nine species. A consensus sequence is shown; amino acid residues
which are not conserved in all species are indicated by a dashed line (-). Predicted location of putative membrane-spanning helixes are
shown by underlining and are indicated with Roman numerals (I-VI). Location of the alternative start codon with respect to these

amino acid sequences is shown by an arrow

membrane. In spinach the six predicted membrane-
spanning alpha helixes appear to be located in
approximately the following positions: Helix I,
Leu®-Phe™, Helix II, Phe!'*-Leu', Helix III,
[le'®-Phe'®, Helix IV, Ie™-Leu*, Helix V,
Leu?”-Phe??, and Helix VI, Leu**-Gly* (Fig. 4).

Five hydrophilic loops connect these predicted

membrane-spanning domains. These loops are
located in the following positions: Loop A,
Glu” -Tyr'""", Loop B, Gly"**~Thr'®, Loop C,
Gly"™®-Asp™?, Loop D, Lys**-Tyr*"*, and Loop E,
Asn®™—Arg*®. Analysis of CPa-2 by the method of
von Heijne and Gavel (1988) suggests that Loops A
and C, which are depleted in lysyl and arginyl
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Fig. 4. Predicted membrane folding pattern of spinach CPa-2. Membrane spanning helixes are indicated by Roman numrals I-V1. The

extrinsic loop regions A-E are also indicated. the approximate locations of the histidyl residues are shown. His

Synechococcus

residues, are located on the lumenal side of the
thylakoid membrane. Loops B and D, as well as the
hydrophilic N- (Thr'*-Lys®) and C-termini
(Arg*"-Asn*™), are predicted to be exposed at the
lumenal surface of the membrane. The large extrin-
sic loop of CPa-2 appears, based on the above
analysis, to be located on the lumenal side of the
thylakoid membrane.

In their role as internal chlorophyll-a antennae
for PS II, CPa-1 and CPa-2 may interact with each
other, the light-harvesting pigment-protein
complex (the phycobilisomes in cyanobacteria and
the light-harvesting chlorophyll-a/b protein in
higher plants and green algae), other chlorophyll-
proteins, such as CP29 (Camm and Green 1989),
which appear to be associated with the PS II core,
and the reaction center of the photosystem. Since
excitation energy apparently flows from the light-
harvesting pigment beds through CPa-1 and/or
CPa-2, these proteins almost certainly interact
structurally with the proteins of the light-harvest-
ing pigment beds. In principal, comparison of the

4% is not conserved in

primary sequence of the psbB and psbC genes from
the cyanobacterial species with those from higher
plants and green algae could suggest possible sites
for such structural interactions. This is due to the
large structural differences between the cyanobac-
terial and higher plant (and green algal) light-
harvesting pigment-protein complexes. Since there
are so few psbB sequences available, such analysis
is currently impossible for this protein. Com-
parison of the psbC sequences, however, suggests
some possible sites for CPa-2-phycobilisome in-
teraction. Specifically, when examined for amino
acid residues which are conserved in the cyanobac-
terial species but which are non-conservatively
replaced in higher plants and green algae, 14 such
residues are identified. Eight of these residues are
located on predicted stromally exposed hydrophilic
regions. Interestingly, four of these residues
(Arg", Tyr'®, Asp™, GIn'* in the cyanobacteria;,
Ile', Ser'**, Val'®, Lys'* in green algae and higher
plants) lie in Loop B, which is only 25 residues in
length. I suggest that these, and possibly the other
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stromally exposed residues, may be sites of interac-
tion between CPa-2 and the phycobilisomes. Ob-
viously, it will be interesting to modify these
residues by use of site-directed mutagenesis techni-
ques. It is interesting to note in this regard that
Carpenter and Vermaas (1988) have replaced 75%
of the 3’ end of the Synechocystis psbC gene with
the homologous spinach gene sequence. The
chimeric mutant generated completely lacks CPa-2
and can only grow photoheterotrophically. Trans-
formation of this chimeric mutant with a plasmid
containing the 3’ half of the cyanobacterial psbC
gene restores photoautotrophic growth. These
results imply that either the above sequence
analysis must be substantially modified or that
factors which complicate the interpretation of the
experiments of Carpenter and Vermaas are occur-
ring.

A number of investigators previously observed a
phosphorylated protein with an apparent mole-
cular mass of between 40 and 45 kDa (Millner et al.
1986). This protein was shown by Ikeuchi et al.
(1987) to be CPa-2. In a very elegant study, Michel
et al. (1988) demonstrated that CPa-2 undergoes a
number of post-translational modifications includ-
ing an endoproteolytic cleavage between Glu'* (or,
if the alternative start codon is correct, Glu?) and
Thr'®, acetylation of Thr'® and phosphorylation of
Thr'®. These authors also suggest that there may
exist a second weakly phosphorylated site on this
protein. The enzymology of these post-translation-
al modifications as well as their physiological sig-
nificance remain obscure. CPa-2 (as well as D1 and
D2) appears to be phosphorylated by a different
mechanism from that operating on the light-
harvesting chlorophyll-a/b protein. Mutants,
bearing alterations in the cytochrome b4f complex,
of maize and Lemna which cannot phosphorylate
the light-harvesting chlorophyll-a/b protein are still
capable of phosphorylating the proteins of the PS
1T core including CPa-2 (Gal et al. 1987, Coughlan,
1988, Bennett et al. 1988). Since Bennett (1980) had
shown previously that the phosphorylation site on
the 45 kDa phosphoprotein could be removed by
trypsin treatment of thylakoid membranes, it is
highly likely that the N-terminus of CPa-2 pro-
trudes from the stromal side of the thylakoid
membrane. It should be noted that this study, as
well as analysis of the derived amino acid sequence
of CPa-2 by the method of von Heijne and Gavel

(1988) (see above), cast doubt on the accuracy of
models which place the N-terminus of CPa-2 to the
lumenal side of the thylakoid membrane (Murphy
1986).

3. The Function of CPa-1 and CPa-2

The primary function of both CPa-1 and CPa-2
appears to be that of interior chlorophyll-a light-
harvesting antennae for PS IL. Early work suggest-
ed that CPa-1 bound the primary donor of PS 1I,
Py, (Nakatani et al. 1984), and associated cofac-
tors. This hypothesis has fallen into almost univer-
sal disfavor. Excitation energy which is harvested
by the light-harvesting pigment-protein complex is
funneled through CPa-2 and CPa-1 and transferred
to the putative reaction center complex, D1-D2-
cytochrome bss,. In their apparent role of light-
harvesting chlorophyll-proteins, CPa-1 and CPa-2
probably interact functionally with the light-
harvesting pigment-protein complexes, com-
ponents of the reaction center core complex, and
with each other.

When excited with 420-440nm light (which is
primarily absorbed by chlorophyll) at 77K, cya-
nobacteria, green plants and algae exhibit three
major fluorescence emission bands which arise
from the pigment beds of PS II and PS I. These
emissions are generally observed at 685, 695 and
720-740nm. The 685 and 695nm peaks arise
predominantly from PS II while the 720-740 nm
peak arises predominantly from PS I (Krause and
Weis 1984). Some contribution of PS I to the
shorter wavelength emissions has been noted
(Mullet et al. 1980) as has a contribution of PS II
to the longer wavelength emission band (Stahl et al.
1989). Isolated PS II preparations which contain
CPa-1, CPa-2, D1, D2, and cytochrome b5, (and
possibly, the psb I gene product) exhibit the 685 and
695nm fluorescence emissions (Satoh et al. 1983,
Bricker etal. 1985). The 77 °K fluorescence emission
spectra of CPa-1 and CPa-2 after their isolation by
‘mildly-denaturing’ electrophoresis (Nakatani et al.
1984, Pakrasi et al. 1985) or of protein isolated by
chromatographic procedures (van Dorssen et al.
1987) indicate that CPa-2 and CPa-1 exhibit major
emission bands at 685 nm and 695 nm, respectively.
Additionally, cartridge mutagenesis of the psbB
and psbC genes in Synechocystis induces the loss of



the 695nm and 685nm fluorescence emission
peaks, respectively (Vermaas et al. 1986, Carpenter
and Vermaas 1988). These studies suggest that
CPa-1 and CPa-2 are responsible, at least in part,
for the 685nm and 695nm fluorescence emission
peaks associated with PS II. Experiments with
oriented PS II membranes (Tapie et al. 1984) and
oriented isolated CPa-1 (van Dorssen et al. 1987)
indicate that the 695 nm emission originates from
an emitting species whose dipoles are oriented per-
pendicular to the plane of the membrane. Breton
(1982) had suggested that the emitting species was
the pheophytin molecule which acts as the primary
acceptor in PS II. Recent evidence, including the
isolation of the D1-D2-cytochrome bs5 complex,
argues against this view. A recent study suggests
that the 695 nm emission arises from a monomeric
chlorophyll-a molecule (van Dorssen et al. 1987)
associated with CPa-1. As mentioned previously,
de Vitry et al. (1984) have determined that 20-25
chlorophyll molecules are associated with each
CPa-1 and CPa-2 holoprotein. After electrophore-
sis (Delepelaire and Chua 1979) or isolation with
octyl glucoside solubilization of a PS II core
complex (Tang and Satoh 1984), 4-7 chlorophylls
remain associated with these proteins. This
suggests that there may be two pools of chlorophyil
associated with these proteins, a weakly bound
pool which appears to be released during isolation
and a strongly bound pool of chlorophyll which is
more difficult to disassociate. Since the 695 nm and
685nm fluorescence emission peaks can be
observed after electrophoresis of CPa-1 and CPa-2
(Nakatani et al. 1984, Pakrasi et al. 1985), it would
appear that the emitting pigment molecules are
associated with this strongly bound pool of
chlorophyll. Interestingly, recent resonance Raman
data suggest that CPa-1 (and the DI-D2-cyto-
chrome bs5, complex) binds chlorophylls in two
different conformations: one in which the C, = O
group is relatively free and a second in which the
C, = O group interacts with protein or other
chromophores (de Paula et al. 1990). It should be
noted that the D1-D2-cytochrome b5, complex
exhibits a 77°K fluorescence emission at
684-685 nm (van Dorssen et al. 1987; Gounaris et
al. 1989) which is oriented parallel to the plane of
the membrane (van Dorssen et al. 1987). It has been
suggested that this fluorescence emission may arise
from the back reaction between Pg, and Pheophy-
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tin~ (Barber et al. 1987), although other recombi-
national pathways leading to this fluorescence
emission may be operating in this system (Eckert et
al. 1987).

A number of investigators have observed that
CPa-2 can be removed from the PS II core complex
by treatment with either chaotropic agents such as
potassium thiocyanate (Yamaguchi et al. 1988) or
lithium perchlorate (Ghanotakis et al. 1989) or by
additional detergent treatments (Yamagishi and
Katoh 1985, Akabori et al. 1988). These treatments
yield CPa-2 and a CPa-1-D1-D2-cytochrome b,
complex. Interestingly, removal of CPa-2 appears
to destabilize the association of plastoquinone
from the CPa-1-D1-D2-cytochrome bs5, complex
(Decker, Bowlby, and Yocum personal com-
munication). The ability to remove CPa-2 from PS
II preparations without the removal of CPa-1 and
without affecting some partial chain PS II electron
transport activities implies that CPa-2 is less closely
associated with the DI-D2-cytochrome by
reaction center than is CPa-1. Studies involving the
selective solubilization of components of the PS IT
antennae seem to indicate that CPa-2 is required
for the binding of LHCP to the CPa-1-D1-D2-
cytochrome bss, complex and the transduction of
excitation energy from the peripheral antennae to
the core of PS II (Bassie et al. 1987). Additionally,
these authors suggest that magnesium ions appear
to stabilize the association of LHCP to CPa-2 and
CPa-2 to CPa-1.

In addition to its role as a light-harvesting
chlorophyll-protein, a number of lines of evidence
suggest that CPa-1 may perform other functions in
PS 1I. CPa-1 appears to be closely associated with
the extrinsic 33 kDa manganese-stabilizing protein.
The presence of the extrinsic 33 kDa protein shields
CPa-1 (and CPa-2) from tryptic attack (Bricker
and Frankel 1987) and prevents the labeling of
amino groups on CPa-1 by the low molecular
weight, amino group-specific reagent N-hydrosuc-
cinimidobiotin (NHS-biotin) (Bricker et al. 1988).
This recagent appears to primarily label lysyl
residues located in the extrinsic loop region of CPa-
1 (Frankel and Bricker, unpublished observations).
Protein crosslinking data from three independent
groups indicate the formation of crosslinked
products between CPa-1 and the manganese sta-
bilizing protein in both PS II membrane prepara-
tions (Bricker et al. 1988, Camm EL personal com-
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munication, Enami et al. 1989) and in oxygen-
evolving PS II core complex (Enami et al. 1987,
Bricker et al. 1988). Three different crosslinking
reagents have been used in these studies:
Dithiodis(succinimidylpropionate) (DTSP) (Enami
et al. 1987, Bricker et al. 1988), the water-soluble
carbodiimide, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) (Bricker et al. 1988), and 2-
iminothiolane (Camm EL personal communica-
tion). It should be noted that proteins must be
essentially within van der Waals contact to be
crosslinked with EDC and such proteins are
usually thought to be interacting via a charge-pair
mechanism (Hackett and Strittmatter 1984). Enami
et al. (1989) have recently shown that oxygen evolu-
tion is stabilized after DTSP treatments which
crosslink the 33 kDa extrinsic protein with CPa-1.
Urea/NaCl washes which, in control experiments,
remove the extrinsic 33kDa protein and inhibit
oxygen evolution, failed to remove the 33kDa ex-
trinsic protein which has been crosslinked to CPa-
1. In these experiments, oxygen evolution was sta-
bilized proportionally to the amount of 33kDa
protein which was crosslinked. Alkaline pH has
been shown to effectively inhibit oxygen evolution
and induces the release of the bound manganese
associated with the oxygen-evolving site. Both
oxygen evolution and manganese content were sta-
bilized against the effects of alkaline pH pro-
portionally to the amount of 33 kDa protein which
was crosslinked. Interestingly, neither manganese
nor oxygen evolution was stabilized against treat-
ment with 0.8 M Tris although the crosslinked
33kDa protein was stabilized to this treatment.
These crosslinking data may suggest that CPa-1
provides a binding site for the extrinsic 33kDa
protein. Additional binding sites may be present on
the D1-D2-cytochrome bss, complex (Gounaris et
al. 1988).

In addition, my group has isolated a monoclonal
antibody (designated FAC2) which recognizes
CPa-1 both on “Western blots’ and on oxygen-
evolving membranes (Bricker and Frankel 1987)
when assayed by ELISA techniques. Interestingly,
in the membrane environment, the antigenic deter-
minant of the monoclonal antibody is accessible
only upon removal of the strongly bound pool of
manganese associated with the oxygen-evolving
complex. The antigenic determinant for FAC2 has
recently been mapped and is located between Pro*®

and Ser®' in spinach (see Fig. 4), which is ap-
proximately in the center of the large extrinsic
Loop E (Frankel and Bricker, in press). This data
suggests that the removal of the strongly bound
manganese from the oxygen-evolving site induces
conformational changes in the proteins associated
with the oxygen-evolving site which lead to the
exposure of the antigenic determinant of the mono-
clonal antibody on CPa-1. The nature of this hyp-
othesized conformational change has not yet been
determined.

It is possible that CPa-1 is required for the func-
tional assembly of PS I1. In experiments examining
alterations of the PS II structure and function after
mutagenesis of CPa-1 in Synechocystis, Vermaas et
al. (1988) concluded that CPa-1 was required for
the assembly of a functional PS II complex. Inter-
ruption of the pshB gene with a kanamycin resist-
ance cartridge leads to a PS II™ phenotype with no
detectable amounts of CPa-1, D1 or D2 found in
the photosynthetic membrane. Two chimeric
mutants containing portions of the psbB gene from
spinach, however, while exhibiting a PS II™
phenotype do accumulate measurable levels of D1
and D2. These authors hypothesize that the small
amount of chimeric CPa-1 which may be synthe-
sized in these mutants (but which rapidly turns
over) is sufficient to stabilize small amounts of D1
and D2 in the membrane. It is unclear at this time
how these results correlate to the findings of
Callahan et al. (1990) which indicate that in higher
plant thylakoid membranes CPa-1 and CPa-2 are
located solely in the granal lamellae while D1 and
D2 are also found in the stromal lamellae. These
authors suggest that D1 and D2 are inserted into
the stromal lamellae, processed, and imported into
the granal lamellae (Mattoo and Edelman 1987,
Callahan et al. 1987) where they become associated
with CPa-1 and CPa-2 (Callahan et al. 1990).

While CPa-2 does not appear to be as closely
associated with the PS II reaction center as is CPa-
1, interruption mutagenesis of the psbC gene in
Synechocystis does diminish the amounts of the
other intrinsic PS II proteins to low levels. Interes-
tingly, in these mutants electron transport from
diphenylcarbazide to artificial electron acceptors
still occurs, indicating that the PS II core is still
functional. The water oxidation site and the
reducing side of the photosystem are damaged,
however, since these mutants apparently no longer



evolve oxygen nor do they exhibit binding of '*C-
diuron (Carpenter and Vermaas 1988).

4. Future directions

It is obvious from the above discussion that our
understanding of both the structural and function-
al properties of CPa-1 and CPa-2 is in a state of
flux. While we have primary structure information
for these proteins, their organization within the
membrane and relationship to the other PS II com-
ponents remain unclear. While it is apparent that
these proteins are interior chlorophyll-a antennae
for PS II, other functional roles for these proteins
have only recently been suggested. At least three
lines of experimentation are required to clarify the
properties of these proteins. First, the absolute
topology of CPa-1 and CPa-2 must be determined.
This information would allow the formation of
testable hypotheses concerning the identification of
domains on these proteins which interact with
other PS II components. Second, in vitro mutagene-
sis of these proteins in cyanobacterial systems will
provide important information concerning func-
tionally important regions on these proteins. Fin-
ally, studies reconstituting purified CPa-1 and CPa-
2 with the reaction center of PS II and with the
light-harvesting pigment-protein complexes will
clarify the roles for these proteins in the stabiliza-
tion of PS II cofactors as well as allowing a more
detailed examination of the mechanics of excitation
energy transfer within the PS II antenna. It is
hoped that in the next few years a more detailed
understanding of the roles of these important PS IT
components will be forthcoming.
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