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ABSTRACT. Photosystem | (PSI) is a photochemically active membrane protein complex that functions at
the reducing site of the photosynthetic electron-transfer chain as plastoeyamgdoxin oxidoreductase.

PsaE, a peripheral subunit of the PSI complex, plays an important role in the function of PSI. PsaE is
involved in the docking of ferredoxin/flavodoxin to the PSI complex and also participates in the cyclic
electron transfer around PSI. The molecular characterization of the assembly of newly synthesized PsaE
in the thylakoid membranes or in isolated PSI complexes is the subject of the present study. For this
purpose theMastigocladus laminosus psaiene was cloned and overexpresse&scherichia coli and

the resulting PsaE protein was purified to homogeneity by affinity chromatography. The purified PsaE
was then introduced into thylakoids isolated fréwin laminosusand the newly introduced PsaE subunit
saturates the membrane. The solubilization and separation of the different thylakoid protein complexes
indicated that PsaE accumulates specifically in its functional location, the PSI complex. A similar stable
assembly was detected when PsaE was introduced into purified PSI complexes, i.e., in the absence of
other thylakoid components. This strongly indicates that the information for the stable assembly of PsaE
into PSI lies within the polypeptide itself and within other subunits of the PSI complex that interact with

it. To determine the nature of these interactions, the assembly reaction was performed in conditions affecting
the ionic/osmotic strength. We found that altering the ionic strength significantly affects the capability of
PsaE to assemble into isolated thylakoids or PSI complexes, strongly supporting the fact that electrostatic
interactions are formed between PsaE and other PSI subunits. Moreover, the data suggest that the formation
of electrostatic interactions occurs concomitantly with an exchange step in which newly introduced PsaE
replaces the subunit present in situ.

Photosystem | (PSl)is a photochemically active mem- that traverse(s) the thylakoid membrane. Apart from PsalL,
brane protein complex situated at the reducing site of the all of these PSI subunits are of low molecular weight. Psal
photosynthetic electron transfer chain. It functions as plas- has been shown to be involved in strengthening the binding
tocyanin—ferredoxin oxidoreductase in the thylakoids of of PsalL and PsaM to the PSI complék 7). PsaJ has been
plants, algae, and cyanobacteria. In cyanobacteria, the PSfound to stabilize the binding of PsaE to the PSI complex
electron donor, plastocyanin, is occasionally replaced by a(8). The psaJgene is monocystronic with thesaF gene;

c-type cytochrome (cytochrome), and during iron defi-  hence deletion of thpsaJgene leads to 80% reduction in
ciency, the PSI electron acceptor, ferredoxin, is replaced by the PsaF content in PS,(10). PsaF, the only subunit located
flavodoxin @, 2). on the lumenal side of the cyanobacterial thylakoid mem-

The PSI complex of cyanobacteria consists of 12 different prane, has been shown to contain at least one transmembranal
subunits, namely, PsaA to PsaF, Psal to PsaM, and PsaX, @ helix (11, 12). While in eukaryotes PsaF has been seen to
transmembrane subunit that has recently been identified inpe involved in the docking of plastocyanin to P$B(14),
the structure of the PSI compleg)( PsaA and PsaB, with i cyanobacteria PsaF is not involved in the docking of
11 membrane-spanning helices each, form the hydrophobiceytochromecs (9, 12), and its specific function is still
core of the complex, to which all of the photosynthetic ynknown. PsaL is the subunit responsible for PSI trimer

pigments and most of the electron carriers are bodn8)( formation in cyanobacteriab( 15) while the functions of
Psal-PsaM and PsaX also contain hydrophobic region(s) psak and PsaM are not yet known.
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and flavodoxin 20) and in strengthening the binding of PsaC concentration of 1 mM, and the culture was incubated for 3
to PSI (11, 17, 21, 22). h. [**C]Valine was then added (O8Ci/mL), and the bacteria

According to Barth et al.19), PsaE is responsible for the were incubated under the same conditions for an additional
dissociation of ferredoxin from the PSI complex. Another 45 min.
function attributed to PsaE is its involvement in the cyclic ~ For PsaE purification, the cells were harvested by cen-
electron flow occurring around the PSI compleg3,(24). trifugation at 6000 rpm for 5 min (SS-34 rotor). The pellet
This function is directly related to the process known in was suspended in a TN buffer (20 mM Tris-HCI, pH 7.9,
cyanobacteria as the G@oncentrating mechanism (CCM); 500 mM NaCl; 3 mL of TN per pellet from a 50 mL culture)
thus the energy required for HGOuptake is supplied by  containing the following protease inhibitors: 1 mM PMSF,
the PsaE-mediated cyclic electron pathwag)( 0.1 mM leupeptin, and &M pepstatin. The cells were then

The NMR-derived structure of PsaB§, 27), as well as broken by sonication on ice (three cycles of 20 s each with
the X-ray crystallographic structure of the reducing site of 2 min intervals) and centrifuged at 13000 rpm for 20 min
the PSI complex 16), found the protein to contain five (SS-34 rotor). Following centrifugation the pellet was
antiparallels-sheet strands connected by loops. From these discarded, and the soluble fraction was filtered through a
structures, it is postulated that the loops are involved in the 0.2 um filter. The filtrate was introduced to a Ni-NTA
interactions of PsaE with other PSI subunits (mainly PsaA/ agarose column (QIAGEN; 1 mL of resin for 50 mL of
B, PsaC, and PsaD), while th# strandspB and fC are supernatant) previously washed with 5 volumes of TN buffer
involved in the association/dissociation of ferredoxin. The containing 10 mM imidazole. The resin with the supernatant
NMR-derived structure also revealed the similarity of PsaE Was shaken at 4C for 1 h, and the column was then built.
to the SH3 domain known from proteins involved in signal The column was washed three times (5 column volumes per
transduction proteinprotein interactionsd strands ending ~ Wash): once with TN buffer containing 10 mM imidazole
with a 3,0 helix). This resemblance might suggest that PsaE and twice with the same buffer containing 25 mM imidazole.
plays a role in the assembly and stability of the entire PS| Elution was then performed with 3 column volumes of TN
complex. buffer containing 300 mM imidazole.

The peripheral subunits of PSI facing the cytosol/stroma  FOr assembly reactions, the purified PsakE was dialyzed
(PsaD/E) have been shown to assemble into the thylakoids2dainst buffer containing 20 mM Tris-HCI, pH 7.9, and 50
spontaneously without the need of any cytosolic factors or MM NaCl to reduce the salt concentration and eliminate to
the presence of NTP's3( 28). Moreover, it has previously the maximum the traces of imidazole. The pure protein was
been shown that when PsaE is mutated on its N- or kept at—20°C until used. . _
C-terminus, it loses its ability to assemble into thylakoids  !Solation of Thylakoids from M. laminosus. M. laminosus
from the cyanobacteriurBynechocystisp. PCC 680318), cells (-2 L) were harvested by centrifugation (6000 rpm

suggesting that both termini are involved in the assembly of for 5 min), and the pellet was washed with HMS buffer (30
PsaE into the PSI complex. mM Hepes-NaOH, pH 8.0, 5 mM MgG, 0.4 M sucrose).

The present study aims to characterize the mechanism of-0llowing the wash, the cells were suspended in HMS buffer
the assembly of PsaE into thylakoids and/or isolated PS| €Ontaining PMSF, aminocaproic acid, and benzamidine (1

complexes from the thermophilic cyanobacteriMastigo- MM each) and broken at #C for 20 min in a bead-beater
cladus laminosust the molecular levelThe results show  chamber (Biospec Products) in the presence of prechilled

that electrostatic interactions facilitate the stable assembly?-1 mm diameter glass beads. The breakage was carried out
of PsaE within the PSI complex and that the newly using four pulses of 20 s each with 5 min cooling intervals.

introduced PsaE assembles into the PSI complex via an!h€ solution was then centrifuged (5 min at 3000 rpm) to
exchange mechanism. remove unbroken cells. The thylakoids were pelleted from

the supernatant by centrifugation (15000 rpm for 30 min

MATERIALS AND METHODS using a SS-34 rotor) and washed twice more with HM buffer
_ . - _ (30 mM Hepes-NaCH, pH 8.0, 1 mM MgG).
M. laminosus Growing Condition€ells were grown in The membranes were finally suspended in 1 mL of HM

medium D of Castenhol20) at pH 8.2 with constant stirring  puffer, and the chlorophyll concentration was measured
at 55°C. The culture was bubbled with water-saturated air according to Arnon31).
supplemented with 5% COThe cells were illuminated with Purification of PSI ComplexThe purification of M.
white light at an intensity of 10erg cnr? s™. laminosusPSI complexes was carried out as previously
Overexpression, Radiolabeling, and Purification of PsaE. described §2). Obtaining homogeneous monomer PSI
The gene coding for PsaE was isolated and cloned in thecomplexes from the highly purified trimer was performed
commercial expression vector pET22b (Novagen). The vector as described befor&3).
bearing thepsaE insert, containing a His tagging on its Insertion of PsaE into Isolated Thylakoid Membranas.
C-terminus, was transformed in HMS174(DE3cherichia typical assembly reaction included isolated thylakoids (amount
coli cells. The plasmid DNA was sequenced in order to equivalent to 5Qig of Chl) and purified PsaE (200000 cpm).
confirm the presence opsaE. The deduced amino acid The reaction was carried out for 30 min at°@, unless
sequence indicated a 71 amino acid polypeptide with anindicated otherwise. Following the assembly reaction, the

estimated pvalue of~9.5. thylakoids were washed once with HM buffer and then with
Bacteria were grown in A salts mediur8(Q) containing high salt concentration; NaBr was added to a final concentra-

100ug/mL ampicillin and 2.5«g/mL thiamin at 37°C until tion of 2 M, and incubation was carried out for 20 min at 4

an OD value of~0.6 was reached. IPTG (isopropgto- °C. Following this treatment, the thylakoids were washed

thiogalactopyranoside, Sigma) was then added to a final three times in HM buffer. The thylakoids were then extracted
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with 1% DM (n-dodecyl-p-maltoside) for 10 min at 25  studies followed the assembly of in vitro translated PsaE
°C. The extract was centrifuged (13000 rpm for 5 min), and labeled with {°S]Met (8, 28). Those studies, in which minute
the soluble supernatant was chromatographed either onamounts of PsaE were obtained and detected, did not permit
SDS-PAGE or on a sucrose density gradient that was detecting the assembly at a quantitative level. The present
centrifuged for 4.5 h at 45000 rpm (SW50 rotor) or for 15 study aims at characterizing the assembly of PsaE in the
h at 33000 rpm (SW41 rotor). The different gradient fractions thylakoid membranes quantitatively, i.e., with chemical
were collected, concentrated, and chromatographed or-SDS amounts of labeled PsaE subunit (microgram quantities). The
PAGE. All gels were exposed to a Fuji imaging plate for 12 rationale behind this is that the introduction of relatively high
h. The plates were then scanned using a FUJIX BAS 1000 amounts of the pure PsaE more closely resembles the in vivo
Bio-imaging analyzer. situation. Moreover, the ability to follow the assembly on a
To determine the relative amounts of assembled PsaE,quantitative level makes the characterization of the assembly
TINA version 2.10 g software was used. The net absorbancemechanism possible.
of each band was calculated by subtracting the background The genepsaEfrom M. laminosuswas subcloned into
absorbance from it. pET22b vector, and overexpression to high levels was
For the exchange mechanism experiments, isolated thy-achieved following induction with 1 mM IPTG for 3 h. The
lakoids (200ug of Chl) were incubated with homogeneous PS@E protein was then purified by Nagarose affinity
labeled PsaE (300000 cpm;£@0 ug of protein) for 30 min ~ chromatography. The concentration and radioactivity of the
at 4°C. The membranes were then washed three times withPuré protein were measured; usuallyu of pure Psak
HM buffer, after which the sample was divided into two contained 10000 cpm in a concentration of-6085 mg/mL
tubes. One sample was washed with NaBr and extracted with©f Protein. The purified PsaE was used for assembly studies
1% DM, while the other was reincubated with nonlabeled @imed at revealing its integration and its organization within
PsaE (half the amount of the labeled subunit). Following the thylakoid membranes. .
incubation, this sample was washed with HM and treated ~Intégration of PsaE into Thylakoids Isolated from M.
with NaBr and DM as described above. The soluble fractions laminosus Previous qualitative studies have indicated that
of each sample (labeled, following incubation with pure the assembly of cyanobacterial PsaE into the thylakoids is
labeled PsaE; nonlabeled, following reincubation with ho- SPontaneous; i.e., there was no observed need for the
mogeneous nonlabeled PsaE) were chromatographed oresence of NTP’s or for the assistance of cytosolic factors
SDS-PAGE and exposed to a Fuji imaging plate. 828 _ _ _ _
For exchange in isolated monomeric PSI complexes, PSI. To quant|tat|\{ely _charact_erlze the Integration of PsaE into
containing 10Q«g of Chl was incubated with pure labeled !solated thylak_0|ds, increasing _amounts of purified Ps_aE were
PsaE (100000 cpm) for 30 min at@. Following incubation, introduced to isolated thylakoids, and the amounts incorpo-

the sample was loaded on a 5%5% sucrose density rated within the membranes were determined.

; ; ; ; Isolated thylakoids (equivalent to g of Chl) were
gradient. Following 4.5 h centrifugation at 45000 rpm (SW50 . . o
rotor), the green fraction containing monomeric PSI was incubated with purified labeled PsaE (106€2D0000 cpm)

collected, concentrated, and diluted with HM buffer contain- at 4°C for :’,’0 min. Following incypation, the thylakoids were
ing 0.05% DM. The sample was divided into two tubes: Washed with HM buffer containgi2 M NaBr to remove

nonlabeled PsaE was added to one. and reincubation was SaE associated with the thylakoids but not integrated within

carried out as described above. The second tube was kepf€M- To further verify that the PsaE detected within the
as the control. Following a period of 30 min incubation, the thylakoids was properly assembled, the NaBr-washed thy-

two samples were reloaded on another sucrose gradien{alkOidS were Iextrzactecli V‘:ithf 1%.-dodecylﬁ-D-|maItosiQe
identical to the first one. The green fractions were collected, (PM), and only the soluble fraction was analyzed (Figure

concentrated, and denatured. Five micrograms of Chl of each™/:

sample (labeled and nonlabeled) was chromatographed on The results indicate that when low amounts of PsaE were
SDS-PAGE. introduced into the membranes, an increase in the amount

of assembled PsaE could be detected (Figure 1). However,
at higher amounts (7006200000 cpm), the assembly
reaction reached saturation, and no significant increase in
the amount of integrated PsaE could be detected (Figure 1).

The finding that at lower concentrations the assembly of
newly introduced PsaE increases linearly until saturation
resembles the previously reported studies on another cyano-
bacterial peripheral subunit of PSI, PsaB9)

Specificity of PsaE Assembly into the PSI Complex.
determine the final thylakoid location for the integration of
PsaE, isolated thylakoids (2Q@y of Chl) were incubated

Miscellaneous TechniqueShlorophyll concentration was
determined following acetone extraction according to Arnon
(31). Protein concentration was determined by measuring the
absorbance of PsakE at 280 nm, taking the extinction
coefficient of PsaE as 1.211 (from the Expasy site: ww-
w.expasy.ch/tools/protparam.html). SBBAGE was per-
formed according to the method of Schagger and Von Jagow
(34) with the addition 66 M urea to all solutions. All gels
contained 14% acrylamide and were 0.75 mm thick. Western
blot analyses used polyclonal antibodies raised against
PsaA/B ofChlamydomonas reinhardeind PsaD of spinach with 300000 cpm of PsaE for 30 min at’€ with constant

(39). stirring. Following the assembly reaction, the thylakoids were
RESULTS treated as described (Materials and Methods), and following
centrifugation (5 min at 13000 rpm), the soluble fraction was
The assembly of the peripheral, cytosol-facing subunits loaded on a 5%25% sucrose density gradient that was
of PSI has been characterized mainly for PsaD from centrifuged for 15 h at 33000 rpm (SWA41 rotor). The
cyanobacteria and higher plan86{-39). For PsaE, previous  different gradient fractions were collected, concentrated, and
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Ficure 1: PsaE accumulates in the thylakoids. Isolated thylakoids B

(equivalent to 5Qug of Chl) were incubated for 30 min at4C

with increasing amounts of PsaE, as shown. Following the assembly o
reaction the samples were treatedhwit M NaBr and extracted P
with 1% DM. The soluble fractions that resulted from the DM

extraction and microcentrifuge centrifugation (10 min at 13000 rpm)

were chromatographed on SBBAGE (5ug of Chl being loaded

on each lane), and the gel was dried and autoradiographed by

exposure to a Fuji imaging plate for 12 h. Following exposure, the T A T oS LN e R g A e ]
gel was scanned using a FUJIX BAS 1000 Bio-imager analyzer. : S = ‘-
The amount of PsaE incorporated within the thylakoids was A PR 4 .
determined by calculating the relative amount of PsaE therein on

the basis of the net absorbance of each band using the TINA version C

2.10 g software. .

analyzed on SDSPAGE that was stained (Figure 2A) and
autoradiographed (Figure 2B). The PsaE signal on the
autoradiogram is the only signal shown since the recombinant j p—
PsaE is the only labeled component in this reaction. To Anti-PsaD
fﬁ;grg} ég?;pﬁ)es;EW\g%er% c:reneedd ?/;S/zztrgl;)rlleglos'(paerf;;:saellz \/I\:;[ﬁ Ficure 2: Specific assembly of PsaE into the PSI complex. The

' assembly reaction was performed in the presence of thylakoids (200

polyclonal antibodies raised against the PsaA/B and the PsaD,q of Chl) and pure PsaE (300000 cpm) for 30 min 4C4 After
subunits of PSI (Figure 2C). the thylakoids were washed Wwi2 M NaBr and extracted with 1%

The results indicate that the radioactive signal resulting DM, the soluble fraction was chromatographed on a—3%%

; 410 sucrose density gradient (15 h, 33000 rpm using a SWA41 rotor).
from the PsaE assembly (Figure 2B) correlates perfectly with The different gradient fractions were collected and concentrated

the signals from the two other PSI subunits (Figure 2C), pefore being analyzed on SBSAGE. The gel (5ug of Chl of
thereby providing direct evidence that PsaE assembled intoeach fraction was loaded) was stained (A) and the dried gel was
the proper thylakoid complex where it is functiondhe PSI then exposed to a Fuji imaging plate for 12 h (B). Panel C presents
assembly of PsaD4(). fractions using antibodies raised against PsaA/B or PsaD.

The question that these findings raise is whether PsaE camassembly of Psak lies within the PsaE polypeptide itself and/
assemble into isolated PSI complexes. or within other PSI subunits with which it interacts. This

Assembly of PsaE into Purified PSI Complexdés finding strongly indicates that there is no requirement for
determine whether the specific assembly of PsaE into theany additional thylakoid membrane components for securing
PSI complex requires the presence of any thylakoid mem- the stable and proper assembly of PsaE.
brane components other than PSI, the assembly reaction was Stable Assembly of PsaE Is Dictated/Facilitated by
performed with purified PSI complexes. Purified monomeric Electrostatic InteractionsTo understand the nature of the
PSI complexes (amount equivalent to @ of Chl) were interactions formed between the newly assembled PsaE and
incubated with purified labeled PsaE (50000 cpm). The mix- other PSI components, the assembly reactions were per-
ture was then loaded on a 5925% sucrose density gradient  formed in the presence of different salts or sorbitol at various
and centrifuged for 4.5 h at 45000 rpm (SW50 rotor). concentrations. The interactions formed between different

To confirm that PsaE was properly assembled within the subunits of the complex may be hydrophobic or electrostatic
isolated PSI complexes, the PSI fraction obtained was washedn nature. PSI is embedded within a hydrophobic matrix, the
and reloaded on a second sucrose gradient, identical to thehylakoid membrane. PsaE, on the other hand, is a basic
first one. Following centrifugation, all fractions were con- peripheral membrane subunitl (palue ~9.5) that does not
centrated and denatured. Samples were analyzed or-SDS traverse the hydrophobic lipid phase, making it likely that it
PAGE, and the gel was stained (Figure 3A) and autoradio- forms ionic/hydrophilic interactions with its surrounding
graphed (Figure 3B). Since PsaE is the sole radioactive subunits.
component in the experiment (see Figure 2B), only the To examine this question, the assembly of PsaE into
portion where PsaE migrates is shown in the autoradiogramisolated thylakoids/PSI complexes was performed in the
(Figure 3B). presence of different salts: monovalent or divalent.

The results show that PsaE is present only in the isolated Isolated thylakoids (5@ig of Chl) were incubated with
PSI complexes, suggesting that the information for proper 200000 cpm of PsaE in 30 mM HepeNaOH, pH 8.0, in

Anti-PsaA/B
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of PsaE, to a degree that only traces of the labeled subunit
could be detected at high salt concentrations (500 mM for
monovalent ions and 10 mM for divalent ions). Purified PsaE
was found to have a tendency to aggregate after a few days
when kept in low salt solution (lower than 50 mM NacCl),
while at high salt concentration (5600 mM NacCl), the
pure PsaE is fully soluble (data not shown). This property
of the pure PsaE protein eliminated the possibility of poor
assembly of PsaE at high salt concentrations due to PsaE
aggregation, thereby ensuring that the salts affect the
assembly reaction itself.

The increased salt concentration may affect the membranes
in two ways: it may increase the ionic strength and/or it
may create an osmotic alteration in the membranes to a

degree that causes osmotic shock. To define which of the
FIGURE 3: ,Statsﬂle %Ssem?'éﬁlf PsaE,reqUti)retsé)"Wﬂt_]he PS'ICE”}PLGX- two effects is responsible for the poor assembly of PsaE,
gg:g?seggog cpsn)();gr%o mi)nV;?c,fc'_nég”gvﬁngwi'ncu%ggor? t%ee we per_formed the_assem_bly reaction with increasing con-
mixture was loaded on a 5%25% sucrose density gradient that ~Centrations of sorbitol. Unlike salts, sorbitol leads to osmotic
was centrifuged for 4.5 h at 45000 rpm (SW50 rotor). The PSI- changes but does not alter the ionic strength. The results
containing fraction was washed with HM buffer and reloaded on a ¢learly show that sorbitol had only a minor effect on the

second gradient identical to the first to confirm that PsaE is stably .
assembled into the PSI complex. The different fractions from the assembly of PsaE, and this could be detected only at very

second gradient were collected, concentrated, denatured, andligh concentrations of sorbitol (Figure 4A).

A. Light to heavy fraction — 5% to 25% sucrose
1 2 3 4 5 6 7 MW

analyzed on SDSPAGE (20uL of each fraction was loaded on The results of PsaE assembly under different ionic/osmotic
the gel). The gel was stained (A) and autoradiographed as described o . .
above (B). conditions strongly suggest that the interactions formed

between PsaE and other PSI components are mainly of an
the presence of the different salts at various concentrationsionic/electrostatic nature. These findings correlate previously
(specified in Figure 4). Figure 4A indicates that the presence reported studies showing that newly assembled PsaD forms
of NaCl, KCI, or CaC} strongly affected the proper assembly electrostatic interactions with other PSI subung8)(

A. The assembly of PsaE into isolated thylakoids
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1 b
2 E$ 08
@ 08 gg 0.6
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B. PsaE assembly into purified PSI complexes
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FIGURE 4: Stable assembly of PsaE is dictated/facilitated by the formation of electrostatic interactions. (A) The assembly of PsaE into

isolated thylakoids was performed in the presence of different salts or sorbitol concentrati&®® (M KCI, NaCl, or sorbitol, 630
mM CacCl), as indicated. Following incubation, all of the thylakoid samples were washeédviit NaBr and extracted with 1% DM. The
resulting soluble fractions were loaded on SEFAGE (5ug of Chl per lane). (B) Isolated monomeric PSI complexesy®®f Chl) were
incubated with purified PsaE (50000 cpm) for 30 min atGtin the presence of 0.5 M NaCl, 0.5 M KCI, or 5 mM CaCFollowing

incubation, the different reaction mixtures were loaded on sucrose density gradients that were then centrifuged for 4.5 h at 45000 rpm
(SWH50 rotor). The green fractions containing PSI were recentrifuged on an identical gradient. The fractions containing PSI were collected,

concentrated, and denatured, after which the sampleg (& Chl each) were analyzed on SBBAGE. The gels were exposed to a Fulji
imaging plate, and the amount of incorporated PsaE was calculated as described in Figure 1 (see also Materials and Methods).
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To further confirm that electrostatic interactions formed A,
between PsaE and other PSI components dictate the stable
assembly of PsaE, an assembly reaction of PsaE into isolated
PSI complexes was performed. Purified PSI complexes were
incubated with recombinant PsaE in the presence of NaCl
(0.5 M), KCI (0.5 M), or CaC{ (5 mM). The mixtures were
then loaded on sucrose density gradients, and the green
fractions were collected, concentrated, and loaded on-SDS
PAGE. The results obtained are identical to those observed
for PsaE assembly into thylakoids (Figure 4B): At high
salt concentration the formation of electrostatic inter-
actions between PsaE and other PSI subunits could not
occur.

labeled non-

Relative amount of assembled PsaE

non-labeled

Mechanism for the Assembly of PsaE into PB3ie fact B. w1 labeled  non-
that a stable in vitro assembly of PsaE can be detected raises E o e
the following questions regarding the mechanism of this T 08
assembly: Does the newly introduced PsaE that assembles ]
into a fully assembled PSI complex replace the subunit § 06
present in situ or does it accumulate in PSI in addition to p
the subunit present in situ? To answer these questions, the 504
following experiment was performed: isolated thylakoids £
from M. laminosus(200 ug of Chl) were incubated with E 02
homogeneously labeled PsaE (300000 cpm equal 200 @

: : N 20 .
ug) as described (Materials and Methods). Following incuba- s
tion, the thylakoids were washed three times with HM buffer, K labeled non-labeled

and the sample was divided into two tubes. One tube was . : .

. . . Ficure 5: Stable assembly of newly introduced PsaE occurring
kept as a control while the other was reincubated with homo- \i5 “the replacement of the subunit present in situ. Assembly
geneously nonlabeled (‘cold”) PsaE—~%0 ug, half the reactions were performed with isolated thylakoids (A) or with
amount of the labeled PsaE). Both samples were treated agurified monomeric PSI complexes (B). (A) Isolated thylakoids
described above (see also Materials and Methods). Thewere incubated with homogeneous labeled PsaE. Following as-

. . . - - sembly, the washed membranes were divided into two tubes.
results in Figure 5A show that the radioactive PsaE signal Reincubation with nonlabeled PsaE (half the amount of the labeled

was significantly reduced following reincubation with non- gypunity was carried out for one sample, while the other was kept
labeled PsaE. as a control. The two samples were then treated as described
When the same experiment was performed with isolated (Materials and Methods). The soluble fractions of each sample

. . ' . . (labeled, following incubation with pure labeled PsaE; nonlabeled,
monomeric PSI, identical results were obtained (Figure 5B). following reincubation with homogeneous nonlabeled PsaE) were

This reduction in the amount of labeled PsaE fO”OWing Chromatographed on SBPFAGE (5/'49 of Chl per |ane)_ (B)
incubation with nonlabeled protein is strongly indicative of Isolated monomeric PSI complexes purified frdvh laminosus
the existence of an exchange mechanism. A new|y introducedwere incubated with pure labeled PsaE. Followi_ng incubation, the
subunit replaces the native PsaE present in situ. Similar toSa@mple was loaded on a 5%5% sucrose density gradient (see

. Figure 3). The green fraction containing monomeric PSI was
the exchange observed for PsafD)( the approximate molar  cqjiected, and nonlabeled PsaE was added to half of the sample.
ratio for recombinant PsaE:native PsaE was 1:1.8, and thereincubation was carried out as described. The two samples were
replacement was calculated to be close to 1:1; i.e., for eachreloaded on a second sucrose gradient. Following chromatography,
molecule of recombinant PsaE that assembled in the PSi|the green fractions were collected, concentrated, and denatured. 5

; . g of Chl of each sample was chromatographed on -SBSGE.
complex, one molecule of native PsaE left the complex. This In both experiments, the gels were treated as described in Figure

exchange occurs without disrupting the entire PSI complex 1 The graphs shown represent the quantitative measurements; the
and with no need for the replacement of any additional PSI inserts show the autoradiogram of each experiment.

subunits. This exchange mechanism is similar to that recently

described for PsaD4(). The results obtained indicated thgt recombinant.PsaE is
capable of spontaneous assembly into the thylakoid mem-
DISCUSSION branes. The newly introduced subunit accumulated in the

membranes until saturation (Figure 1). The recombinant PsaE
The PSI complex, a multisubunit membranal complex was found to integrate specifically into the PSI complex
embedded within the thylakoids, served as our model system(Figure 2). When introduced into isolated PSI complexes,
for studying the organization and the assembly of multisub- PsaE was capable of stable assembly into a fully assembled
unit membranal complexes. The assembly of its peripheral isolated PSI complex (Figure 3). Taken together, these data
subunit, PsaE, was studied by introducing chemical amountsindicate that the information required for the stable assembly
of homogeneous recombinant protein into the thylakoid of PsaE lies within the polypeptide itself and/or within other
membranes, as well as into isolated PSI complexes. ThisPSI subunits. The presence of other thylakoid components
method, in which microgram amounts of protein are used, such as lipids, other multisubunit complexes (PSII, cyto-
is more reflective of the in vivo situation than the introduction chromebgf, or the ATP synthase complex), or free pigments
of picogram amounts of the in vitro translated product, which is not required for the assembly of the PsaE subunit; the
was common in previous studie®d 36—39). pure protein integrates into the fully assembled isolated PSI
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complex. Thus the assembly of recombinant, microgram ACKNOWLEDGMENT
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