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Abstract 

The psbO gene of cyanobacteria, green algae and higher plants encodes the precursor of the 33 kDa 
manganese-stabilizing protein (M S P), a water-soluble subunit of photosystem II (P SII). Using a pET-T7 
cloning/expression system, we have expressed in Escherichia coli a full-length cDNA clone of psbO from 
A rabidopsis thaliana. Upon induction, high levels of the precursor protein accumulated in cells grown with 
vigorous aeration. In cells grown under weak aeration, the mature protein accumulated upon induction. 
In cells grown with moderate aeration, the ratio of precursor to mature MSP decreased as the optical 
density at induction increased. Both forms of the protein accumulated as inclusion bodies from which 
the mature protein could be released under mildly denaturing conditions that did not release the pre- 
cursor. Renatured Arabidopsis MSP was 87~o as effective as isolated spinach MSP in restoring 02 
evolution activity to MSP-depleted PSII membranes from spinach; however, the heterologous protein 
binds to spinach PSIIs with about half the affinity of the native protein. We also report a correction to 
the previously published DNA sequence of Arabidopsis psbO (Ko etal., Plant Mol Biol 14 (1990) 
217-227). 

Introduction 

In chloroplasts, the O2-evolving complex (OEC) 
of PSII protrudes from the thylakoid membrane 
into the interior, or lumenal, space. The OEC 
includes three water-soluble subunits, and some 
domains of as many as 6 membrane-bound sub- 
units [for review see 11 ]. These polypeptides pro- 
vide the structural framework for the essential 
cofactors Ca 2+ and C1- and for the cluster of 
four Mn atoms that catalyzes water oxidation 
[for review see 7]. 

Upon extraction of the 23 and 17 kDa water- 
soluble subunits from the OEC, steady-state 02 
evolution activity is reduced to 25~o [9]. How- 
ever, 80~o of the original activity can be restored 
by adding CaC12 [9]. Subsequent depletion of 
MSP, the most tightly bound extrinsic subunit, 
lowers the CaC12-dependent O2 evolution activity 
to 16-31~o that of untreated preparations [4]. 
During and after MSP extraction, 200 mM C1- 
is required in the suspending medium to stabilize 
the Mn cluster [24]; partial loss of Mn is un- 
avoidable, however, and accounts in part for the 
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reduced activity of the M S P-depleted preparation 
[26]. Another factor contributing to the reduction 
in activity is slower turnover of the enzyme [26]. 
Other effects observed in the absence of MSP 
include weakened Ca 2 + binding [4, 31 ], in- 
creased vulnerability to light (photoinhibition) 
[31 ], and loss of specific rebinding of the 23 and 
17 kDa subunits [25]. 

Rebinding of MSP to the OEC reverses all 
kinetic and stability defects associated with its 
absence [14, 18, 23, 26, 29, 30, 36]. Parallel re- 
sults have been obtained in genetic deletion/ 
complementation studies of the psbO gene using 
the O2-evolving cyanobacterium Synechocystis sp. 
PCC 6803 [5, 21, 31]. The consequences of bio- 
chemical and genetic manipulations of MSP on 
OEC function have been thoroughly studied and 
await more precise structural analysis for clarifi- 
cation. 

Preliminary to directed mutagenesis of MSP, 
we have performed reconstitution studies of the 
spinach OEC using isolated spinach MSP and 
recombinant Arabidopsis MSP. Exchangeability 
of the heterologous protein with the native protein 
was expected based on the high degree of se- 
quence conservation (84~). We report here that 
A rabidopsis M S P purified from bacterial inclusion 
bodies is nearly as effective as native spinach 
MSP in restoring O2 evolution activity and also 
in protecting the spinach OEC against photoin- 
hibition. 

In addition to the expression and purification 
of Arabidopsis MSP, we report the selective 
accumulation of Arabidopsis MSP precursor 
(preMSP) in E. coli. Previous to the work 
reported here, a wheat preMSP cDNA was ex- 
pressed in E. coli and, following induction, soluble 
mature MSP was found in the external periplas- 
mic space [22]. However, because only the ma- 
ture protein was detected in cell lysates, the au- 
thors suggested that accumulation of lumenal 
protein precursors may be problematic. We dem- 
onstrate here that accumulation of either preM S P 
or M SP, expressed from the same full-length psbO 
cDNA in E. coli, can be brought about by con- 
trolling growth conditions. 

Materials and methods 

Construction of expression vector and bacterial host 
used 

The full-length cDNA clone of the psbO gene 
from Arabidopsis thaliana described by Ko et al. 
[ 17] and the pET expression system described by 
Studier etal. [34] were used for these studies. 
The psbO cDNA (a gift from Prof. Anthony 
Cashmore) was released from the cloning vector 
pGEM4 by cutting with the restriction endonu- 
cleases Nco I and Bgl II, and then spliced into a 
pET8c translation vector at the Nco I site (which 
occurs on the translation initiation codon of T7 
phage gene 10) and the Bam HI site, resulting in 
the new construct, pET(psbO) (Fig. 1). The con- 
trol region for expression from pET8c includes 
the promoter and 5'-untranslated sequence for 
gene 10, thus placing the target gene under the 
transcriptional control of inducible T7 RNA 
polymerase. The naturally occurring Nco I site of 
Arabidopsis psbO includes the translation initia- 
tion codon of this gene; thus the exact coding 
region of psbO, without addition or deletion, 
should be translated. The Bgl II/Bam HI fusion 
site of pET(psbO) begins 98 bp downstream of 
the psbO translation stop codon, and is followed 
by the T7 transcription terminator. 

chloroplast thylakoid 
import transfer mature 
domain domain protein 

1-58 59-85 86-332 

IIVIAASLQ .......... DFI ITG ............... AsAL~EGAP ........ GQLE I 
Ncol ~ Bglll 

\ i 

\ / 

\ / 

\ / 

b psbO • 

gene 10 "1"7 terminator I 
promoter and Ncol BamHI 
5'-untranslated 

sequence 

Fig. 1. Schematic representation of the expression vector, 
pET (psbO). The Nco I and Barn I sites of pET8c and flank- 
ing regulatory sequences are shown [34]. The three domains 
of the psbO gene from Arabidopsis thaliana were characterized 
by Ko and Cashmore [ 16]. Arrows indicate direction of tran- 
scription. 



The bacterial host for expression was E. coil 
strain BL21(DE3)pLysS ( F -  ompT r f fmB-  ). In- 
duction was achieved by addition of isopropyl-/3- 
D-thiogalactopyranoside (IPTG; Boehringer 
Mannheim Biochemicals). 

Growth and induction 

Bacteria were grown in LB medium supplemented 
with 50 #g/ml ampicillin and 25 ~g/ml chloram- 
phenicol. Analytical cultures were grown in 
125 ml Erlenmeyer flasks in a 37 °C water bath 
with rotary shaking. Growth was monitored op- 
tically at 600 nm (OD6oo) in a Zeiss MQIII single 
beam spectrophotometer. The 1-cm optical cell 
was held 6 cm from the phototube. Samples (1 ml) 
were withdrawn from cultures for each OD mea- 
surement. 

Three growth conditions were used for analyti- 
cal induction experiments and are designated by 
the relative levels of aeration. Weak aeration: cul- 
tures were inoculated by a 20-fold dilution of an 
overnight culture to 40 ~o flask volume and shaken 
at 100rpm. Moderate aeration: cultures were 
inoculated by a 50-fold dilution of an overnight 
culture to 40~o flask volume and shaken at 
180 rpm. Vigorous aeration: cultures were inocu- 
lated by a 50-fold dilution of an overnight culture 
to 20~o flask volume and shaken at 180 rpm. 

For each growth condition described above, at 
least eight analytical cultures were inoculated at 
5-10 min intervals with the same overnight cul- 
ture. Growth of the first culture was monitored at 
15-30min intervals. When this culture ap- 
proached OD60 o 0.7-0.9, expression of preMSP 
in the other seven cultures was induced by addi- 
tion of 0.4 mM IPTG. The OD6o o of each culture 
was recorded at induction (ODi) and then every 
30-60 min. 

Culture samples for SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) were collected by 
centrifugation (10 500 x g, 4 ° C) for 5 min, resus- 
pended in a small volume of lysis buffer (50 mM 
Tris-HCl pH 8, 100 mM NaCI, 1 mM EDTA) 
and stored at -20 °C. Thawed cells were lysed 
by four rounds of freezing (1 min in dry ice/ 
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ethanol) and thawing (2 min at 2 °C). Lysates 
were incubated with 50 #g/ml DNase I type II 
(Sigma Chemical Co.) and 10 mM MgC12 for 
20 min at room temperature. 

Purification of  inclusion bodies 

Preparative cultures were grown and induced as 
described above for analytical cultures with the 
following modifications: cultures were grown in 
Fernbach flasks in an incubator with rotary shak- 
ing at rates indicated in the figure legends. Cells 
were collected 8-10 hours after induction by cen- 
trifugation (4000 x g, 4 ° C) for 5 min, followed by 
resuspension in lysis buffer to 0.2 g wet weight 
cells per ml. All insoluble fractions containing 
precursor and/or mature M SP were homogenized 
before further treatment. Phenylmethylsulfonyl 
fluoride was added to 1 mM, and cells were stored 
at -60 ° C. 

The procedure for isolating and purifying in- 
clusion bodies was designed as outlined by Mar- 
ston [20] and by Claassen et al. [6]. Thawed cells 
were lysed by six cycles of sonication (30 s on/ 
1-2 min off) on ice at ~ 50 Watts (Branson Soni- 
tier Cell Disruptor 185). Sample temperature did 
not exceed 18 °C during sonication. The lysate 
was treated with DNase as above for 30 min at 
room temperature. The volume after DNase ad- 
dition is designated at the lysate volume. After 
centrifugation for 15 min (48000xg,  4 °C), the 
lysate pellet was resuspended in 10 mM NaC1, 
50 mM Tris (pH 8), 0.2~o dodecyl-fl-D-maltoside 
(DM) to one lysate volume and incubated on ice 
for 30 min. Inclusion bodies were then collected 
by centrifugation for 10min (48000xg,  4 °C) 
and resuspended in 20 mM bis-Tris-HC1 (pH 6.4) 
to one-fifth of the lysate volume. 

Solubilization of  inclusion bodies and purification of  
Arabidopsis M S P  

Inclusion bodies were diluted 10-fold and solu- 
bilized by incubation in a medium containing 
2.6 M urea, 5 mM dithiothreitol (DTT), and 
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20 mM bis-Tris (pH 6.4) for 2 h at room tempera- 
ture. Insoluble material was removed by centri- 
fugation for 30 min (48 000 x g, 4 ° C). Arabidopsis 
MSP was purified from the supernatant by anion- 
exchange chromatography. The flow rate was 
1 ml/min using a Pharmacia Mono-Q HR 5/5 
column (1 ml bed volume) equilibrated with 
20 mM bis-Tris (pH 6.4) and 2.6 M urea. Ad- 
sorbed material was eluted with a 20 ml gradient 
from 0 -200mM NaC1; the peak eluting at 
ca. 95 mM NaC1 was highly enriched in MSP. 
Chromatographic fractions of this peak were 
pooled and diluted in elution buffer to A276 = 0.5 
(this absorbance value corresponds to a concen- 
tration of ca. 800/~g/ml for spinach MSP using 
the extinction coefficient of 16 mmol-1 cm-1 
[28, 38]). Urea and bis-Tris were removed from 
pooled Mono-Q fractions by overnight dialysis 
against 100 volumes of 20 mM MES-NaOH 
(pH 6) and 50 mM NaCI, followed by two four- 
hour dialysis steps against 100 volumes of the 
same buffer, and a final overnight dialysis step 
against 100 volumes of 0.4 M sucrose, 50 mM 
MES (pH 6), and 50 mM NaC1. Insoluble mate- 
rial was removed from the dialysis retentate by 
centrifugation (48 000 x g, 4 o C) for 30 min. The 
retentate supernatant contained pure MSP and 
was stored at -60 °C. 

Preparation of spinach PSH membranes 

Photosystem II subchloroplast membranes (PSII 
membranes) were isolated from market spinach 
according to the method of Berthold et aL [2] 
with three modifications [8, 9, 10]. Photosys- 
tem II membranes were stored in 0.4 M sucrose, 
50 mM MES (pH 6), and 10 mM NaC1 (SMN) 
at 3 mg chlorophyll (Chl) per ml and -60 °C. 
The 23 and 17 kDa polypeptides were removed 
from PSII membranes by exposure to 2 M NaCI 
as in Ghanotakis etaL [9]; salt-washed mem- 
branes were sedimented (48000 × g, 4 °C) for 
30 min and resuspended to the original volume in 
SMN. All membrane fractions were resuspended 
using a rubber policeman followed by homogeni- 
zation. 

MSP was removed from salt-washed mem- 
branes by exposure to 2.6 M urea at ca. 0.5 mg 
Chl/ml and in the presence of 200 mM NaC1 [24]. 
Membranes were collected by centrifugation as 
above and washed once in 0.4 M sucrose, 50 mM 
MES (pH 6), and 200 mM NaC1 (SMN-200) by 
resuspension to ca. 0.25 mg Chl/ml and recen- 
trifugation. Urea-washed membranes were resus- 
pended in SMN-200 to 2-3 mg Chl/ml. Control 
salt-washed membranes were treated and washed 
exactly the same as urea-washed membranes, 
except that urea was omitted. Suspensions (1 ml 
or less) were frozen by immersion in liquid N2 
and stored at -60 ° C. 

Purification of spinach MSP 

Spinach MSP was isolated from the urea-wash 
supernatant without further treatment ('native') 
or following incubation in the presence of DTT. 
The urea-wash supernatant was prepared for 
chromatography by dialysis for at least five hours 
against 10 volumes of 20 mM bis-Tris (pH 6.4) 
and 5 ~o (w/v) betaine, followed by a second iden- 
tical dialysis step overnight. Half the dialysis re- 
tentate was centrifuged for 15 min (48000xg,  
4 ° C), and native spinach MSP was purified from 
the supernatant by FPLC anion-exchange 
chromatography as described above for recom- 
binant MSP, except that urea was omitted from 
chromatography buffers. 

To purify DTT-treated spinach MSP, the re- 
maining dialysis retentate from the urea-wash 
supernatant was incubated for 2 h at room tem- 
perature in the presence of 2.6 M urea and 5 mM 
DTT. Following centrifugation (48 000 × g, 4 ° C) 
for 30 min, DTT-treated spinach MSP was puri- 
fied from the supernatant as described above for 
recombinant MSP. 

Electrophoresis and immunoblotting 

SDS-PAGE was performed according to the 
method of Piccioni et al. [32] using the Neville 
system; the resolving gel included 13.5 ~/o acryla- 



mide and 4 M urea. Samples were incubated in 
2.6 M urea, 2~o SDS, 50raM Na2CO3, and 
60 mM DTT. Immunoblotting was performed 
using a Trans-Blot system (BioRad) following the 
manufacturer's instructions and standard proce- 
dures [ 13 ]. Proteins were blotted to nitrocellulose 
and M S P was labeled using rabbit antibody raised 
against spinach MSP. The polyclonal antisera 
against spinach MSP was a gift from Prof. 
Bridgette Barry and was prepared as described in 
Noren et al. [27]. The labeled blot was incubated 
with protein A-alkaline phosphatase conjugate 
(Sigma), and MSP was detected after addition of 
5-bromo-4-chloro-3-indolyl phosphate (Sigma) 
and nitroblue tetrazolium (sigma). 

Determination of DNA and protein sequences 

DNA was sequenced by the chain-termination 
method [33] using a Sequenase Version 2.0 kit 
(U.S. Biochemical) and [32p]dATP (ICN Bio- 
medicals). N-terminal protein sequence data was 
obtained by automated Edman degradation at the 
University of Michigan Protein and Carbohydrate 
Structure Core using an Applied Biosystems 
model 470 or 473 protein sequenator. 
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4004, Yellow Springs Instrument) at 25 ° C under 
saturating light. Tetramethylammonium cation 
(TMA÷) was substituted for Na ÷ in the assay 
medium according to Waggoner et al. [37]. Oxy- 
gen evolution activity was assayed after a 20-fold 
dilution of the reconstitution mixture to a final 
volume of 1.5 ml; assay medium included 0.4 M 
sucrose, 50 mM MES-TMAOH, 100 #g BSA/ml, 
60 mM TMAC1, 20 mM CaCI2, 600/~M 2,6- 
dichloro-p-benzoquinone, and 10/~g Chl/ml. 

Results 

Arabidopsis psbO sequence correction 

We have partially sequenced the ArabidopsispsbO 
clone and identified two errors in the published 
sequence [ 17]: the two codons between residues 
372-375 were reported as CAT-AGC, which 
specify His-Ser; the corrected sequence is CAG- 
I G C ,  which encodes Gln-Cys (the differences 
are underlined). This Gin residue is conserved 
among all five published plant MSP sequences, 
and the Cys residue is conserved among all 
ten published eukaryotic and prokaryotic MSP 
sequences. 

Reconstitution of the oxygen-evolv&g Complex 

Urea-washed PSII membranes were incubated 
with increasing amounts of MSP for 30 min on 
ice under dim room light with occasional vortex- 
ing. The 400/~1 rebinding mixture contained 0.4 M 
sucrose, 50 mM MES (pH 6), bovine serum al- 
bumin (BSA; fraction V, Sigma) at 100#g/ml, 
60 mM NaC1, 20 mM CaCI2, 200 #g Chl/ml, and 
MSP. The concentrations of MSP stocks were 
determined by the Lowry assay [19] using BSA 
as a standard. 

Measurement of 02 evolution activity 

Oxygen evolution activity was measured polaro- 
graphically using a Clark-type O2 electrode (YSI 

Expression and identification of MSP 

Precursor and mature MSP were initially identi- 
fied in E. coli cell lysates based on their inducibil- 
ity and apparent molecular masses as determined 
by SDS-PAGE analysis. Bacterial cultures 
treated with IPTG accumulated one or both of 
two proteins with apparent masses of 41 and 
33 kDa (Fig. 2B), the expected sizes of precursor 
and mature Arabidopsis thaliana MSP [16]. The 
identity of preMSP and MSP in bacterial lysates 
was established with antibody raised against 
spinach MSP. The antibodies bound the two in- 
ducible proteins, and also revealed the presence 
of minor fragments of MSP (Fig. 2C). Under all 
conditions tested so far, precursor and mature 
MSP accumulate as insoluble aggregates or in- 
clusion bodies (see below). 
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Amino-terminal sequencing of renatured MSP 
produced the sequence EGAP (Fig. 1). Thus the 
E. coli leader peptidase processed the plant 
preMSP in exactly the same site as predicted by 
Ko et al. [17] for the plant thylakoidal process- 
ing peptidase. This result was previously demon- 
strated in vitro using wheat preMSP as substrate 
for the thylakoidal and E. coli signal peptidases 
[12]. However, identical processing of preMSP 
in the E. coli system has not been previously 
demonstrated by N-terminal sequence determi- 
nation. 

Effect o f  optical density at induction on protein ac- 
cumulation 

Initial attempts to express MSP from the expres- 
sion vector pET (psbO) resulted in accumulation 
of preMSP to high levels and only a trace of the 
mature protein. Growth conditions and ODi val- 
ues were then varied systematically in an attempt 
to increase the efficiency of MSP maturation. 
When cultures were grown with moderate aera- 
tion, the relative amounts of precursor and ma- 
ture MSP that accumulated varied dramatically 
over a small range of ODi values. Maximum ac- 
cumulation of preMSP was observed in cultures 
induced during log phase (Fig. 2, cultures 1-2). 
In contrast, maximum accumulation of MSP was 
observed in cultures induced at the beginning 
of the transition to stationary phase (Fig. 2, 
cultures 3-4). Neither precursor nor mature M S P 
accumulated to high levels in cultures induced 
later (Fig. 2, culture 5). No differences were 

Fig. 2. Effect of cell density at induction on accumulation of 
precursor and mature MSP in E. coli. Analytical cultures were 
grown with moderate aeration (see 'Materials and methods'). 
Numbered cultures were induced at the following optical den- 
sities: 1, 0.37; 2, 0.45; 3, 0.58; 4, 0.61; 5, 0.74. U, uninduced 
culture; M, spinach PSII preparation containing MSP 
(33 kDa) included as molecular mass markers. A. Growth 

curves of duplicate uninduced cultures. Arrows indicate op- 
tical densities at induction for corresponding cultures ana- 
lyzed in B and C. B. Polyacrylamide gel. Samples were col- 
lected 2 h after induction and normalized based on OD6o o 
values. Total lysates of concentrated cells were loaded in each 
lane. Proteins were detected by staining with Coomassie Bril- 
liant Blue R250. Arrowhead and arrow identify preMSP and 
MSP, respectively. C. Western blot. Samples were prepared 
as in B. Recombinant MSP was detected with polyclonal 
antibody against spinach MSP. 



apparent between samples taken two and five 
hours after induction. 

These data reveal a narrow range o fOD i values 
(defined here as an 'induction window'), limited 
to very late log phase and the beginning of the 
transition tc stationary phase, where MSP accu- 
mulates to maximum levels without the concomi- 
tant accumulation of preMSP, as in culture 4 of 
Fig. 2. The O D  i values for cultures 3 and 5, there- 
fore, are the lower and upper limits, respectively, 
for the induction window. Based on results from 
four repetitions of this experiment, the induction 
window for exclusive, high-level accumulation of 
MSP spans OD i values of 0.55 to 0.7. 
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Effect of aeration level on protein accumulation 

In order to identify growth conditions that favor 
maturation and high-level accumulation of MSP 
over a wider range of O D  i values than demon- 
strated above for cultures grown with moderate 
aeration, we varied three factors that influence 
growth: the inoculum dilution factor; the ratio of 
culture volume to flask volume; and the rate of 
shaking. The growth conditions designated weak 
aeration and vigorous aeration were optimized 
for the exclusive accumulation of mature or pre- 
cursor MSP, respectively. Cultures grown with 
vigorous aeration accumulated high levels of 
preMSP, but very little MSP, across all OD i val- 
ues (Fig. 3, cultures 1-3). In contrast, cultures 
grown with weak aeration accumulated moderate 
to high levels of  MSP, but only trace amounts of 
preMSP, across all OD i values (Fig. 3, 
cultures 4-6). Again, no difference was observed 
between samples taken two and five hours after 
induction. Under all conditions tested in these 
experiments, maximum accumulation of preMSP 
is always much greater than that of MSP (Figs. 2 
and 3). 

When grown under weak aeration, cells accu- 
mulate mature protein to high levels over a wider 
range of ODi values than observed for cells grown 
under moderate aeration. Thus, growth under 
weak aeration has the desired effect of widening 
the induction window for exclusive, high-level ac- 

Fig. 3. Accumulation of either precursor or mature MSP in 
E. coli grown with vigorous or weak aeration, respectively. 
Cultures 1-3 were grown with vigorous aeration, and 
cultures 4-6 were grown with weak aeration (see 'Materials 
and methods' for description of growth conditions). Num- 
bered cultures were induced at the following optical densities: 
1, 0.42; 2, 0.57; 3, 0.71; 4, 0.39; 5, 0.54; 6, 0.61. A. Growth 
curves of uninduced cultures. Arrows indicate optical densi- 
ties at which corresponding cultures analyzed in B were in- 
duced. B. Coomassie-stained polyacrylamide gel. Samples 
were prepared as in Fig. 2B. Arrowhead and arrow identify 
preMSP and MSP, respectively. U, uninduced culture; M, 
spinach PSII preparation containing MSP (33 kDa). 

cumulation of MSP. Growth under vigorous 
aeration eliminates the induction window, at least 
within the range of O D  i values tested. 
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Growth inhibition resulting from IPTG addition does 
not influence preMSP maturation 

Addition of IPTG limited subsequent growth of 
all cultures, and the extent of inhibition decreased 
as ODi values increased. This inhibitory effect of 
IPTG was most pronounced for cultures grown 
with vigorous aeration (Fig. 4). Induction at the 
lowest and highest OD6o o values limited cell den- 
sity of the stationary phase to 40~o and 80~o, 
respectively, of that observed for the uninduced 
culture. Differences in the extent of growth inhi- 
bition caused by IPTG addition did not influence 
the efficiency of preM S P maturation (Figs. 3B and 
4). This result suggests that the balance between 
preMSP accumulation and maturation is depen- 
dent on the level of aeration at the time of induc- 
tion, but not on subsequent growth parameters. 

Characterization of inclusion bodies 

Urea was used to characterize the extent to which 
hydrophobic interactions are responsible for 
the aggregation of precursor and mature MSP. 
An inclusion body preparation from a culture 
that accumulated approximately equal amounts 
of precursor and mature MSP was used 
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Fig. 4. Effect of IPTG addition on growth of vigorously aer- 
ated cultures. See text for description of growth conditions 
and Fig. 3 for electrophoretic profiles. 

(Fig. 5A, IBs). Incubation of inclusion bodies in 
2 M urea partially solubilized MSP, and this pro- 
cess was facilitated by DTT (Fig. 5A, lanes 3-4). 
Incubation in 4 M urea was required for partial 
solubilization of preMSP; DTT also facilitated 
this solubilization process (Fig. 5A, lanes 5-6). 
However, complete solubilization of mature and 
precursor MSP did not require DTT if inclusion 
bodies were incubated in 4 M and 6 M urea, re- 
spectively (Fig. 5A, lanes 5-8). These data dem- 
onstrate that the hydrophobic interactions that 
aggregate preMSP are stronger than those present 
in inclusion bodies comprised of MSP. 

In order to determine the extent of intermo- 
lecular disulfide bond formation in inclusion bod- 
ies, we analyzed these preparations by SDS- 
PAGE under reducing and non-reducing 
conditions. When inclusion bodies containing 
mature protein were solubilized in the absence of 
a reducing agent, at least four new bands were 
detected on a western blot (Fig. 5B, lane 3). These 
bands represent dimeric (60 kDa) and oligomeric 
(155 kDa and larger) forms of MSP. Aggregates 
of preMSP were also detected by western blot 
analysis of non-reduced samples, represented by 
bands at l l 8 k D a  and larger (Fig. 5B, lane4). 
These bands persist in a reduced sample (Fig. 5B, 
lane 2). This result suggests that our conditions 
for SDS-PAGE sample preparation were not suf- 
ficient to achieve complete dissociation of 
preMSP aggregates. Oligomerization of preMSP 
therefore is not necessarily due to disulfide bond 
formation. 

A significant fraction of both inclusion body 
preparations consists of monomeric precursor or 
mature MSP (Fig. 5B). Monomeric preMSP ap- 
pears to migrate slightly faster under non-reducing 
conditions than under reducing conditions 
(Fig. 5B, lane 2 vs. lane 4). This mobility shift 
might result from increased compactness of 
preMSP due to the presence of intramolecular 
disulfide bonds. 

Recovery of MSP from inclusion bodies 

The insoluble fraction of the cell lysate is highly 
enriched in MSP (Fig. 6, lane 2). A significant 
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Fig. 5. Characterization of inclusion bodies. A. Differential 
solubilization of precursor and mature MSP from inclusion 
bodies. A preparative culture was grown as described in 'Ma- 
terials and methods' with shaking at 140 rpm and induced at 
OD600  = 0.67. Inclusion bodies were incubated for 2 h at room 
temperature in 50 mM MES (pH 6) containing 0-8  M urea 
plus or minus 5 mM DTT, followed by centrifugation 
(10000 x g, 4 °C) for 30 rain. Supernatants were fractionated 
by SDS-PAGE and stained with Coomassie Blue. Lanes 1- 
2, no urea; lanes 3-4, 2 M urea; lanes 5-6, 4 M urea; lanes 7 -  
8, 6 M urea; lanes 9-10, 8 M urea. Odd-numbered lanes, no 
DTT present during solubilization; even-numbered lanes, 
DTT present during solubilization. IBs, inclusion bodies be- 
fore centrifugation; M, spinach PSII preparation containing 
MSP (33 kDa). Arrowhead and arrow identify preMSP and 
MSP, respectively. B. Western blot analysis of inclusion body 
preparations solubilized under reducing or non-reducing con- 
ditions. A preparative culture expressing MSP was grown as 
described in 'Materials and methods', with shaking at 120 rpm, 
and induced at OD600 = 0.6. A preparative culture expressing 
preMSP was grown with shaking at 160 rpm and induced at 
OD6o o = 0.7. Samples for electrophoresis were prepared by 
incubation of inclusion bodies for 30 min at 37 °C in 2.6 M 
urea, 2% SDS, 50 mM NazCO 3 and 0.02% bromophenol 
blue plus or minus 60 mM DTT. Precursor and mature MSP 
were detected using antibody against spinach MSP as in 
Fig. 2C. M, spinach PSII preparation. Molecular masses were 
estimated from Coomassie-stained gels (high-MW standards, 
Bethesda Research Laboratories, Gaithersburg, MD) (data 
not shown). Lane 1: inclusion bodies containing mature MSP 
incubated with DTT; lane 2: inclusion bodies containing 

Fig. 6. Purification and renaturation of recombinant Arabi- 
dopsis MSP. Preparative cultures were grown with shaking at 
120 rpm and induced between O D 6 o  o = 0.45-0.55. Concen- 
trated cells from three cultures were pooled and lysed by soni- 
cation (see 'Materials and methods'). Arrow identifies MSP. 
Lanes 1-4 were normalized based on the original lysate vol- 
ume. Lane 1, cell lysate; lane 2, lysate pellet; lane 3, detergent- 
washed lysate pellet (inclusion bodies); lane 4, chromato- 
graphically purified MSP; lane 5, overloaded sample of 
renatured MSP. M, spinach PSII membranes. 

fraction of MSP in inclusion bodies is lost dur- 
ing chromatography (Fig. 6, compare lanes 3 and 
4). This loss is caused at least in part by the 
formation of aggregates of M SP, as demonstrated 
by the improved yields that are obtained when 
5 ~o betaine (w/v) is included in the solubilization 
mixture (data not shown). A single chromato- 
graphic step purifies the protein to homogeneity 
(Fig. 6, lane 5). Renatured MSP is routinely re- 
covered in yields of 5-15 mg per liter of culture. 

Relative binding affinities of spinach and Arabidop- 
sis MSP 

The three MSP preparations differed significantly 
in binding affinity (Fig. 7B). Native spinach MSP 
restored maximum 02 yield (see below) when 

preMSP incubated with DTT; lane 3: same as lane 1, but 
minus DTT; lane 4: same as lane 2, but minus DTI'. 
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Fig. 7. Reconstitution of the spinach OEC. The procedure for 
rebinding MSP to urea-washed PSII membranes is described 
in 'Materials and methods'. The PSII concentration was pre- 
dicted based on stoichiometries of 250 Chl/PSII [2]. A. Rep- 
resentative assays of long-term stability of 02 evolution activ- 
ity. C, control salt-washed PSII membranes; 0, 1.5, and 3 
indicate the amount of native spinach MSP (mol MSP/mol 
RC) added to urea-washed PSII membranes in reconstitution 
mixtures. B. Determination of relative binding affinities of 
spinach and Arabidopsis MSP. Reconstitution data were ob- 
tained for duplicate preparations of native spinach MSP, 
DTT-treated spinach MSP, and Arabidopsis MSP using the 
same two PSII preparations, for a total of 12 individual re- 
constitution or binding curves. Each curve represents the av- 
erage of 4 replicate curves which were generated by averaging 
2-3 assays for each point. 100% activity corresponds to the 
average maximum 02 yield of a specific urea-washed PSII 
preparation reconstituted with native spinach MSP. Error bars 
indicate + 1 standard error. 

present at a ratio of 2-3 moles per mole OEC. 
Based on a stoichiometry of 2 MSP per spinach 
PSII [38], this result demonstrates highly effi- 
cient reconstitution of the spinach OEC with the 
native subunit. Twice as much DTT-treated spin- 
ach MSP (4-6 per OEC) as native subunit was 
required to restore maximum 02 yield. When re- 
combinant Arabidopsis MSP was used to recon- 
stitute the spinach OEC, maximum restoration of 
O2 yield required a ratio of 8-12 MSP per OEC. 

Reconstitution of 0 e evolution activity 

The maximum rate of steady-state 02 evolution of 
a typical PSII  preparation (ca. 600-800 #mol 02 
per mg Chl per hour) is lowered to 50-60 ~o fol- 
lowing NaC1 extraction of the 23 and 17 kDa 
subunits. This 'salt-washed' activity, dependent 
on added CaC12, decreases another 50~o follow- 
ing urea extraction of MSP. Because we are in- 
terested specifically in the effects of MSP removal 
and rebinding on 02 evolution activity, salt- 
washed PSII activities are designated as the con- 
trol. Native and DTT-treated spinach MSP 
preparations raised the rate of steady-state 02 
evolution of urea-washed PSII  membranes from 
48~o to 82-83~o of control rates (Table 1). Re- 
combinant Arabidopsis M S P was only slightly less 
effective. 

The 02 evolution activity of urea-washed PSII  
membranes is extensively damaged after 4-5 min 
under saturating light, while salt-washed samples 
and urea-washed samples reconstituted with 
MSP continue to evolve 02 (Fig. 7A). The total 
02 yield of a PSII  sample exposed to prolonged 
illumination thus depends not only on the rate of 
steady-state 02 evolution, but also on the stabil- 
ity of the steady-state activity; instability of this 
activity increases with the susceptibility of the 
sample to photoinhibition. The 02 evolution ac- 
tivity of urea-washed samples decreased from 
48 ~ of control levels in the rate assay to 34~o in 
the 02 yield assay (Table 1). Urea-washed 
samples reconstituted with spinach or Arabidopsis 
MSP are relatively stable under prolonged illu- 
mination, as demonstrated by corresponding 



Table 1. Steady-state O 2 evolution activity of reconstitution 
mixtures. 

Preparation Addition Steady-state activity I (~o) 

rate 2 0 2 yield 3 

Salt-washed 

Urea-washed 

none 100 100 

none 48 34 
native 82 81 
spinach MSP 
DTT-treated 83 78 
spinach MSP 
Arabidopsis MSP 78 75 

t Assay conditions and medium were the same as in Fig. 7. 
The activity values of reconstituted samples were determined 
from the plateaus of binding curves (~o salt-washed activity 
vs. mol MSP/mol PSII). 
2 Rate of steady state 02 evolution. 100~o = 388 + 29/~mol 02 
per mg Chl per hour and 403 + 69/~mol 02 per mg Chl per 
hour for the 2 salt-washed preparations used as controls in 
this study. 
3 Total 02 evolved during 4 min under saturating light. 
100~o = 12.9 + 0.6 #mol 02 per mg Chl and 13.6 + 0.8 ~zmol 
02 per mg Chl for the 2 control salt-washed preparations. 
These values correspond to constant steady-state rates of 194 
and 204/~mol 02 per mg Chl per hour, respectively. 

decreases of 5~o and 3~o, respectively, for 
samples reconstituted with DTT-treated spinach 
MSP and Arabidopsis MSP. 

Discussion 

Effects of  optical density at induction and aeration 
level on yield and maturation of  recombinant protein 

Our experiments reveal that cell density and 
growth conditions regulate yield and maturation 
of inducible recombinant protein; excellent yields 
of precursor or mature MSP can be obtained 
from cells carrying pET(psbO) simply by adjust- 
ing culture conditions. Here, we have demon- 
strated a positive correlation between aeration 
and preMSP synthesis, but a negative correlation 
between aeration and preMSP maturation. Cells 
grown with vigorous aeration and induced with 
0.4 mM IPTG accumulate preMSP to very high 
levels, but are deficient in their ability to process 
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the protein. In contrast, cells grown with weak 
aeration and induced with 0.4 mM IPTG accu- 
mulate lower levels of recombinant protein, but 
process preMSP efficiently. 

In cells grown with moderate aeration, induc- 
tion below or above a critical O D 6 0 0  value leads 
to maximum accumulation of preMSP or MSP, 
respectively. Limits for this threshold O D  i value 
are defined by the induction window (see 
'Results'). We suggest that the threshold ODi 
value represents the cell density at which moder- 
ately aerated cultures become 02 limited to the 
same extent as weakly aerated cultures. 

The simplest explanation for the effect of aera- 
tion level on the yield of recombinant protein is 
that IPTG uptake by weakly and moderately aer- 
ated cells is proportional to the concentration of 
dissolved 02 and therefore to the respiration rate. 
E. coli lactose permease imports galactosides and 
exports protons in a process driven by the trans- 
membrane proton gradient [15 ]. Permease activ- 
ity is thus dependent on respiration to maintain 
the proton motive force; as a result, weakly aer- 
ated cells do not accumulate IPTG to the same 
extent as vigorously aerated cells. 

We have tested the effect of varying the IPTG 
concentration used to induce cells grown with 
vigorous aeration. The effect of decreasing the 
IPTG concentration is identical to that of 
increasing the OD i value for cultures grown with 
moderate aeration. Concentrations of IPTG that 
induce maximum, exclusive accumulation of M SP 
fall between 10 and 30/~M (data not shown). The 
only difference between the effect of varying the 
ODi value at constant IPTG concentration and 
that of IPTG concentration itself is that recom- 
binant protein accumulated much more slowly in 
the latter and continued to accumulate after two 
hours. In similar experiments, Bowden and Geor- 
giou [3] showed that the yield of recombinant 
fl-lactamase in E. coli was proportional to the 
concentration of IPTG added to induce expres- 
sion of pre-fl-lactamase. In that study, aggrega- 
tion ofpre-fl-lactamase was first detected between 
IPTG concentrations of 5 and 50/~M, within the 
range where preMSP aggregation is first ob- 
served. Our results indicate that cells grown with 
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moderate aeration, when treated with 0.4 mM 
IPTG within the induction window, accumulate 
the inducer to concentrations between 10 and 
30/~M. Finally, we have yet to achieve the same 
high yields of MSP (on an OD600 basis) at low 
IPTG concentrations as we have at 0.4 mM 
IPTG in cells grown with weak or moderate aera- 
tion. Further experiments are necessary to deter- 
mine if limited aeration facilitates processing of 
preMSP. It should be noted that the specific con- 
ditions for the maximal expression of processed 
proteins may vary somewhat from the conditions 
found here when the copy number of the plasmid 
used or the strength of the promoter, among other 
things, vary from that in the pET-T7 system. 

Functional analysis of spinach and Arabidopsis 
MSP 

Reconstitution of the spinach OEC with native or 
DTT-treated spinach MSP restored 67~o 
(100 x 35/52; see Table 1) of the steady-state rate 
of 02 evolution lost following MSP extraction. 
Incomplete recovery of control activity results in 
part from irreversible loss of Mn in a fraction of 
P SII complexes [26 ]; another factor contributing 
to limited recovery may be an irreversible alter- 
ation in electron transfer kinetics on the acceptor 
side of PSII [30]. However, the equal effective- 
ness of the two spinach MSP preparations dem- 
onstrates complete recovery of MSP function fol- 
lowing DTT treatment. Arabidopsis MSP restored 
58~o (100 x 30/52; see Table 1) of the steady-state 
02 evolution lost following MSP extraction. We 
conclude that the heterologous subunit is 87~o 
(100 × 58/67) as effective as the native subunit in 
restoring 02 evolution activity to the spinach 
OEC. 

Extraction of MSP causes not only a reduction 
in the rate of 02 evolution, but also increases the 
susceptibility of PSII to photoinhibition. Photo- 
inhibition of PSII is believed to result in part from 
irreversible photooxidative damage to the 
quinone-binding D1 subunit, as a result of de- 
layed reduction of the oxidized reaction center 
Chl P680 + [for review see 1 ]. The slower turn- 

over of the O2-evolving enzyme observed follow- 
ing MSP extraction [26] may result in delayed 
reduction of P680 +, thus promoting photoinhi- 
bition. Comparisons of 02 yields allows for a 
more inclusive analysis of MSP function than 
comparisons of rate values alone. Our results in- 
dicate that recombinant A rabidopsis M S P, though 
slightly less effective at restoring control rates of 
02 evolution activity, is as effective as spinach 
MSP in stabilizing steady-state 02 evolution. 

The most significant effect of either the urea/ 
DTT treatment or of reconstitution with heter- 
ologous MSP was weakened binding of the sub- 
unit to the OEC. Two strictly conserved cysteine 
residues occur near the N-terminus of MSP; on 
the basis of experiments with spinach MSP, these 
two cysteines are proposed to form a disulfide 
bridge that is required for binding of the protein 
to PSII [35]. Exposure of native spinach MSP to 
DTT in the presence of urea, followed by sequen- 
tial removal of the reductant and denaturant 
caused an estimated 50~o reduction in binding 
affinity. This result, together with the observation 
that maximum activity is unchanged (steady-state 
rate) or only slightly reduced (02 yield), suggests 
that our renaturation procedure recovers only 
ca. 50~o of the protein in a conformation capable 
of functional rebinding to the OEC. Spinach 
OECs reconstituted with recombinant Arabidop- 
sis MSP reach maximum levels of 02 yield at a 
ratio of MSP to PSII about twice that observed 
for DTT-treated spinach MSP. We conclude that 
Arabidopsis MSP binds to the spinach OEC with 
an affinity about half that of spinach MSP. Our 
data are consistent with the interpretation that 
structural features of the MSP protein that are 
essential for 02 evolution activity have been con- 
served to a greater degree than those involved in 
binding to PSII. 
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