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Abstract Hcf136 encodes a hydrophilic protein localized in the
lumen of stroma thylakoids. Its mutational inactivation in Ara-
bidopsis thaliana results in a photosystem II (PHII)-less pheno-
type. Under standard illumination, PSII is not detectable and
the amount of photosystem I (PSI) is reduced, which implies
that HCF136p may be required for photosystem biogenesis in
general. However, at low light, a comparison of mutants with
defects in PSII, PSI, and the cytochrome b6f complex reveals
that HCF136p regulates selectively biogenesis of PSII. We
demonstrate by in vivo radiolabeling of hcf136 that biogenesis
of the reaction center (RC) of PSII is blocked. Gel blot analysis
and a⁄nity chromatography of solubilized thylakoid membranes
suggest that HCF136p associates with a PSII precomplex con-
taining at least D2 and cytochrome b559. We conclude that
HCF136p is essential for assembly of the RC of PSII and
discuss its function as a chaperone-like assembly factor.
2 2002 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

Photosystem II (PSII) is one of two chlorophyll a (Chl a)
binding multisubunit pigment protein complexes of plastid
thylakoid membrane in oxygen evolving photosynthetic or-
ganisms [1]. During illumination of this complex water is oxi-
dized. Hereby, molecular oxygen and protons are released on
the lumenal side and electrons, which are captured by the
reaction center (RC) of PSII, are used to reduce plastoqui-
none on the stromal side of the thylakoid membrane.
Although numerous biochemical [2,3] and mutational ap-

proaches in Synechocystis and Clamydomonas [4,5] have given
detailed insights into the structure and function of the PSII
complex, much less is known about the biogenesis of the
protein complex in the thylakoid membrane [6,7]. In addition
to its role in photosynthesis, the membrane is, together with
the endoplasmic reticulum and the inner membrane of mito-
chondria, one of the major protein export membranes of the
photosynthetic cell [8^10]. Like the other thylakoid membrane
complexes, PSII is a genetic mosaic which consists of plastic
and nuclear encoded subunits. Its biogenesis depends on a
strictly coordinated gene expression in both the chloroplast

stroma and the cytosol and on the import of nuclear encoded
subunits into the chloroplast [4]. The coordination of gene
expression is guaranteed by a number of di¡erent biogenesis
factors, which intervene at the di¡erent steps of the gene ex-
pression cascade, thus building a complex regulatory frame-
work [4]. A further regulatory level is found during transport
of imported or plastic expressed subunits into or across the
thylakoid membrane and during binding of cofactors like Ca,
Fe, and Mn or pigments like chlorophylls and carotenoids
[9,11,12]. Finally, assembly of the subunits into a fully func-
tional photosystem structure has to be regulated [13].
Analysis of high Chl £uorescence (hcf) photosynthetic mu-

tants of Arabidopsis thaliana led to the identi¢cation of a mu-
tant hcf136 and the nuclear encoded protein of prokaryotic
origin responsible for the phenotype, the protein HCF136p
[14]. In the absence of HCF136p, incorporation of radiolabel
could be detected for PSII core complex subunits D1, D2,
cytochrome b559, CP47 and CP43 in plastids of mutant seed-
lings, but no stable accumulation of the proteins was found
[14]. It was concluded that HCF136p is necessary for assem-
bly or stability of the PSII subunits.
Since the hcf136 mutation was also associated with a sig-

ni¢cant reduction of photosystem I (PSI), we investigated the
biogenesis of PII, PSI and the cytochrome b6f (Cyt b6f) com-
plex by comparative gel blot analysis of hcf mutants with
de¢ned lesions. By 2D Native-/SDS^PAGE separation of in
vivo pulse-labeled PSI and II complexes and their assembly
intermediates we demonstrate that HCF136p is speci¢cally
required for assembly of the PSII RC complex, an assembly
intermediate in PSII biogenesis. We provide evidence that
HCF136p is associated with a nascent PSII assembly inter-
mediate, suggesting that the protein may function as a chap-
erone-like assembly factor.

2. Materials and methods

2.1. Growth conditions
Germination of Arabidopsis seeds, growth of seedlings and mutant

selection was performed as described in [14], except that seedlings
were grown with a 12 h photoperiod at a photon £ux density of
50^70 Wmol m32 s31 (‘standard light’) or 2^5 Wmol m32 s31 (‘low
light’), respectively.

2.2. Germination of transgenic A. thaliana hcf136 lines overexpressing a
HCF136^Protein A fusion protein

The entire HCF136 reading frame was C-terminally fused with a
Protein A (ProtA) tag. The ProtA tag is composed of two IgG bind-
ing domains of the Staphylococcus aureus Protein A gene followed by
a spacer and the TEV protease cleavage site to give a total length of
135 amino acids [15]. The HCF136^TEV^Protein A fusion construct
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(hcf136pA) was cloned into the binary Ti vector pPEX001 (B. Reiss,
MPIZ Cologne, personal communication) and was introduced into
heterozygous hcf136 plants by Agrobacterium tumefaciens mediated
transformation using the £oral dip method [16]. Three of 24 T2-plants
were identi¢ed as homozygous for the hcf136 mutation and were fully
complemented by the HCF136^TEV^Protein A fusion gene to the
wild-type phenotype.

2.3. Preparation of thylakoid membrane proteins for gel blot analysis
Leaf material of 14 day old seedlings was homogenized in liquid

nitrogen. The homogenate was resuspended in 50 mM Tris^HCl, pH
6.8, 10 mM EDTA, 10 mM EGTA, 10 mM dithiothreitol (DTT),
1 mM phenyl methyl sulfonate (PMSF) and 1 mM benzamidine at
4‡C for 10 min and centrifuged at 10 000 rpm at 4‡C for 15 min. The
pellet containing total membranes was resuspended in the same bu¡er.
SDS^PAGE was carried out according to [17] with addition of 6 M
urea. For gel blot analysis, proteins were transferred to polyvinylidene
di£uoride (PVDF) membranes as described in [18]. Membranes were
immunodecorated with speci¢c antisera [14] and visualized by the
enhanced chemiluminescence method as described by the manufac-
turer (Amersham-Pharmacia Biotech, Sweden).

2.4. In vivo labeling of thalykoid membrane proteins
Two-week old seedlings of A. thaliana were cut at the beginning of

the hypocotyls with razor blades and preincubated for 15 min in 200
Wg/ml cycloheximide to block cytosolic translation. The in vivo label-
ing was performed in a 1:1 mixture of 35S methionine (speci¢c activ-
ity s 1000 Ci/mmol; Amersham-Pharmacia Biotech, Sweden) and 200
Wg/ml cycloheximide for 20 min at room temperature and 50 Wmol
m32 s31 of photon £ux density.

2.5. Blue native PAGE separation of thylakoid membrane proteins
About 10^20 Arabidopsis leaves were cut into very small slices with

a razor blade in 10 mM Tris^HCl pH 6.8, 10 mM MgCl2, 20 mM KCl
at 4‡C (TMK). Hereby, organelles were released and lysed. Thyla-
koids were separated from stroma by centrifugation for 5 min at
5000 rpm and 4‡C. After washing once in the same bu¡er, thylakoids
equivalent to 100 Wg of Chl were resuspended in 60 Wl 750 mM (or
5 mM) O-aminocaproic acid, 50 mM Bis-Tris^HCl pH 7.0, 0.5 mM
EDTA and incubated on ice for 5 min. Proteins were solubilized by
addition of 5 Wl 10% (or 20%) (w/v) n-dodecyl-L-D-maltoside (or 26%
(v/v) Triton X-100). After incubation on ice for 10 min, samples were
centrifuged for 10 min at 10 000 rpm and 4‡C. The supernatant was
recovered and 5 Wl of 5% (w/v) Serva blue G in 750 mM (or 5 mM)
O-aminocaproic acid was added. The protein solution was loaded onto
a pre-cooled PAGE system prepared and run in the blue native ¢rst
and the SDS second dimension [19].

2.6. A⁄nity chromatography using a Protein-A^TEV^hcf136p protein
construct

For a⁄nity puri¢cation of proteins binding to a Protein-A^TEV^
hcf136p protein construct (hcf136pA), a chromatography column
(PolyPrep, Bio-Rad) was ¢lled with 200 Wl IgG-Sepharose (IgG-Seph-
arose 6, fast £ow; Amersham Bioscience). The IgG-Sepharose matrix
was conditioned as described by the manufacturer and ¢nally washed
with TMK-T [Tris^HCl, pH 6.8, 10 mM; MgCl2, 10 mM; KCl, 20
mM; Triton X-100, 0.08% (v/v)]. Thylakoid membrane proteins were
radiolabeled as described in Section 2.4 and membranes were concen-
trated by centrifugation in an Eppendorf microcentrifuge (5000 rpm,
5 min, 4‡C). Membrane proteins were solubilized for 5 min in 1% (v/v)
Triton X-100 on ice and protein aggregates were removed by centri-
fugation (10 000 rpm, 10 min, 4‡C). The supernatant was diluted with
1 ml TMK bu¡er and radiolabel equivalent to an amount of 5U105

cpm was loaded onto the column. The column was placed on a shaker
(REAX 2, Heidolph) and incubated for 2 h at 4‡C. Thereafter, the
column was loaded with 5 ml TMN-T bu¡er [Tris^HCl, pH 6.8, 10
mM; MgCl2, 10 mM; NaCl, 25 mM; Triton X-100, 0.08% (v/v)] and
the £ow-through was discarded. Proteins bound by the column were
eluted in a volume of 1 ml within 30 s by an acid pH shift (Glycin/
HCl, pH 3.0, 100 mM; NaCl, 150 mM; Triton X-100, 0.08%) and the
£ow-through was neutralized directly in 2 M Tris^HCl, pH 8.0). Al-
ternatively, proteins were released by incubation of the column in a
cleavage bu¡er (Tris^HCl, pH 8.0, 10 mM; EDTA, 0.5 mM; NaCl,
150 mM; DTT, 1 mM; Triton X-100, 0.08%) containing 20 U re-
combinant TEV-Protease (Invitrogen) for 2 h, at RT. Protein extracts

were precipitated in 10% (v/v) trichloracetic acid (TCA) for 30 min on
ice and were concentrated by centrifugation (10 000 rpm, 4‡C). Pre-
cipitates were washed in 80% (v/v) acetone and proteins prepared for
SDS^PAGE as described in Section 2.3.

3. Results

3.1. HCF136 is a PSII mutant
In the A. thaliana mutant hcf136, a depletion of PSI and

PSII subunits was reported [14]. To di¡erentiate whether PSII
or PSI were directly a¡ected by the loss of the HCF136 pro-
tein (HCF136p), we compared the hcf136 mutant to the Ara-
bidopsis wild type (WT) and characteristic PSII, Cyt b6f and
PSI mutants. The level of protein subunits characteristic for
PSII, the Cyt b6f, and PSI was investigated under standard
and low-light growth conditions.
As reference for mutations a¡ecting PSII we used hcf173,

hcf154 and hcf107 [20]. In comparison to the WT, these mu-
tants show reduced levels of PSI (psaA/Bp, PsaDp) and PSII
subunits (CP47, CP43, D2, D2, PsbOp, psbEp). In addition,
hcf mutants with de¢ned defects in the Cyt b6f complex
(hcf164) and PSI (hcf145) were included in the comparison.
Hcf164 lacks the Cyt b6f complex, most likely due to a defect
in cytochrome f maturation [21]. Hcf145 does not accumulate
the psaA/B mRNA which encodes the P700 Chl a-apoproteins
(psaA/psaB) of PSI RC (J. Meurer, personal communication)
and is consequently depleted of PSI (Fig. 1A, psaA/Bp and
PsaDp).
Since we suspected that the photosynthetic photon £ux

might in£uence the level of photosynthetic electron transport
complexes within the chloroplast, we compared the amount of
protein subunits after seedlings were grown under standard
photosynthetic (50^70 Wmol m32 s31) or under low light £uxes
(2^5 Wmol m32 s31).
Under standard light intensities, the levels of PSII subunits

were drastically reduced in the PSII mutants, whereas, in the
PSI and Cyt b6f mutants, protein levels were comparable to
those in the WT. The level of the Cyt b6f subunit petDp
remained unchanged except for the Cyt b6f mutant hcf164
itself. Hcf164 and all four PSII mutants hcf136, hcf107,
hcf173, and hcf154 showed an about eight-fold decrease in
the level of PSI subunits psaA/Bp and PsaDp when compared
to the WT (Fig. 1A). Hence, reduced levels of PSI proteins are
observed in the Cyt b6f and all PSII mutants. We therefore
conclude that a decrease in PSI levels is not speci¢c for PSII
mutants.
In low light, the levels of all protein subunits from both

photosystems and from the Cyt b6f complex were reduced in
WT plants as well as in the PSI mutant relative to the stan-
dard light conditions (Fig. 1B). Although the level of PSII
subunits in the PSII mutants and in hcf136 was lower than
in the WT, an increase relative to standard light conditions
was detectable. In the PSI and PSII mutants, the amount of
petD remained at a constant value relative to the WT protein
subunit. However, the amount of psaA/B and psaD increased
by a factor of four in the PSII mutants relative to the WT.
This suggested that in PSII mutants, PSI was light-sensitive,
whereby the level of PSI subunits was reduced under standard
light. Interestingly, the same e¡ect could be observed when
the Cyt b6f mutant hcf164 was investigated. We conclude that
hcf mutations a¡ecting PSII or Cyt b6f subunits in£uenced the
steady-state level of PSI subunits. In contrast, hcf mutations
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a¡ecting PSI subunits did not in£uence the steady-state level
of PSII or Cyt b6f subunits (Fig. 1A,B).
The reduced amounts of PSI which had been described in

hcf136 under standard light conditions [14] can therefore not
be explained by a direct e¡ect of HCF136p on PSI. Hence, the
data indicated that the reduction in PSI levels was due to a
secondary e¡ect of the mutation, indicating that hcf136 is a
PSII mutant.

3.2. The HCF136 gene product is essential for assembly of
PSII RC complexes

Previous in vivo labeling and gel blot experiments of hcf136
seedlings had shown that the PSII core subunits D1, D2,
CP43, CP47 and cytochrome b559 (Cyt b559) were synthesized
as in WT, but did not accumulate. We therefore investigated
in detail in hcf136 at which point during the assembly of PSII
HCF136p is required. Chloroplast proteins were radiolabeled
in vivo by in¢ltration of leaves with [35S]methionine, thyla-
koid membranes were isolated from in vivo labeled seedlings
and assembly of protein subunits was analyzed by blue native
polyacrylamide gel electrophoresis (BN^PAGE) according to
molecular mass [22] (Fig. 2). Cycloheximide was added to

block radiolabel incorporation by cytoplasmic protein synthe-
sis. For SDS^PAGE, subunits contained within the complexes
were released and were separated. In this second dimension,
plastome-encoded subunits of PSII, i.e. CP47 (PsbB), CP43
(PsbBC), D2 (PsbD) and D1 (PsbA), and of PSI, (PsaA and
PsaB) were found to be radiolabeled. By BN^PAGE, several
PSII complexes can be distinguished. Four major complexes
of increasing molecular mass were resolved and identi¢ed by
gel blot analysis and mass spectrometry as RC, RC-CP47
(RC47), monomeric (CCI) and dimeric (CCII) RC core com-
plexes (Fig. 2A).

Fig. 1. Gel blot analysis of photosystem proteins from Arabidopsis
WT and hcf mutants. Steady-state levels of protein subunits from
PSI and II core complexes and of the Cyt b6f complex were isolated
from WT plants and from the hcf mutants hcf136, hcf173, hcf154,
hcf107, hcf145 and hcf164 after growth at standard (50^70 Wmol
m32 s31) (A) or low light intensity (2^5 Wmol m32 s31) (B). Protein
subunits were analyzed on gel blots with antibodies directed against
PSI: psaA/Bp, PsaDp; PSII: CP47, CP43, D2, D1, PsbOp, psbEp;
and Cytb6f: petDp. A standard equal amount of protein (15 Wg) or
a dilution of the standard was loaded for SDS^PAGE of WT and
hcf mutant.

Fig. 2. Autoradiogram of radiolabeled thylakoid membrane proteins
after separation by two-dimensional Native^/SDS^PAGE. Protein
complexes of WT and hcf mutants (hcf136, hcf107) were separated
by a 2D Native^/SDS^PAGE setup. In Native^PAGE (BN^PAGE),
protein complexes were loaded with negatively charged Coomassie
and separated according to molecular mass (molecular mass of
marker proteins is given at the top of the ¢gure). In denaturing
SDS^PAGE, protein subunits of preseparated complexes were re-
leased by SDS and proteins separated according to molecular mass
orthogonal to the ¢rst electrical ¢eld gradient (arrow at the left
hand side of ¢gure indicates direction of protein migration). Protein
subunits P700 of PSI and CP47, CP43, D2, pD1, and D1 of PSII
were identi¢ed by mass spectrometry and gel blot analysis. For
PSII, accumulation of radiolabeled protein subunits was identi¢ed
in dimeric core complex, CCII; in monomeric core complex, CCI;
in a RC complex containing CP47, RC47; and in a RC complex,
RC; in thylakoids isolated from wild-type (A, WT) and mutant
(B, hcf136 ; and C hcf107) after radiolabeling in vivo (see Section 2).
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In WT plants, most of the [35S]methionine label was incor-
porated into protein subunits CP47, CP43, D2 and D1 of the
RC47 and monomeric CCI complex. Less label was incorpo-
rated into the dimeric CCII and the RC complex. A small
amount of label could also be detected in unassembled D1,
D2 and CP47, whereas the levels of unassembled CP43 were
clearly higher (Fig. 2A). It follows that under the experimental
conditions chosen mature PSII complexes can assemble, start-
ing from de novo synthesized proteins. With respect to PSI,
most of the radiolabeled P700 protein was found in PSI com-
plexes of about 550 and 400 kDa, indicating that under the
experimental conditions chosen, mature PSI-LHCI and PSI
RC complexes assemble as well.
In vivo incorporation experiments with hcf136 mutants led

to strikingly contrasting results with respect to PSII, but not
in the case of PSI (Fig. 2B). Both large PSI complexes could
be detected, suggesting that the PSI assembly pathway oper-
ates in hcf136 as in the WT. In contrast, hardly any radio-
labeled proteins were found at the position of CCII, CCI,
RC47, and the RC complex (Fig. 2B, hcf136 ; dashed circles),
suggesting that these PSII complexes did not assemble in the
hcf136 mutant background. In line with this conclusion, large
amounts of unassembled radiolabeled CP47, CP43, D2 and
D1 proteins accumulated during pulse labeling.
To con¢rm these ¢ndings, the assembly of PSII complexes

was analyzed in hcf107. As mentioned above, hcf107 mutants
do not translate PSII-H and CP47 e⁄ciently, but assemble
PSI [20]. In this mutant, only the RC complex accumulated
(Fig. 2C). Formation of the RC47 complex and of CCI was
drastically impaired, and CCII was almost undetectable. We
therefore concluded that assembly of the RC complex was
blocked in the hcf136 mutant and preceded that of RC47
and CCI in the WT. From the results concerning the hcf107
mutant, we concluded that CP47 and PSII-H are not required
for assembly of the RC complex, but for RC47 formation.
Results indicated that the RC complex is an early assembly
intermediate for assembly of PSII-H and CP47.

3.3. The RC of PSII is an assembly intermediate
The ¢ndings described above suggested that the RC com-

plex could be an assembly intermediate of PSII and conse-
quently it should be possible to chase radiolabeled PSII from
the RC into RC47 and CCI complexes in WT seedlings. We
therefore selected the radiolabeled D1 protein as molecular
mass marker to investigate whether distribution and radiola-
bel intensity of the protein changed during an assembly ki-
netic in WT and hcf136 seedlings. Radiolabel which accumu-
lated in free D1 and the RC complexes during pulse-labeling
with [35S]methionine could be chased into RC47 and CCI
complexes when WT seedlings were in¢ltrated with non-radio-
labeled L-methionine (Fig. 3). In contrast, in hcf136, radio-
labeled free D1 protein was lost during the chase; however,
some radiolabel accumulated in a 290 kDa band (Fig. 3A,B).
Since no other radiolabeled proteins besides D1 were found in
this fraction, we speculate that the 290 kDa complex arises
due to aggregation of non-assembled D1 proteins. Taken to-
gether, the pulse-chase experiments reinforced that HCF136p
is speci¢cally and essentially required for assembly of the PSII
RC complex. Furthermore, the data demonstrated that the
RC itself is an intermediate for RC47 assembly.

3.4. The HCF136 protein comigrates with PSII complexes
The data presented here led to the conclusion that

HCF136p is essential for assembly of RCs and may function
as a chaperone-like protein. As an assembly chaperone,

Fig. 3. Autoradiogram of D1 in PSII complexes after in vivo pulse/
chase radiolabeling. Arabidopsis WT and hcf136 mutant seedlings
were in¢ltrated with [35S]methionine for 60 min (Pulse). Thereafter,
[35S]methionine was replaced by a solution containing 10 mM L-me-
thionine and seedlings were in¢ltrated for an additional 60 min
(Chase). Thylakoid membranes were prepared from seedlings and
protein complexes were separated by BN^PAGE as described in
Section 2.

Fig. 4. Gel blot analysis of protein subunits separated by 2D Na-
tive^/SDS^PAGE. Thylakoid membrane protein complexes from
WT plants were separated by 2D PAGE. In the ¢rst dimension an
acrylamide/bisacrylamide gradient of 8^16% (w/v) was employed.
After SDS^PAGE, protein subunits were detected by gel blot analy-
sis on PVDF membranes. Blots were incubated with antisera against
CP47, HCF136p, D2, and Cyt b559 (A), and against D2, and trans-
genic HCF136-Protein A (HCF136PAp) (B). Localization of PSII
complexes is given at the top of the ¢gure, the molecular mass
range of HCF136p distribution is given below the ¢gure (HCF136p
interaction).
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HCF136p should transiently interact with one of the RC sub-
units. To collect evidence for this assumption, the molecular
mass of HCF136p and PSII subunits D2 and Cyt b559 was
measured by BN^PAGE.
Gel blot analysis with antisera directed against PSII sub-

units CP47, D1, D2 and Cyt b559 identi¢ed PSII complexes
RC, RC47, CC(I) and CC(II) in WT thylakoid membrane
preparations (Fig. 4). D2 was detected as free protein and
in a D2 precomplex described earlier to contain Cyt b559
[12] (Fig. 4A). Most of 43 kDa protein HCF136p was local-
ized at a molecular mass around 70 kDa overlapping this D2
precomplex. However, a small portion of HCF136p was de-
tected at higher molecular masses reaching up to the 200 kDa
RC47 complex (Fig. 4A). A similar type of protein streaking
was also found with antibodies directed against the D2 pro-
tein.
In order to increase the sensitivity for detection of the

HCF136p in the gel blot experiments, we subsequently ana-
lyzed transgenic lines of A. thaliana with a HCF136^Protein A
fusion construct (HCF136pPA). In mutant hcf136 plants that
were functionally complemented, detection of HCF136pPA
was achieved with increased sensitivity due to the high a⁄nity
for antibodies directed against the Protein A domain (Fig.
4A,B). In comparison to gel blot analysis of HCF136p,
streaking of HCF136pA was localized up to the dimeric
CCII complex. Pronounced streaking of proteins HCF136p
and D2 may re£ect a protein interaction between the lumenal
HCF136 protein and the membrane integral D2 protein dur-

ing assembly of the RC. The small proportion of HCF136p
that colocalized speci¢cally to PSII core complexes RCC(1)
and RCC(2) suggests that HCF136p is selectively involved in
assembly of PSII subunits.

3.5. The HCF136pA fusion protein concentrates two
radiolabeled membrane proteins

These results prompted us to investigate the selective inter-
action of HCP136p and PSII proteins by a⁄nity chromatog-
raphy. Hcf136 mutants complemented by the HCF136^ProtA
fusion gene and WT seedlings were radiolabeled in vivo in the
presence of cycloheximide and membrane proteins equivalent
to an amount of 105 cpm were separated by SDS^PAGE (Fig.
5 WT, PA; lane 1). For a⁄nity chromatography with hcf136p
radiolabeled and solubilized membrane proteins were sub-
jected to IgG-Sepharose or to IgG-Sepharose coupled to the
hcf136pA construct. Two radiolabeled protein bands were
found to bind and to selectively elute upon an acid pH shift,
or upon incubation with TEV protease (Fig. 5, WT, PA, lane
2). The results show that the hcf136pA construct increased the
yield of both radiolabeled membrane proteins over the WT
control (Fig. 5, lanes 2, a and b). The molecular mass and
plastic origin of protein bands a and b denote that these
proteins are D2 and Cytb559, respectively. The identi¢cation
of D2 and Cytb559 in a putative complex with hcf136p by
BN^PAGE makes it therefore highly likely that these thyla-
koid membrane proteins interact in A. thaliana chloroplasts.

4. Discussion

The nuclear encoded protein HCF136p was described ear-
lier to be essential for the stability of PSII in higher plant
chloroplasts. In vivo labeling and gel blot experiments of
hcf136 seedlings had shown synthesis, but not accumulation
of PSII subunits D1, D2, CP43, CP47 and Cyt b559 [14]. Why
a parallel defect in PSI accumulation occurred in hcf136 mu-

Fig. 5. A⁄nity puri¢cation of radiolabeled proteins interacting with
hcf136pA. Thylakoid membrane proteins were radiolabeled in vivo
in WT A. thaliana (WT) or in the hcf136 mutant complemented by
the hcf136pA fusion gene (PA) for 30 min. A protein amount equiv-
alent to 105 cpm was separated by SDS^PAGE (lanes 1). For a⁄n-
ity puri¢cation of proteins binding to hcf136pA, thylakoids were
solubilized and a radiolabeled protein amount equivalent to 5U105

cpm was subjected to IgG- (WT, 2), and IgG-hcf136pA Sepharose
columns (PA, 2). Proteins released from the columns were concen-
trated and separated by SDS^PAGE (lanes 2, a and b).

Fig. 6. Model for a HCF136p regulated step in assembly of PSII
RCs. Biogenesis of PSII RC is proposed to require a Chl a indepen-
dent HCF136p catalyzed interaction of D2 and cytb559. The RC
precomplex forms the basis for assembly/disassembly cycles with
pD1-protein [13]. In the presence of HCF136p, stable binding of
Chl a (black pentagons) and assembly of RC complexes is possible.
In the absence of HCF136p, pD1 is synthesized but assembly of
pD1 with RC precomplexes into stable RC complexes is blocked
and pD1 is degraded.
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tant thylakoids remained open. The light and PSII-/Cyt b6f
dependent levels of PSI shown here, indicate that the dis-
turbed state of the photosynthetic electron transport in
hcf136 could serve as a signal to adjust, i.e. down-regulate,
PSI levels. Alternatively, the reduced PSI levels could result
from photooxidative processes which occur when the light-
induced excitation of PSI and its antenna systems is not ac-
companied by a matching consumption of electrons at the
donor or acceptor sides of the photosystem [23].
We demonstrated that HCF136p is essential for the PSII

assembly process by BN^PAGE which was already used for
separation of mitochondrial membrane protein complexes
[19,22,24]. In WT plant thylakoids, the CCI complexes have
been demonstrated to be the minimal functional assembly
stage for enzymatic evolution of oxygen from water [25]. In
contrast, an oxygen evolution with a very low yield was also
detected in CCI complexes lacking CP43, but the level of a
contaminating enzymatic activity of CCI complexes may have
been too low for detection of the CCI subunit CP43 in gel
blot or silver staining analysis after SDS^PAGE [26]. In this
respect, neither hcf136 nor hcf107 assemble any functional
PSII complexes. In the hcf107 mutant, the RC complex accu-
mulated despite the loss of psbH and psbB expression and
showed that this mutant is a PSII assembly mutant. In
hcf136 thylakoids, the assembly intermediates RC, RC47,
CCI and -CCII were not found, but pulse and pulse/chase
labeling experiments demonstrate expression of the RC sub-
units D1, D2 and Cyt b559. Since no accumulation of the D2-
Cyt b559 RC precomplex occurs, it remains open whether
hcf136p is required for assembly or stability of the RC pre-
complex. In dark-grown plants, accumulation of the RC pre-
complex has been detected by immunoprecipitation analysis in
the absence of Chl a, indicating that hcf136p is required be-
fore Chl a binding [12].
Hcf136p has been located in stromal thylakoids [14], where

translation of the plastic encoded subunits of PSII RC cores
has been described and where some of the primary assembly
steps of membrane inserted subunits occur [7,14,27]. Here, the
binding of de novo synthesized D1 was described to occur
cotranslationally, i.e. during membrane insertion of the nas-
cent D1 protein [6]. HCF136p could operate from the lumenal
side of the thylakoid as a membrane-attached folding or as-
sembly catalyst, which may be inevitable to assist assembly
during cotranslation insertion of D1 from the stroma side of
the membrane. According to our data, we propose a model
where HCF136p is required for assembly or stability of the
RC precomplex (Fig. 6). A stable RC precomplex may be
maintained in the absence of pD1, providing a mold for suc-
cessive binding of Chl a to the RC heterodimer [12], a strategy
comparable to binding of Chl a to natural and the develop-
ment of arti¢cial protein maquettes [10,28]. Hence, a speci¢c
function of HCF136p for Chl a binding is suggested since a
chaperone binding to the lumen-exposed peptide loops may
provide the £exibility for non-covalent attachment of Chl a to
the membrane K-helix bundles (Fig. 6). The Protein A tag
used in our approach may have altered the binding properties

of native HCF136p; however, the fusion protein fully substi-
tutes the native protein in mutant plants, complementing them
to a WT phenotype, and tagged plus untagged proteins show
formation of PSII precomplexes in BN^PAGE. It is therefore
unlikely that the tag itself is responsible for binding of
HCF136pA to D2 and Cyt b559.
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