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Abstract We report here the isolation of the cDNA for pea 
chloroplast SecA. Pea SecA encodes a polypeptide of 1,011 
amino acids and shows high sequence similarity with cyano- 
bacterial SecA. Pea SecA was synthesized as a larger precursor 
and was imported into isolated chloroplasts in vitro. The purified 
pea SecA, which was expressed in Escherichia coli cells, stimu- 
lated the in vitro import of the 33 kDa protein of the oxygen- 
evolving complex into thylakoids. These results indicate that 
higher plant chloroplasts contain a bacterial-type SecA protein- 
dependent system for the intraorganellar protein transport into 
thylakoids. 
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1. Introduction 

have cyanobacterial-type Sec proteins for protein transport 
within organelles. Indeed recently, a part of the secA homolo- 
gous gene was cloned from pea cDNA and the antibodies 
against the partial pea SecA recognized a 110-kDa protein of 
the chloroplast stroma [11]. The 110-kDa stromal protein ap- 
peared to mediate intraorganellar transport of some thy- 
lakoidal proteins, which are imported from the cytosol [11,12]. 

Here we report the isolation of the entire gene (cDNA) for 
pea chloroplast SecA. Pea SecA was synthesized as a larger 
precursor and was imported into chloroplasts. The purified pea 
SecA, which was expressed in Escherichia coli (E. coli) cells, 
stimulated the in vitro import of the 33-kDa protein of the 
oxygen-evolving complex (33K) into thylakoids. These results 
indicate that higher plant chloroplasts contain a bacterial-type 
SecA protein-dependent system for the intraorganellar protein 
transport into thylakoids. 

According to the endosymbiont hypothesis, plant chloro- 
plasts may have derived from oxygen-evolving photosynthetic 
bacteria that resembled cyanobacteria [1,2]. In prokaryotic 
cells, Sec proteins including SecA and SecY mediate protein 
transport across the cytoplasmic membrane [3-5]. Cyano- 
bacteria have, in addition to the cytoplasmic membrane, the 
internal thylakoid membrane network, where oxygenic photo- 
synthesis is performed. Two Sec proteins, SecY and SecA, have 
been found in both the cytoplasmic and thylakoid membranes 
in the cyanobacterium Synechococcus PCC7942 and therefore 
the same Sec proteins appear to mediate protein transport 
across both membranes in cyanobacterial cells [(~8]. 

The membrane structures of chloroplasts resemble those of 
cyanobacteria. They are surrounded by the two-membrane en- 
velope and have internal thylakoids. However, most of the 
chloroplast proteins are encoded by the genes in the nucleus, 
synthesized outside the chloroplasts, and then imported back 
into the chloroplasts [9]. Once inside the chloroplasts, proteins 
are transported to their final destination such as thylakoids 
[9,10]. Since this intraorganellar protein transport process in 
the chloroplasts resembles the intracellular protein transport 
process in cyanobacteria, it is interesting to ask if chloroplasts 
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Abbreviations." E. coil Escherichia coli; DHFR, dihydrofolate reduc- 
tase; S(1-129)-DHFR, a fusion protein consisting of residues 1 129 of 
pea SecA followed by DHFR; S(62-129)-DHFR, a fusion protein con- 
sisting of residues 62-129 of pea SecA followed by DHFR; SecA(1- 
303), a truncated protein corresponding to residues 1-303 of pea SecA; 
33K, 33-kDa protein of the pea photosystem II oxygen-evolving com- 
plex; Ni-NTA, Ni-nitrilo-triacetic acid. 

2. Materials and methods 

2.1. Cloning of the secA cDNA 
Starting from the part of pea (Pisum sativum) secA cDNA [11], the 

5'-flanking sequence was PCR-amplified with the 5'-Amplifinder 
RACE kit (Clonetech) and the 3'-flanking sequence by the Y-RACE 
method by Frohman [13]. Briefly, to clone the 5'-end sequence, 5'- 
CTGCATTACTCGACCAGTAAACTCATCAAC-3' and 5'-CTTT- 
GCAGCCTGAAATATTGATCACTGGG-Y were used as primers 
for cDNA synthesis and for the subsequent amplification, respectively. 
To clone the 3'-end sequence, 5'-GTAGAGAGGGAAGCAGAAAT- 
TGTCGCACAA-3' was used as a primer for amplification. These 
primers were designed on the basis of the nucleotide sequence of the 
previously isolated internal cDNA segment [11]. The amplified cDNA 
fragments were subcloned into pUC119 [14], and their nucleotide se- 
quences were determined with Taq Dye Primer Cycle Sequencing Kit 
(Applied Biosystems). 

2.2. Construction of the genes encoding SecA derivatives 
The entire secA gene was constructed from the obtained secA cDNA 

segments by ligation, and was inserted into pGEM-4Z (Promega) for 
in vitro transcription. To construct the in-frame fusion genes encoding 
S(1-129)-DHFR and S(62 129)-DHFR, nucleotides corresponding to 
residues 1-129 and residues 62-120 of pea SecA were PCR-amplified, 
respectively, and were inserted into pDHFR/SP containing the mouse 
dihydrofolate reductase (DHFR) gene and the promoter sequence for 
SP6 RNA polymerase. The initiator ATG codon was introduced just 
in front of the fusion gene for S(62-129)-DHFR. The gene encoding 
SecA(1-303) was constructed by inserting the cDNA fragment encod- 
ing residues 1-303 of SecA, which had been prepared by the 5'-RACE 
method, into pGEM-4Z. 

2.3. In vitro import into chloroplasts and thylakoids 
In vitro transcription was performed with the Megascript system 

(Ambion). The synthesized mRNAs were purified and were subjected 
to in vitro translation with a wheat germ cell-free system in the presence 
of [35S]methionine. In vitro import of the radiolabeled proteins into 
isolated chloroplasts and suborganellar fractionation after import were 
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performed as described previously [15]. In vitro import of the radiola- 
beled proteins into isolated thylakoids were carried out after the proce- 
dures described previously [11]. For the experimental details, see the 
fgure captions, also. 

2.4. Purification of the recombinant pea SecA 
The pea secA gene was introduced into pET-21d (Novagen) to con- 

struct a gene encoding a modified SecA (lacking residues 1-60) with a 
C-terminal hexa-histidine tag [16]. The resulting plasmid, pET-21d! 
secA was transformed into the E. eoli BL21 (DE3) cells (Novagen). 
Expression of the (His)6-tagged SecA was induced by cultivating the 
transformed cells in the presence of 1 mM isopropyl-fl-thiogalactoside. 
Cells, which were harvested by centrifugation for 5 min at 3,000 x g at 
4°C, were suspended in 10 mM NaKP i (pH 7.2) and were disrupted by 
sonication. The soluble fraction was prepared by centrifugation for 20 
min at 8,000 x g followed by centrifugation for 20 rain at 100,000 x g 
at 4°C. The (His)6-tagged SecA was partly recovered in the soluble 
fraction (~20%) while the rest of tbe fraction remained in the pellet 
(~80%). The soluble fraction containing the soluble form of the 
(His)6-tagged SecA was applied onto the Ni-nitrilo-triacetic acid 

(NiNTA) column according to the instruction manual (Novagen). The 
bound materials were eluted with buffer (20 mM Tris-HCl, pH 7.9, 500 
mM NaC1) containing increasing concentrations of imidazole (4, 50, 
100 and 200 mM). Each fraction was analyzed for the (His)6-tagged 
SecA by SDS-PAGE and Coomassie blue staining. The fractions con- 
taining only the (His)6-tagged SecA (those eluted with 100 and 200 mM 
imidazole) were combined and concentrated. 

3. Results and discussion 

3.1. Isolation o f  the cDNA encoding pea SecA 
A par t  of  the pea secA c D N A  was PCR-ampli f ied with pea 

c D N A  as template  as described previously [11]. The isolated 
secA c D N A  fragment  encoded a polypept ide of  276 amino  
acids [11], which corresponds  to residues 217-509 of  the E. eoli 
SecA prote in  [17]. We now obta ined  the f lanking par ts  of  the 
secA c D N A  by the 5'- and  3 ' - rapid amplif icat ion o f c D N A  ends 

A C 
0 1 2 3 ( k b p )  SY PA AN ES BA OL 
I I I I I I I I I 

Piaumsatlvum Pl 58 43 45 48 52 39 
secA ,, . _  SynechococcuaPCC7942 SY 47 48 43 40 45 

'111'" , ''11 , m- ' -  '~ AAAA Pavlovalutherli PA 47 37 36 40 

Antithamnlon sp. AN 38 38 43 

Eacherichla coil ES 51 41 
(1-1122) : : I(1799-3815) 

~ ~ ~ .  x~ s~ x~ Baclllua aubtlllla BA 39 

B Ollathodlscus luteus OL 

PI 1 : MATBBLCSSFTSQTCNPHSRPHRKTLTLPGSV~LCR~FHLNSPSVS~TRRI RTRQSGPVASLGGLLGGIFK~T~Y~ING~P~ ~ S D ~ F ~ R  
SY 1 : ....................................................... MLNLL LGDPNVRKV~K~P L~TRI NLL~J DIE PLSDKDLI AKTA~FRQKL - DKVSHB PA - A~K- E 
AN 1 : .................................................................... MPN-FLFSNK~ - N~YQRI~IN8 ~ B D ~  LIr~QTNKLK~I IATQ 
BN 1 : ............................................................ M L IKLLTKV~ - C~BRNDRTLRRM - RKVVNI I NAM~PHM]~KLBD~m LKG~TJ~BFRARL~KOE 
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BY 63 : L L ~ B L L P l L ~ A % ~ G % B J U g / C ~ V L ~ L R R F D ~ Z ~ G u I L ~ I A H ~ K T ~ K T L ~ A T L P 8 Y L N ~ / ~ G K ~ ~ G Q ~ R P L G ~ P E ~ D I ~ A T  
AN 51 : D~DT I LP KAPAITKRAX ~KATGLLLF DVQ LI GAII L ~ Q ~ G K T  LVAMLTAYLN8 LFNKGVBI~PL%q~IY LAXI~DAT~IF~ ~ H I GI I ~ ~ Y ~ D I  ~ T  
BS 59 :~LRNLIP~AFAVVRRA8KRV~R~D~LLGG~(~LNHRCIAH~RTG~KTLTATLPAY~LA~RDAI~RPLFBF~L~Z~P~P~Y~I~ 

PI 241: NSELG~DF LRDNLAT SV~ LVZ P.OFNYCVI DB~D81 LIDBARTPLI I ~GPA~KP 8D~ ~ ADAF~R .... DI ....... HYTVDEKQKSVLL~BDAEEI L- - -AVKD .... L 
SF 183 : NSBLGFDYLRDNMAAVZ~VVQRPFNYAVIDBVDSI LIDBARTPLI I 8Q~VDRPSEKYNI%ABEVAALL~RST~DBRE- B P ~ K G ~ L L T ~ P I ~ Q L L -  - - ~ D  .... L 
AN 171: NS~L~FDYLRD~AI ~K]~DLV~RD~FFAI I ~I D81 LI DRARTPLI 18GPAM~G~LTF~L/~d~K~ANL L~ - - NT D ......... ~I~KN~NZ I LNH~IKK~RNI L- - D- INN .... L 
E$ ~7~:~E~ZG~DYLRD~AP8Pm~RV~RKLHYALVDE~D8~L~D~LRTPLII8GPABD88~AY~VNKI~P~LIR~RF~D~RTF~~T~L~BLL~G~BGRSL 
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BY 29 S : FD- 8NDpWAHY I FNAZKAK~ LF IKDVNYIVP~ I~FZVDB FTGRVMPG~RW8 DGLH~AVB SK~GV~ I Q P ~  I ~ L y P ~ ~ B  ~ ~ T ~ S  
AN ~73 :YD-I~KPW~K~ILNALKAK~IFZKNKDYI~IV~VD~FTGRI~GRRW8DGLH~AIRA1~KI~NKTLA8I~LL~~QIY~IPT~ 
EN 299 :Y~PANIML~H]P~TAALRAHALFTRD~DYIV~DG~I~VDB~TGRTN~G~RW8E~LH~AV]~LK~~TF~YPRLYRKLAGi~T~T~SSIY~T~ 
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E8 •19 :ZRKDLPDLVYNTRARKI~AII~DIKBRTAK~P~LV~TI8ZRF~gBLV8H~LT~AGIKRNVLNAK-F~AN-HAA~VA~PAAVTIATN~AGRGTDZ~ .................. 

P Z  5 8 2  : K L V A R G ~ F V - S V  . . . . .  E X P p  . . . . . . . . . . .  P S K T W K V N B K L F  PCQ LSNGNTB LABKAVQLAVKTWGKR8 L T B  L R A R E R L S Y S C R K G p A Q D ~ I  ~ ~ ~ I 8 ~ E B ~  
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PI 685 :VAAG~L~7VGT~RHBsP`R~DNQLRGR~G~DP~R~L~L]~DNIFR~F~)RI~LMRAFRV-~DLPID~MLTKALD~A~NYFFNI~~SQ~~ 
654 : V~ LOGLHV~ G~Z~BRH~ ~RRV~LRGRAGG~DP~BTR~F L8 L~DNL LRI ~GGD~VAKL14NAFRVRBDMP Z I S G M L ~ ~ I  ~ ~ y ~  

AN 592 : I T L G G L Y V I G T Z ~ S R R Z D N Q L R G P ~ D L R B ~ % F F L S L Q D N L L K I F G G D ~ I S D F ~ D R D M P Z B 8 8 1 ~ S A ~ ~ ~ ~ y I E ~  
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* * * * , , * , ** 

PI 922 ~FVQQAVGLRGYAQRDPLIL~YKLBGYNLFLR~IRRNVIY8IYQFKPVLLK~D~KM~NQK~KRNARPPTDTNPDPVGTVRPSTS~S 
NI" 89 0 : ALRRSVGLRGYG~KDP LLRYI~RGYE L F ~ A I  RRNVI Y 8 1 ~  D p Q p ~ R P ( ~ l V V  
AN 82S : I~SIGWR~YG~DPLIRYI~U~FNLFI~g(VTYIRQTVIYLTMR8RLIVNIDN 
ES 784 : YLRQGZ~LR~YAQKDP~F8M1~LKTE~F~8TL~KVQVRMPIIVB~L]K~RRMRARRLAQM~L8HQDDD~AAAAALAAQT~G~PC~G8G~HGR~ 

t * * *t *** * * * ** 

Fig. 1. The PCR-amplified cDNA fragments that cover the entire pea secA cDNA (A), the amino-acid sequences of pea SecA (P/) and the previously 
identified SecA proteins from Synechococcus PCC7942 (SY), Antithamnion sp. (AN), and E. coli (ES) (B), and percentage of identical amino acids 
of SecA proteins [8,17-21] (C). In (B), the conserved amino acids are indicated with asterisks, and the proposed ATP-binding site is underlined. The 
nucleotide sequence of the pea SecA has been deposited in the EMBL/GenBank/DDBJ Data Library under the accession number X82404. 
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Fig. 2. In vitro import of pea SecA (A), S(1 129)-DHFR (B), S(62-129)- 
DHFR(C) and SecA(1-303) (D) into isolated pea chloroplasts. The 
radiolabeled proteins (translation products) were incubated with iso- 
lated pea chloroplasts in the light for 30 min at 25°C in 8 mM ATE 
17 mM MgCI 2, 0.1% bovine serum albumin, 330 mM sorbitol and 50 
mM HEPES-KOH, pH 8.0. After import, intact chloroplasts were 
re-isolated and were subjected to suborganellar fractionation [15]. For 
protease treatment, the chloroplasts after import were incubated with 
0.1 mg/ml thermolysin and 1 mM CaCI2 for 30 min on ice, or the 
thylakoids were incubated with 0.4 mg/ml thermolysin and 4 mM CaC12 
for 30 min on ice. Lanes 1 = chloroplasts (Chl) without further treat- 
ment; lanes 2 = chloroplasts after protease treatment; lanes 3 = enve- 
lope membranes (Env); lanes 4 = a soluble fraction containing the 
stroma (Str); lanes 5 = thylakoids (Thy) without protease treatment; 
lanes 6 = thylakoids after protease treatment, p, precursor forms; 
m, mature-sized forms. 

(RACE)  methods [14]. The amplified c D N A  fragments were 
analyzed for their nucleotide sequences and were found to 
overlap partly with the previously isolated secA c D N A  frag- 
ment (Fig. 1A). A Southern hybridization analysis confirmed 
that the obtained secA fragments derived from the pea genome 
(data not  shown). The three c D N A  fragments (Fig. 1A) cover 
the entire pea secA cDNA,  which encodes a polypeptide of  
1,011 amino acids with a calculated molecular mass of  114,130 
(Fig. 1B). The alignment of  the predicted amino acid sequence 
of  pea SecA with those of  the previously identified bacterial and 
algal SecA proteins [8,17--21] reveals homology throughout  the 
sequences including the ATP-binding region (Fig. 1B). Cyano- 
bacterial SecA shows the highest degree of  identity (58%), 
whereas E. coli SecA shows 48% identity [8,17]. Pea SecA is 
43%, 45% and 39% identical with SecA encoded by the plastid 
D N A  of  the chromophyt ic  alga (Pavlova lutherli), the red alga 
(Antithamnion sp.), and another  chromophytic  alga (Olisthodis- 
cus luteus), respectively (Fig. 1C) [19-21]. 

3.2. Pea SecA is a chloroplast protein 
The predicted amino acid sequence of  pea SecA shows the 

presence of  an N-terminal extension of  about  60 residues as 
compared with the other SecA proteins (Fig. 1B). This N- 
terminal extension is rich in hydrophilic amino acids (especially 

hydroxylated amino acids) but lacks acidic ones, and therefore 
resembles chloroplast transit peptides that guide the proteins 
to chloroplasts [22]. In order to confirm directly that pea SecA 
is a chloroplast protein, we performed in vitro chloroplast im- 
port  experiments for pea SecA, S(1-129) -DHFR consisting of  
residues 1-129 of  pea SecA followed by D H F R ,  S(62-129)- 
D H F R  consisting of  residues 62-129 of  pea SecA followed by 
D H F R ,  and SecA(1-303) corresponding to residues 1-303 of  
pea SecA (Fig. 2). Incubation with chloroplasts converted pea 
SecA, SecA(1-303) and S(1-129)-DHFR to lower molecular- 
mass forms (Fig. 2A-C,  lanes 1), which were resistant to diges- 
tion by externally added protease (Fig. 2A-C,  lanes 2), while 
S(62 129)-DHFR was not converted to a lower molecular mass 
form or sequestered to the protease-protected compartments.  
Pea SecA was thus imported into chloroplasts and proteolyti- 
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431(- 

S T 
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Azide (rnM) - 

1 2 3 4 5 6 7 

2 3 4 5 6 7 
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Fig. 3. Purification of the recombinant pea SecA expressed in E. coli 
(A) and reconstitution of the import of the intermediate form of 33K 
into isolated pea thylakoids (B). In (A), lane 1 = the soluble cell extract 
prepared from the BL21 (DE3) cells harboring the pea SecA expression 
plasmid; lane 2 = flow-through from the Ni-NTA column; lanes 3, 4, 
5 and 6 = the fractions eluted with buffer containing 4, 50, 100 and 200 
mM imidazole, respectively; lanes 7 and 8 = 1 and 2 pg of purified, 
recombinant pea SecA, respectively. SecA is denoted with arrowheads. 
In (B), chloroplasts (2 mg/ml chlorophyll) were disrupted by osmotic 
shock by incubation for 10 rain on ice in 8 mM ATP, 26 mM MgCI2, 
0.1% bovine serum albumin, 10 mM HEPES-KOH, pH 8.0. The dis- 
rupted chloroplasts (chloroplast lysates) were fractionated into the thy- 
lakoids and the stroma by centrifugation for 10 min at 7,500 x g. The 
protein concentration of the stromal fraction was determined by the 
Bradford methods (BioRad). The thylakoids were washed twice with 
10 mM MgCl2 and 10 mM HEPES&nash;KOH, pH 8.0, and used for 
import experiments. For in vitro import into thylakoids, the in vitro 
translated intermediate form of 33K was incubated with the thylakoids 
in the light for 20 min at 25°C in the import buffer (8 mM ATP, 18 mM 
MgCI2, 10 mM NaCI, 0.055% bovine serum albumin, 80 mM sorbitol 
and 17 mM HEPES-KOH, pH 8.0). The incubation was carried out 
in the absence or presence of the indicated concentrations of the stromal 
fraction (Str), the recombinant SecA (SecA), and/or sodium azide 
(Azide). i33K and m33K, the intermediate and mature forms of pea 
33K, respectively. 
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cally processed to the mature form with an apparent molecular 
mass of 110 kDa, and residues 1-129 including the N-terminal 
extension of pea SecA was sufficient to direct a foreign protein 
(DHFR) to chloroplasts. Since the size of the processed form 
of S(1-129)-DHFR is close to that of S(62-129)-DHFR, the 
transit peptide of pea SecA is likely cleaved at around residues 
61162. These results suggest that the isolated pea secA cDNA 
encodes the 110-kDa chloroplast protein previously identified 
by immunological analyses [11,12]. 

Suborganellar fractionation of the chloroplasts after import 
revealed that the processed pea SecA was mainly recovered in 
the stromal fraction, and that a fraction of the imported pea 
SecA was also associated with the thylakoids (Fig. 2A, lanes 
3-6). This is consistent with the results of immunological anal- 
yses that the authentic chloroplast l l0 -kDa  protein was de- 
tected mainly in the stroma and partly in the thylakoids [11]. 
Interestingly, neither S(1 129)-DHFR nor SecA(1-303) was 
associated with the thylakoids (Fig. 2B,D, lanes 3-6), suggest- 
ing that the mature part of pea SecA is necessary for its binding 
to the thylakoids. 

3.3. Pea SecA stimulates in vitro transport o f  33K into 
thylakoids 

The intraorganellar transport of thylakoid lumenal proteins 
can be reconstituted in vitro using the artificial intermediate 
forms of the thylakoidal proteins and isolated thylakoids. Such 
in vitro thylakoidal transport experiments have revealed that 
thylakoid lumenal proteins are transported into thylakoids by 
at least two different mechanisms. The transport of the 33K 
(33-kDa protein of the oxygen evolving complexes) and plasto- 
cyanin requires the presence of ATE stromal factor(s), and the 
thylakoidal ApH, whereas transport of 23- and 16-kDa proteins 
of the oxygen evolving complexes requires only the thylakoidal 
ApH and is independent of ATP or stromal factors 
[11,12,23,24]. 

Pea SecA without the N-terminal extension was tagged with 
hexa-histidines [16] and was expressed in E. coli. The (His)6- 
tagged pea SecA was partly recovered in the soluble fraction, 
although it partly formed insoluble aggregates. The soluble 
tbrm of the recombinant pea SecA was purified to homogeneity 
by binding to Ni-NTA beads (Fig. 3A). The purified pea SecA 
was tested for its ability to stimulate the in vitro import of the 
artificial intermediate form of 33K into isolated thylakoids 
(Fig. 3B). The import of the 33K intermediate into isolated 
thylakoids required the stromal fraction (Fig. 3B, lanes 1 and 
2) but was inhibited by sodium azide, a potential inhibitor of 
SecA (Fig. 3B, lane 3). The recombinant pea SecA could be 
substituted for the stromal fraction in the import of the 33K 
intermediate into thylakoids (Fig. 3B, lanes 4 and 5), and the 
import stimulation by pea SecA was inhibited by sodium azide 
(Fig. 3B, lanes 6 and 7). The import of the intermediate of 
another thylakoidal protein, the 23-kDa protein of the oxygen- 
evolving complex, into isolated thylakoids was not stimulated 
by the stromal fraction or the recombinant pea SecA (not 
shown). Therefore pea SecA in the stroma mediates intraorgan- 
ellar transport of a subset of thylakoidal proteins including 
33K, which are imported from the cytosol. 

3.4. Conclusion 
In the present study, we have isolated the entire cDNA en- 

coding pea SecA. Pea SecA was synthesized as a larger precur- 

sor, was imported into chloroplasts, and reached the stroma 
and the thylakoid surface. The purified, recombinant pea SecA 
stimulated the in vitro import of the intermediate form of 33K 
into isolated thylakoids. 

These results indicate that higher plant chloroplasts contain 
a bacterial-type SecA protein-dependent system for the intraor- 
ganellar protein transport into thylakoids. Since cyanobacterial 
cells contain SecA and SecY in the thylakoid membrane as well 
as the cytoplasmic membrane [7,8], higher plant chloroplasts 
have most likely inherited the bacterial-type SecA-dependent 
system for thylakoidal protein transport from the ancestral 
endosymbiont that resembled cyanobacteria. This system ap- 
pears to be employed for the intraorganellar transport of thy- 
lakoidal proteins including 33K that have also derived from 
those of the cyanobacterial-type progenitor. 
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