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Abstract. 

 

Results of in vitro and genetic studies have 
provided evidence for four pathways by which proteins 
are targeted to the chloroplast thylakoid membrane. 
Although these pathways are initially engaged by dis-
tinct substrates and involve some distinct components, 
an unresolved issue has been whether multiple path-
ways converge on a common translocation pore in the 
membrane. A homologue of eubacterial SecY called 
cpSecY is localized to the thylakoid membrane. Since 
SecY is a component of a protein-translocating pore in 
bacteria, cpSecY likely plays an analogous role. To ex-
plore the role of cpSecY, we obtained maize mutants 
with transposon insertions in the corresponding gene. 

Null cpSecY mutants exhibit a severe loss of thylakoid 
membrane, differing in this regard from mutants lack-
ing cpSecA. Therefore, cpSecY function is not limited 
to a translocation step downstream of cpSecA. The 
phenotype of cpSecY mutants is also much more pleio-
tropic than that of double mutants in which both the 
cpSecA- and 

 

D

 

pH-dependent thylakoid-targeting path-
ways are disrupted. Therefore, cpSecY function is 
likely to extend beyond any role it might play in these 
targeting pathways. CpSecY mutants also exhibit a de-
fect in chloroplast translation, revealing a link between 
chloroplast membrane biogenesis and chloroplast gene 
expression.

 

T

 

he 

 

majority of chloroplast-localized proteins are as-
sociated with the internal membrane system of the
organelle, the thylakoid membrane. Many thyla-

koid membrane proteins are products of nuclear genes
and are synthesized in the cytoplasm; others are products
of chloroplast genes and are synthesized in the chloroplast
stroma. In either case, newly synthesized proteins must be
targeted to their correct position with respect to the mem-
brane. Mechanisms of targeting to the thylakoid lumen
have been particularly well studied. All known lumenal
proteins are nuclear-encoded and are synthesized with a
bipartite targeting sequence (for review see Cline and
Henry, 1996). The NH

 

2

 

-terminal segment is a stromal tar-
geting sequence that directs the protein across the chloro-
plast envelope. Adjacent to the stromal targeting sequence
is a cleavable lumenal targeting sequence that resembles
the signal sequences that target proteins for translocation
across bacterial cytoplasmic membranes. Two energeti-
cally and genetically distinct pathways have been de-
scribed for the translocation of proteins to the thylakoid
lumen (for review see Cline and Henry, 1996). One set of
lumenal proteins is targeted by a mechanism that requires
cpSecA, a chloroplast-localized homologue of the bacte-

rial protein SecA (Yuan et al., 1994; Nohara et al., 1995;
Voelker and Barkan, 1995; Voelker et al., 1997). Cyto-
chrome 

 

f

 

, a chloroplast-encoded integral thylakoid pro-
tein, is also targeted to the membrane via this pathway
(Voelker and Barkan, 1995; Mould et al., 1997; Nohara et
al., 1997; Voelker et al., 1997). A second set of lumenal
proteins is targeted via a pathway that relies upon a 

 

trans

 

-
thylakoidal 

 

D

 

pH in vitro (for review see Cline and Henry,
1996) and that involves the 

 

hcf106

 

 (Voelker and Barkan,
1995) and 

 

tha4

 

 genes (our unpublished results) in vivo. A
third pathway has been proposed for several integral
membrane proteins that appear to integrate spontane-
ously in vitro (Kim et al., 1996; Robinson et al., 1996). Fi-
nally, the integration of the polytopic membrane protein
light-harvesting chlorophyll 

 

a

 

/

 

b

 

 binding protein (LHCP),

 

1

 

whose targeting signals lie within the mature portion of
the protein (Viitanen et al., 1988), defines a fourth path-
way in that it requires neither cpSecA (Voelker et al.,
1997) nor 

 

hcf106

 

 (Voelker and Barkan, 1995), but does re-
quire GTP (Hoffman and Franklin, 1994) and cp54 (Li et
al., 1995), a homologue of the signal recognition particle
protein SRP54.
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1. 

 

Abbreviations used in this paper

 

: LHCP, light-harvesting chlorophyll 

 

a

 

/

 

b

 

binding protein; OE16, 16-kD subunit of oxygen evolving complex; OE23,
23-kD subunit of oxygen evolving complex; OE33, 33-kD subunit of oxy-
gen evolving complex; PC, plastocyanin; Rubisco, ribulose biphosphate
carboxylase; SRP, signal recognition particle; 

 

csy1

 

, chloroplast secY 1.
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These previous experiments indicated that each target-
ing pathway involves some unique components. It is possi-
ble, however, that the different targeting machineries also
have shared components. For example, two or more of the
pathways may converge on a common translocation pore
in the membrane, in analogy to the convergence of signal
recognition particle (SRP)-dependent and -independent
pathways on Sec61-containing translocons in the endo-
plasmic reticulum membrane (for review see Rapoport
et al., 1996). One likely component of the translocon for
proteins that engage cpSecA is cpSecY, a chloroplast-
localized SecY homologue, since SecY forms a component
of the translocon in the bacterial plasma membrane (for
review see Rapoport et al., 1996). Genes encoding cpSecY
have been discovered in algal chloroplast genomes (for re-
view see Vogel et al., 1996) and in the 

 

Arabidopsis thaliana

 

and spinach nuclear genomes (Laidler et al., 1995; Berg-
hoefer and Kloesgen, 1996). The protein encoded by the

 

Arabidopsis

 

 cpSecY cDNA is targeted to chloroplast thy-
lakoid membranes in vitro (Laidler et al., 1995). However,
functional studies of cpSecY have not been reported.

To gain insight into the roles of cpSecY in vivo, we have
used a reverse genetics strategy to obtain maize mutants
with transposon insertions in a nuclear gene encoding
cpSecY. As shown below, cpSecY mutants exhibit a severe
loss of thylakoid membrane. This phenotype is much more
severe and global than that of 

 

tha1

 

 mutants, which have
exceedingly low levels of cpSecA (Voelker et al., 1997).
Therefore, cpSecY function is not limited to a role in
translocating proteins that previously engaged cpSecA.
Furthermore, cpSecY mutants have a more severe pheno-
type than double mutants with lesions in both the cpSecA
and the 

 

D

 

pH lumenal targeting pathways, implicating
cpSecY in either the cp54-dependent pathway, the “spon-
taneous” pathway, and/or in an uncharacterized targeting
pathway. An unexpected aspect of the cpSecY mutant
phenotype is a global defect in chloroplast translation.
Thus, the activity of the chloroplast translation machinery
may be linked to the biogenesis of chloroplast membranes.

 

Materials and Methods

 

Plant Material

 

Plants with 

 

Mu

 

 insertions in the gene encoding cpSecY (

 

csy1

 

) were identi-
fied at Pioneer Hi-Bred (Johnston, IA)by using a primer complementary
to the 

 

Mu

 

 terminal inverted repeat (Bensen et al., 1995; Meeley and
Briggs, 1995) and four primers specific for the maize cpSecY cDNA. Pio-
neer Hi-Bred generously provided a small number of progeny seed from
plants that scored positive in the PCR screen. 

 

csy1

 

/

 

1

 

 plants were propa-
gated by crossing with inbred lines and subsequent self-pollination to re-
cover homozygous mutant seedlings.

Also used in this study were the targeting mutants 

 

tha1

 

 (Voelker and
Barkan, 1995; Voelker et al., 1997), 

 

hcf106

 

 (Barkan et al., 1986; Voelker
and Barkan, 1995) and 

 

tha4.

 

 The 

 

tha4

 

 and 

 

hcf106

 

 mutant phenotypes are
very similar (i.e., the 

 

D

 

pH thylakoid targeting pathway is specifically dis-
rupted [see Fig. 8, Voelker and Barkan, 1995]) but the two genes are not
allelic. The 

 

hcf106-mum3

 

 allele, a deletion derivative of the original

 

hcf106

 

 mutation (Das and Martienssen, 1995), was used in these experi-
ments; seed was provided by R. Martienssen (Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, NY). Some experiments included the albino
mutant 

 

iojap

 

, which has been described as lacking in plastid ribosomes
(Walbot and Coe, 1979) , and the albino mutant 

 

w3

 

, which has a defect in
the carotenoid biosynthetic pathway (Fong et al., 1983).

Unless otherwise stated, studies were performed with leaf material ob-
tained from seedlings grown for 9–12 d in a growth chamber (14-h d [400

 

m

 

E/m

 

2

 

 per s) at 28

 

8

 

C and 10-h nights at 25

 

8

 

C). Samples that were compared
in any single experiment were grown and harvested in parallel. Etiolated
mutant leaves were obtained as described previously (Voelker et al., 1997).

 

Cloning of Maize cpSecY cDNAs

 

A degenerate primer (5

 

9

 

-GAA[GAT]AT[GAT]AT[AGCT]GGCAT-3

 

9

 

)
was designed to a conserved amino acid region (met-pro-ile-ile-phe-ser)
of cpSecY and then used to prime reverse transcription of maize seedling
leaf poly A

 

1

 

 RNA by following the manufacturer’s protocol for Super-
script™ II reverse transcriptase (GIBCO BRL, Gaithersburg, MD). PCR
amplification was performed on the cDNA template using the reverse
transcription primer and a second degenerate primer (5

 

9

 

-GT[A/G/C/
T]CC[A/G/C/T]TTCAT[A/T/C]AA[C/T]GC-3

 

9

 

 encoding val-pro-phe-ile-
asn-ala). Each 50-

 

m

 

l reaction contained 1 

 

m

 

l of the reverse transcription
reaction, 20 pmol of each primer, 20 

 

m

 

M deoxynucleoside triphosphate,
1.5 mM MgCl

 

2

 

, 50 mM KCl, and 10 mM Tris-HCl, pH 8.3. The reactions
were incubated at 95

 

8

 

C for 5 min, supplemented with 5 U of Taq DNA
polymerase, and then incubated according to the following “touchdown”
profile: 10 cycles of 94

 

8

 

C/30 s, 54

 

8

 

/40 s (

 

2

 

1.0

 

8

 

/cycle), 72

 

8

 

/60 s; 10 cycles of
94

 

8

 

/30 s, 44

 

8

 

/40 s (

 

2

 

0.5

 

8

 

/cycle), 72

 

8

 

/60 s; 20 cycles of 94

 

8

 

/30 s, 40

 

8

 

/40 s, 72

 

8

 

/
60 s. These reactions were subjected to a secondary amplification involv-
ing nested degenerate primers that included a 5

 

9

 

 EcoRI site (5

 

9

 

-GGAAT-
TCAT[A/T/C]AA[C/T]GC[A/T/G/C]CA[A/G]AT[A/T/C]GT-3

 

9

 

 encod-
ing ile-asn-ala-gln-ile-val) and a 5

 

9

 

 BamHI site (5

 

9

 

-CGGGATCCAT[G/A/
T]AT[A/G/C/T]GGCAT[A/T/C/G]AC[A/C/T/G]CC-3

 

9

 

 encoding gly-val-
met-pro-ile-ile), according to the following conditions: 20 cycles of 95

 

8

 

C/
30 s, 48

 

8

 

/40 s (

 

2

 

0.5

 

8

 

/cycle), 72

 

8

 

/60 s; 20 cycles of 95

 

8

 

/30 s, 39

 

8

 

/40 s, 72

 

8

 

/60 s).
The amplification product was gel-purified and then subcloned into a
Bluescript SK

 

1

 

 plasmid. The isolated insert was used to screen a cDNA
library constructed from mRNA isolated from the leaves of 2-wk-old
greenhouse-grown maize, inbred line B73.

 

Sequence Alignments

 

Sequences of SecY homologues from 

 

Arabidopsis thaliana

 

 (EMBL/Gen-
Bank/DDBJ accession number U37247), 

 

Spinacia oleracea

 

 (accession
number Z54351), 

 

Escherichia coli

 

 (accession number 134413), 

 

Synecho-
coccus

 

 PCC7942 (accession number 401077), cryptomonas (accession
number X62348), and 

 

Pyrenomonas salina

 

 (accession number X74773)
were compared to the maize 

 

csy1

 

 cDNA sequence (accession number
AF039304). Alignments were calculated using ClustalW 1.7 (Thompson et
al., 1994) and BoxShade (Bioinformatics Group, ISREC, Lausanne, Swit-
zerland), with default parameters.

 

Isolation and Analysis of Plant DNA and mRNA

 

DNA was extracted and then analyzed as previously described (Voelker et
al., 1997). The genomic Southern blot was probed with a partial 

 

csy1

 

 cDNA,
corresponding to amino acids 205–387 (see Fig. 1) that was radiolabeled
by the random hexamer priming method. RNA was extracted and ana-
lyzed by Northern hybridization as described in Jenkins et al. (1997). The
association of chloroplast mRNAs with polysomes was assayed as described
previously (Barkan, 1993). The 

 

csy1

 

 transcript was detected with the full-
length 

 

csy1

 

 cDNA radiolabeled by random hexamer priming. The 16S rRNA
and LHCP mRNAs were detected with the radiolabeled DNA probes de-
scribed in Barkan (1993). The 

 

rbcS

 

 mRNA was detected with a radiolabeled
DNA probe prepared from the cDNA described in Nelson et al. (1984). The

 

atpF

 

 probe was described in Jenkins et al. (1997). The 

 

rbcL

 

 mRNA was
detected with a radiolabeled RNA probe prepared by in vitro transcrip-
tion of a plasmid containing a 570-bp PstI fragment of the maize 

 

rbcL

 

 gene.

 

Extraction and Analysis of Protein and Chlorophyll

 

Leaf proteins were extracted, analyzed on immunoblots, radiolabeled in
vivo, and then immunoprecipitated by using the antibodies and methods
described previously (Voelker and Barkan, 1995). The relative chloro-
phyll content of mutant and normal leaves was determined by excising a
35-mg segment from the tip of 10-d-old seedlings, grinding in a mortar and
pestle in the presence of 2 ml of 80% acetone, centrifuging at 12,000 

 

g

 

 for
1 min, and then measuring the absorbance of the supernatant at 652 nm.

 

Electron Microscopy

 

Leaf tissue was fixed overnight at room temperature in 4% glutaralde-
hyde in 0.05 M potassium phosphate, pH 7.0. After three washes in phos-
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phate buffer, the tissue was postfixed in 2% osmium tetroxide in the same
buffer. Samples were dehydrated in an ethanol series and then embedded
in Spurr’s resin. Sections were stained for 50 min in 5% uranyl acetate and
for 10 min in Reynolds lead citrate (Reynolds, 1963). The tissue prepara-
tion, sectioning, and electron microscopy was performed by J. Selker
(University of Oregon Electron Microscopy Facility, Eugene, OR).

 

Results

 

The Maize Genome Contains Several Genes That Are 
Closely Related to secY

 

We took advantage of the Trait Utility System for Corn
developed at Pioneer Hi-Bred (Meeley and Briggs, 1995)
to obtain plants with 

 

Mu

 

 transposons in a nuclear gene
encoding cpSecY. A prerequisite for this approach was
knowledge of the nucleotide sequence of the maize
cpSecY gene(s). To obtain maize cDNAs encoding cpSecY,
the deduced 

 

Arabidopsis

 

, spinach, 

 

Cryptomonas

 

, and

 

Pyrenomonas

 

 cpSecY proteins were compared to identify
regions of high conservation. A degenerate primer de-
signed against one conserved region was used to prime re-
verse transcription of maize leaf polyA

 

1

 

 RNA. A second
degenerate primer was then used in conjunction with the
first to amplify a PCR product. The amplified cDNA frag-
ment was of the expected size (550 bp) and was related in
sequence to known cpSecY genes (data not shown). When
the PCR fragment was used to screen a maize leaf cDNA
library, several full-length cDNA clones (2.1 kbp) were
obtained whose DNA sequence revealed a continuous
open reading frame encoding a protein with high identity
to plastid and eubacterial SecY proteins (Fig. 1).

 

Arabidopsis

 

 and spinach cpSecY are synthesized with an
NH

 

2

 

-terminal extension of 

 

z

 

120 amino acids, relative to the
bacterial and plastid-encoded SecY homologues (Fig. 1).
This region has characteristics typical of chloroplast tar-
geting signals (for review see Cline and Henry, 1996). The
maize cDNAs encode a protein with an NH

 

2

 

-terminal ex-
tension of a similar length and with features of chloroplast
targeting signals. Downstream of this region, the deduced
maize protein is highly similar to other chloroplast-local-
ized SecY homologues (e.g., 94% similar/86% identical to

 

Arabidopsis

 

 cpSecY). As shown below, the phenotypes as-
sociated with mutations in the gene encoding the maize
cDNA are restricted to the chloroplast. Together, these
observations provide strong evidence that the cDNA en-
codes maize cpSecY. The gene encoding this cDNA was
named 

 

csy1.

 

Genomic Southern blots were probed at high stringency
with a cDNA fragment encoding a highly conserved re-
gion of cpSecY (Fig. 2). Multiple bands were detected
when the genomic DNA was digested with enzymes that
do not cut within the genomic sequence corresponding to
the probe. These results revealed the existence of at least
two and perhaps three genes in the maize genome that are
closely related to the cDNA clone. To estimate the rela-
tive contributions of these different genes to the pool of
cpSecY in leaf tissue, the same probe was used to identify
clones in a maize leaf cDNA library. 18 independent
cDNA clones were obtained. The nucleotide sequences of
the 3

 

9

 

 untranslated regions were identical for all 18 clones,
although their sites of polyadenylation varied (Fig. 3 

 

c

 

). A
probe made from this 3

 

9

 

 untranslated region detected only

one band on genomic Southern blots (data not shown), in-
dicating that all of the cDNAs were derived from the same
gene. These results strongly suggest that the 

 

csy1

 

 gene
contributes the vast majority of cpSecY in leaf tissue.

 

Mu Insertions Cause Severe Defects in the Expression 
of csy1

 

The progeny of maize plants with 

 

Mu

 

 transposons in 

 

csy1

 

were tentatively identified at Pioneer Hi-Bred in a PCR
screen involving 

 

csy1

 

-specific primers used in conjunction
with a primer corresponding to the 

 

Mu

 

 terminal inverted
repeat (Bensen et al., 1995; Meeley and Briggs, 1995). We
confirmed that three of these putative alleles had 

 

Mu

 

 in-
sertions in 

 

csy1.

 

 To define the precise position of each in-
sertion, the PCR products resulting from amplification
with a 

 

Mu

 

 primer and a 

 

csy1

 

 primer were cloned and then
their nucleotide sequences were determined. Fig. 3 shows
a partial map of the 

 

csy1

 

 gene, including the location of the

 

Mu insertion in each mutant allele. csy1-1 contains a Mu
insertion at a 59 splice junction, in sequences encoding the
presumed chloroplast targeting signal. csy1–2 has a Mu in-
sertion in sequences encoding the targeting signal, and
csy1–3 has a Mu insertion in sequences encoding the
highly conserved portion of cpSecY. As is typical of nu-
clear-encoded chloroplast proteins, an intron lies between
sequences encoding the presumed targeting sequence and
sequences encoding the portion of the protein that was de-
rived from the ancestral bacterial gene (refer to Fig. 1).

Figure 1. Deduced amino acid sequence of a maize cDNA en-
coding a SecY homologue. The Arabidopsis (arab) and spinach
proteins are chloroplast localized (Laidler et al., 1995; Berghoe-
fer and Kloesgen, 1996). The Synechococcus (synech) and E. coli
sequences are representative of bacterial SecY. Each triangle in-
dicates the site of the Mu transposon insertion in the mutant al-
lele named to its left. Positions of introns are indicated by arrows.
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The insertions in csy1 are genetically linked to the pig-
ment-deficient phenotype shown in Fig. 4. This pigment
deficiency did not segregate from csy1 in .50 meioses.
Homozygous mutants are nearly albino, with a distinct yel-
low-green tint. Heterozygous plants appear entirely nor-
mal. All three csy1 mutant alleles are similar in phenotype,
confirming that the pigment-deficiency results from the
Mu insertions in csy1. The chlorophyll content of csy1 mu-
tant seedlings grown under relatively low-intensity light
(400 mE/m2 per s) is z10% of that of their normal siblings
grown in parallel, when normalized to leaf wet weight
(data not shown). In contrast, tha1 and hcf106 mutants,
with lesions in the cpSecA and DpH thylakoid targeting
pathways, respectively, accumulate near normal amounts
of chlorophyll (Martienssen et al., 1987, and our unpub-
lished observations).

During the development of their first three leaves, csy1
mutant plants grow at the same rate as their wild-type sib-
lings (data not shown). The early normal growth rate indi-
cates that mitochondrial function is not significantly dis-
rupted by these mutations and supports the notion that
csy1 function is limited to the chloroplast compartment.
The rate of growth of the mutant seedlings began to lag as
seed reserves became depleted and they died after the de-
velopment of four leaves, as is typical of mutations that
disrupt photosynthesis in maize (Miles, 1982).

A single csy1 mRNA of z2.1 kb was detected in RNA
prepared from wild-type leaf tissue (Fig. 5). This mRNA

Figure 2. Genomic Southern blot of DNA
from the maize inbred line Tx303 probed with
the csy1 cDNA. The probe consisted of the
cDNA fragment encoding amino acids 208–
381. BamHI and EcoRI do not recognize sites
inside the genomic region corresponding to
the probe. The filter was washed at high strin-
gency (658C in 0.33 SSC).

Figure 3. Map and partial nucleotide sequence of csy1. (a) Partial
genomic map of csy1. Sites of Mu insertions are indicated. The
identity of the Mu family member at each site was deduced based
upon the sequence of its terminal-inverted repeat (Chandler and
Hardeman, 1992). The insertion sites are shown in the context of
the encoded amino acid sequence in Fig. 1. The size of each in-
tron in nucleotides is indicated. (b) Partial nucleotide sequence of

csy1. The sequence shown begins 135 nucleotides downstream of
the start codon and ends within the third exon. Locations of Mu
insertions are shown by boxes marking the nine base pairs that
were duplicated upon insertion. Intron sequence is in italics. Only
a portion of the sequence of the second intron is shown, with the
missing sequence represented by //. The complete nucleotide se-
quence of the csy1 cDNA and more extensive genomic sequence
information has been deposited (EMBL/GenBank/DDBJ acces-
sion numbers AF039304 and AF039305). (c) Sites of polyadeny-
lation in 18 independent leaf csy1 cDNA clones. The sequence
shown begins at the stop codon. The number of cDNA clones
with the same polyadenylation site is indicated in superscript.
Clones with identical 39 ends differed at their 59 ends, indicating
that they represent independent cDNAs.
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was not detectable in any of the mutant alleles. A low
abundance aberrant transcript of z3.5 kb in csy1–3 is of
the expected size of a chimeric transcript that includes the
Mu8 sequences. Two albino mutants, iojap and w3, whose
albinism results from different primary defects (Robertson
et al., 1978; Walbot and Coe, 1979; Han et al., 1992), and
two mutants disrupted in thylakoid protein targeting (tha1
and hcf106), were analyzed in parallel. All of these contain
normal levels of csy1 mRNA, indicating that the loss of the
mRNA in the csy1 mutants is not a consequence of their
pigment deficiency or of a defect in thylakoid protein tar-
geting. The lack of detectable csy1 mRNA in the mutants
indicates that the mutations are either null or nearly so.

Chloroplasts in csy1 Mutants Have Little
Thylakoid Membrane

The ultrastructure of csy1 mutant chloroplasts was exam-
ined by transmission electron microscopy (Fig. 6). Both
the bundle sheath and mesophyll chloroplasts in mutant
leaves contain little internal membrane. Small internal
vesicles were frequently observed (Fig. 6 b and data not
shown). Mitochondrial morphology is not altered in the
mutants (Fig. 6, a–c).

Etioplasts in csy1 mutants are also abnormal in structure
(Fig. 6 c). Whereas normal etioplasts contain a crystalline
prolamellar body with radiating membranes, csy1 mutant
etioplasts contain a condensed but noncrystalline prola-
mellar body that resembles structures observed in maize
mutants defective in chlorophyll biosynthesis (Mascia and
Robertson, 1978). However, unlike the etioplasts in chlo-
rophyll-biosynthetic mutants, csy1 mutant etioplasts lack
the radiating membranes, indicating that their ultrastruc-
tural defects are not simply a consequence of the absence
of chlorophyll.

The accumulation of representative proteins from each
major thylakoid membrane complex was assayed by im-
munoblot (Fig. 7 a). Lesions in either the DpH or cpSecA
lumenal targeting pathway do not significantly reduce the
content of the chloroplast ATP synthase or of LHCP
(Voelker and Barkan, 1995). In csy1 mutant leaves, how-
ever, the abundance of these proteins is z10-fold lower

than normal. The psaD and petD gene products and the
D1 protein are reduced to ,10% of their normal levels in
csy1 mutants. The abundance of these proteins likely re-
flects the abundance of other subunits of the photosystem
I core complex, the cytochrome b6f complex, and the pho-
tosystem II core complex, respectively, since subunits of
these complexes are generally reduced coordinately in
mutants in which the availability of any single subunit is
limiting (for review see Barkan et al., 1995).

The accumulation of lumenal proteins in csy1 mutant
leaves was measured to assess the status of the cpSecA
and DpH lumenal targeting pathways (Fig. 7 c). A disrup-
tion in lumenal targeting is reflected by a decrease in the
abundance of the mature protein coupled with an increase
in the abundance of its stromal precursor (Voelker and
Barkan, 1995). In csy1 mutants, the mature form of three
substrates of the cpSecA pathway (the 33-kD subunit of
the oxygen evolving complex [OE33], plastocyanin [PC],
and PsaF) accumulate to ,10% of their normal levels, and
proteins corresponding in size to their stromal intermedi-
ates accumulate to unusually high levels. Two substrates of
the DpH pathway, the 23- and 16-kD subunits of the oxy-
gen evolving complex (OE23 and OE16, respectively), be-
have analogously. These properties are consistent with the
possibility that both the DpH and cpSecA pathways in-
volve a translocon with a cpSecY subunit. The loss of
LHCP is likewise consistent with the idea that cpSecY is
required for the integration of proteins that engage cp54.
However, it is possible that one or more of these defects is
a consequence of the reduction in membrane content, or
results because cpSecY is required to target components
of other translocons to the membrane.

cpSecY Mutants Are More Severe in Phenotype Than 
Mutants Simultaneously Disrupted in Both the cpSecA 
and DpH Targeting Pathways

Every aspect of the mutant phenotype investigated was
more global and severe in csy1 mutants than in tha1 and
hcf106 mutants, suggesting that cpSecY function is not
limited to either the cpSecA or the DpH thylakoid target-
ing pathway. It remained possible, however, that cpSecY
functions in both pathways. If so, and if it has no addi-
tional functions, the csy1 mutant phenotype should resem-
ble the phenotype resulting from simultaneous disruption

Figure 4. Pigment deficiency of csy1 mutant seedlings. A csy1
mutant (left), a wild-type sibling (middle), and an iojap mutant
(right) were photographed when they were 2-wk old. The iojap
mutant is shown to illustrate a true albino mutant. All three csy1
alleles are associated with similar pigmentation defects.

Figure 5. RNA gel blot hy-
bridization showing csy1
mRNA in seedling leaf tis-
sue. Total leaf RNA (10 mg)
was gel fractionated and then
hybridized with a radiola-
beled csy1 cDNA probe (top
panel). The same filter was
stained with methylene blue
to visualize rRNAs (bottom

panel). Other mutants were analyzed to illustrate that the csy1
mRNA defects do not result from defects in thylakoid protein
targeting (tha1 and hcf106), as a consequence of pigment defi-
ciencies (w3 and iojap), or as a consequence of an early block in
chloroplast development (iojap).
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of both the cpSecA and DpH pathways. To address this
possibility, tha4/tha1 double mutants were constructed.
The tha1 gene encodes cpSecA and the mutation causes at
least a 40-fold decrease in cpSecA accumulation (Voelker
et al., 1997). The tha4 mutation disrupts the DpH lumenal
targeting pathway (our unpublished results and Fig. 8) and
its phenotype strongly resembles that of the hcf106 muta-
tion (Voelker and Barkan, 1995).

Fig. 8 shows that tha1/tha4 double mutants have a much
less severe phenotype than csy1 mutants. For example,
LHCP and RbcL, the large subunit of ribulose bisphos-
phate carboxylase (Rubisco), accumulate normally in the
double mutants but are severely reduced in csy1 mutants
(refer to Fig. 7). The accumulation of the lumenal proteins
OE16 and OE23 (and their stromal precursors) is similar
in tha1/tha4 double mutants to that in tha4 single mutants.

The accumulation of the lumenal proteins OE33 and PC
(and their stromal precursors) is similar in tha1/tha4 dou-
ble mutants to that in tha1 single mutants. Components of
the ATP synthase, photosystem I, photosystem II, and the
cytochrome b6f complex also accumulate to similar levels
in the double and single mutants (Fig. 8, AtpA, PsaD, D1,
and PetD, respectively). Finally, the chlorophyll content of
double mutant seedlings is z50% of that in their normal
siblings, and is similar to that of tha1 and tha4 single mu-
tants (data not shown).

The fact that the csy1 mutant phenotype is much more
global than that of tha1/tha4 double mutants suggests that
csy1 gene function is not limited to the cpSecA and DpH
targeting pathways. This finding is consistent with the pos-
sibility that cpSecY is part of the translocon for integrating
proteins via the cp54 pathway and/or for the proposed

Figure 6. Ultrastructure of
csy1 mutant chloroplasts and
etioplasts. (a) Mesophyll
chloroplasts. (b) Bundle
sheath chloroplasts. (c) Etio-
plasts. Arrowheads point to
mitochondria. Chloroplast
ultrastructure was similar in
all three mutant alleles (data
not shown). Bar, 1 mm.
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spontaneous pathway (for review see Cline and Henry,
1996). However, because the tha4 mutation does not result
in the complete loss of tha4 gene product (Walker, M., and
A. Barkan, unpublished results), we cannot eliminate the

possibility that a complete disruption of both the DpH and
cpSecA pathways might mimic the csy1 phenotype.

Chloroplast Translation Is Disrupted in
cpSecY Mutants

We observed that the level of the large subunit of Rubisco
is dramatically reduced in csy1 mutants grown under day–
night cycles (Fig. 7 b). To address the possibility that this
was due to photooxidative damage, the RbcL subunit was
quantified in leaves that had developed in the absence of
light, and in the same leaves after 24 h of exposure to light
(Fig. 9). In both cases, RbcL abundance was reduced 10-
fold in csy1 mutant leaves, indicating that the Rubisco de-
ficiency is not a consequence of photooxidative damage.

The dependence of Rubisco accumulation on cpSecY
function was unexpected, given cpSecY’s presumed role in
thylakoid membrane biogenesis. Therefore, the basis for
its loss was explored in some detail. Rubisco is composed
of two types of subunits, a small subunit encoded by nu-
clear rbcS genes and a large subunit encoded by the chlo-
roplast rbcL gene. A defect in the synthesis or targeting of
either the small or large subunit is sufficient to account for
the loss of the entire enzyme, since the two subunits accu-
mulate stoichiometrically when the synthesis of one sub-
unit is blocked (Schmidt and Mishkind, 1983; Spreitzer et
al., 1985). We considered the possibilities that: (a) csy1 is
required for normal rates of import of proteins into the
chloroplast; (b) csy1 is required for normal accumulation
of Rubisco mRNAs; and (c) csy1 is required for normal
chloroplast translation.

Nuclear-encoded proteins that are imported into the
chloroplast engage a common translocation machinery
that spans the inner and outer envelope membranes (for
review see Schnell, 1995; Cline and Henry, 1996). A defect
in import is expected to be reflected by a reduced rate of
cleavage of stromal targeting sequences. Rates of process-
ing of three nuclear-encoded chloroplast proteins were
monitored by pulse labeling leaf proteins in vivo, immuno-
precipitation, and then gel fractionation (Fig. 10). There
were no detectable differences between wild-type and csy1
mutant samples in the rates of accumulation of imported
forms of the Rieske protein, PC, and OE33. PC and OE33

Figure 7. Immunoblot analysis of leaf proteins in csy1 mutants. 5 mg
of total leaf protein (or the indicated dilutions of the wild-type
[WT] sample) were fractionated by SDS-PAGE and then trans-
ferred to nitrocellulose. (a) Accumulation of integral and mem-
brane extrinsic thylakoid proteins. LHCP, PsaD, D1, and PetD
were each detected with monospecific antisera. AtpA, AtpB, and
AtpC were detected with sera raised against the CF1 complex. (b)
The protein on the blot used in a was visualized by staining with
Ponceau S. RbcL is the large subunit of Rubisco. (c) Accumula-
tion of lumenal proteins and their precursors. Proteins were de-
tected with the indicated monospecific antisera. iOE23, iOE16,
iPC, and iPsaF are of the size predicted for the stromal intermedi-
ates of OE23, OE16, PC, and PsaF, respectively. The stromal in-
termediate of OE33 migrates only slightly slower than the mature
form, and can be seen as a doublet in the csy1 mutant samples.

Figure 8. Immunoblot analysis of
leaf proteins in tha1/tha4 double
mutants. The procedures and anti-
bodies were the same as those de-
scribed in Fig. 7.
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accumulated in their stromal intermediate form rather than
in their mature lumenal forms in csy1 mutants, a predicted
consequence of a disruption in the cpSecA-dependent lu-
menal targeting pathway. These results provide strong evi-
dence that the csy1 gene does not function either directly
or indirectly in the import of proteins into the chloroplast.
They also show that the low levels of PC and OE33 in csy1
mutants result from an increase in their rates of degrada-
tion rather than a decrease in their rates of synthesis.

Mutants in which chloroplast development is blocked at
an early stage contain reduced levels of LHCP mRNA and
of several other nuclear-encoded mRNAs encoding chlo-
roplast proteins (for review see Taylor, 1989). This has
given rise to the notion that the transcription of certain nu-
clear genes is dependent upon a signal from chloroplasts.
To determine whether a disruption of this hypothetical

signal by csy1 mutations could be responsible for the
Rubisco deficiency, the LHCP and rbcS mRNAs were
quantified by Northern hybridization (Fig. 11). Both mRNAs
accumulate to normal levels in csy1 mutants. Therefore,
the signaling between nucleus and chloroplast appears to
be intact in csy1 mutants and the loss of Rubisco cannot be
attributed to a defect in the accumulation of the rbcS mRNA.

The abundance of the chloroplast rbcL mRNA is re-
duced four- to fivefold in csy1 mutants (Fig. 11). Since this
was not sufficient to account for the 10-fold decrease in
Rubisco protein, the status of rbcL mRNA translation was
assessed by examining its association with polysomes. Fig.
12 shows that whereas essentially all of the rbcL mRNA is
associated with polysomes in normal chloroplasts, only a
small proportion is polysome associated in csy1 mutants.
The analogous result was obtained for the chloroplast atpF
mRNAs (Fig. 12) and psbA mRNA (data not shown).
These findings indicate a decreased rate of translation ini-
tiation or a stalling of ribosomes at a site early on the
mRNAs examined. Previously it was noted that the abun-
dance of the rbcL mRNA is reduced fourfold in maize mu-
tants with defects in chloroplast polysome assembly (Bar-
kan, 1993), and it was proposed that this resulted from
increased access of ribonucleases to sites that are ordi-
narily protected by ribosomes. It seems likely, therefore,
that the rbcL mRNA deficiency in csy1 mutants is a conse-
quence of its lack of association with ribosomes rather
than an independent manifestation of the csy1 defect.

To obtain a more global picture of the status of the chlo-
roplast translation machinery, 16S rRNA was quantified
(Fig. 11) and its association with polysomes was examined
(Fig. 12). The content of 16S rRNA is reduced approxi-
mately fivefold in csy1 mutants, presumably reflecting a
similar decrease in the content of 30S ribosomes. Phosphor-
Imager quantification revealed little difference between
mutant and wild-type samples in the proportion of 16S
rRNA found in polysomes, although the average poly-
some size is reduced in the mutants. The distribution of
16S rRNA in the gradient was less dramatically altered
than that of the rbcL, atpF, and psbA mRNAs, suggesting
that either the translation of only a subset of chloroplast
mRNAs is disrupted in csy1 mutants, or that the transla-
tional block is global but that the timing of the block (i.e.,
initiation, early or late in elongation) varies between mRNAs.

Figure 9. Immunoblot showing loss of the large subunit of
Rubisco in both dark- and light-grown csy1 mutant leaves. Pro-
tein was extracted from etiolated csy1–2 and wild-type seedling
leaf tips. The plants were then exposed to light for 24 h and pro-
tein was extracted from leaves of the same plants. Total leaf pro-
teins (5 mg) or the indicated dilutions of the wild-type samples
were fractionated by SDS-PAGE, transferred to nitrocellulose,
and then probed with antiserum specific for either RbcL or
LHCP. LHCP was analyzed to illustrate that the etiolated plants
had not been exposed to light, since it is known that LHCP does
not accumulate in leaves grown in the absence of light and that it
accumulates rapidly after exposure to light (Nelson et al., 1984).
(Bottom) Results of staining the filter with Ponceau S, to illus-
trate total bound proteins.

Figure 10. Immunoprecipitation of
chloroplast proteins from in vivo-
labeled leaf extracts. The results of
identical analyses of two mutant and
two wild-type seedlings are shown.
Seedling leaves were radiolabeled
with 35[S]methionine/cysteine for 60
min. Protein containing 300,000 cpm
was subject to immunoprecipitation
with antisera specific for the chloro-
plast Rieske protein, PC, or OE33.
Precipitated proteins were fractionated
by SDS-PAGE and then the radioac-

tive proteins were detected by direct autoradiography. iPC and
iOE33 are proteins of the size predicted for the stromal interme-
diates of PC and OE33, respectively. The csy1–2 allele was used
for this experiment.

Figure 11. RNA gel–blot hy-
bridizations of nuclear and
chloroplast transcripts in
csy1 mutants. 5 mg (or the in-
dicated dilutions of the wild-
type sample) of total leaf
RNA were gel fractionated
and then hybridized with ra-
diolabeled probes specific for
the indicated transcripts. Two
identical blots were prepared
and then probed sequentially
for LHCP and rbcL mRNAs,
or rbcS mRNA and 16S
rRNA. (Bottom) Results of
staining one of the filters
with methylene blue to visu-
alize the bound rRNAs.
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Discussion

cpSecY Function Is Not Limited to the Translocation of 
Proteins That Engage cpSecA

In bacteria, secreted proteins that interact with SecA pass
through a translocon consisting of SecY, SecE, and SecG
(for review see Rapoport et al., 1996). It seems likely that
cpSecY is, by analogy, a component of the thylakoid trans-
locon for proteins that engage cpSecA. The csy1 mutant
phenotype is consistent with this notion. The rate of pro-
cessing of two cpSecA substrates, PC and OE33, is re-
duced dramatically in csy1 mutants (refer to Fig. 10). In
addition, a .10-fold decrease in the accumulation of ma-
ture PC and PsaF is accompanied by an increase in the ac-
cumulation of their stromal intermediates (refer to Fig. 7).
However, we cannot eliminate the possibility that the poor
translocation of cpSecA substrates is a consequence of the
lack of target membrane. Furthermore, if the signal pepti-
dase itself requires cpSecY to cross the membrane, then
the rate of signal-sequence cleavage may not be a reliable
indicator of a translocation defect.

It is clear from our results, however, that regardless of
whether cpSecY functions in the translocation of proteins
that engage cpSecA, it must also play other roles. Previ-
ously, we found that tha1 mutants contain little, if any,
cpSecA, but nonetheless contain normal amounts of thyla-
koid membrane (Voelker et al., 1997). tha1 mutants also
differ from csy1 mutants in that they contain normal levels
of LHCP and Rubisco (Voelker and Barkan, 1995).

Therefore, cpSecY function must extend beyond translo-
cating proteins that previously interacted with cpSecA.
Our results are consistent with the possibility that cpSecY
is an essential component of the thylakoid Sec translocon,
whereas cpSecA is merely a facilitator. Alternatively, it
seems plausible that cpSecY mediates the translocation of
DpH-pathway substrates. Indeed, csy1 mutants exhibit a
reduced accumulation of mature DpH substrates and an
increase in the abundance of their stromal precursors. The
defects in the DpH pathway cannot be attributed to a loss
of tha4 and hcf106 gene products because both accumulate
to normal levels in csy1 mutants (data not shown). On the
other hand, the magnitude of the defect in the DpH path-
way as reflected by the immunoblot assay appears less se-
vere than that in the cpSecA pathway (refer to Fig. 7), sug-
gesting that cpSecY may not function directly in this
pathway. The notion that defects in DpH substrate pro-
cessing are only an indirect effect of the absence of cpSecY
is supported by the recent discovery of a bacterial secre-
tory mechanism related to the thylakoid–DpH pathway
that does not require SecY in vivo (Santini et al., 1998).

To address the possibility that cpSecY function does not
extend beyond the DpH and cpSecA lumenal targeting
pathways, we compared the phenotype of cpSecY mutants
with that of tha1/tha4 double mutants (Fig. 8). The double
mutants differ from csy1 mutants in that they have a much
higher content of chlorophyll and of the core thylakoid
membrane complexes, and they are not deficient for
LHCP or Rubisco. The much more severe phenotype of
csy1 mutants suggests that cpSecY performs some func-
tion in addition to any role it might play in the SecA and
DpH pathways. Sec61p, the endoplasmic reticulum homo-
logue of SecY, functions in the translocation of proteins
that engage SRP54 (for review see Rapoport et al., 1996).
It seems likely, by analogy, that cpSecY mediates the inte-
gration of proteins like LHCP that engage cp54. It is also
plausible that cpSecY is required for the integration of
proteins typified by CFoII, which differ from SecA, DpH,
and cp54 substrates in that they are capable of integration
into protease-treated thylakoid membranes (Robinson et al.,
1996). Since cpSecY is predicted to be an integral mem-
brane protein with only limited exposure to the stroma
(Laidler et al., 1995; Berghoefer and Kloesgen, 1996), it
may be resistant to proteases.

Does cpSecY Function in the Integration of Proteins 
into the Inner Envelope Membrane?

Membrane proteins that are synthesized in the cytosol and
imported into the chloroplast stroma have two potential
destinations: the thylakoid membrane and the inner enve-
lope membrane. Two routes to the inner envelope can be
envisioned for such proteins, a “stop transfer” route in
which the protein becomes arrested in the inner envelope
during import, and a “conservative sorting” route in which
the protein is imported into the stroma and then reex-
ported to the inner envelope by an ancestral secretory sys-
tem. Recent evidence suggests that TIC110, a nuclear-
encoded inner envelope protein, passes through the stroma
before its insertion into the envelope membrane, consis-
tent with a conservative sorting mechanism (Luebeck et
al., 1997). Should a conservative sorting mechanism exist,

Figure 12. Analysis of chloroplast polysomes in csy1 mutants.
Total leaf extracts prepared under conditions that maintain the
integrity of polysomes were fractionated in sucrose gradients. An
equal proportion of each fraction was analyzed by RNA gel–blot
hybridization with the probes indicated. The methylene blue–
stained filters show the distribution of cytosolic rRNAs in the
gradients.
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a chloroplast-localized SecY homologue could well be in-
volved. However, the csy1 gene is clearly not critical for
the targeting of all inner envelope proteins because csy1
mutants are not defective for chloroplast import (refer to
Fig. 10), a process that requires several integral compo-
nents of the inner envelope, including TIC110. In addition,
the accumulation of TIC110 protein is unaltered in csy1
mutants (data not shown). It remains possible that the
product of the csy1 gene functions in the targeting of just a
subset of proteins to the inner envelope, or that another of
the closely related genes detected by Southern hybridiza-
tion (refer to Fig. 2) could encode an envelope-localized
cpSecY isoform.

Role of cpSecY in the Elaboration of the
Thylakoid Membrane

The loss of thylakoid membrane in csy12 chloroplasts indi-
cates that cpSecY plays a role in membrane accumulation
itself. In contrast, the absence of cpSecA in tha1 mutants
does not interfere with the elaboration of the thylakoid
membrane (Voelker et al., 1997). Many steps in chloro-
plast–lipid synthesis are localized to the inner envelope
membrane (for review see Joyard et al., 1991). Thus, a loss
of thylakoid membrane could result if cpSecY functions in
integrating lipid biosynthetic enzymes into the inner enve-
lope. Alternatively, cpSecY may play a role in the transfer
of lipids from the inner envelope to the thylakoid mem-
brane. There is evidence that thylakoid membranes ini-
tially arise by invagination of the inner envelope membrane,
followed by vesicle formation and vesicle fusion (for re-
view see Hoober et al., 1994; Cline and Henry, 1996). A
stromal protein has been identified that promotes the fusion
in vitro of vesicles isolated from chromoplasts (Hugueney
et al., 1995). If a similar mechanism exists in chloroplasts,
integral membrane proteins are likely to be required to
capture these vesicles. cpSecY might be needed for the in-
tegration of such proteins. It is interesting in this regard
that many of the plastids lacking cpSecY contain small
membrane vesicles (refer to Fig. 6 and data not shown), as
would be expected if vesicle fusion were disrupted.

Role of cpSecY in Chloroplast Translation

An unanticipated aspect of the csy1 mutant phenotype is
the loss of the stromal enzyme Rubisco. This is not a con-
sequence of the chlorophyll deficiency per se, since several
maize mutants with more severe chlorophyll deficiencies
accumulate near normal levels of Rubisco (Harpster et al.,
1984). Likewise, the Rubisco deficiency is not a conse-
quence of photooxidative damage since it is equally severe
in dark- and light-grown plastids (refer to Fig. 9). The rbcS
mRNA accumulates to normal levels in csy1 mutants (re-
fer to Fig. 11) and the import of nuclear-encoded proteins
into the mutant chloroplasts appears normal (refer to Fig.
10). These negative results led us to investigate the possi-
bility that csy1 mutants have a defect in chloroplast transla-
tion. In fact, csy12 plastids exhibit a dramatic decrease in
the average number of ribosomes associated with the rbcL
mRNA and with several other chloroplast mRNAs exam-
ined (refer to Fig. 12 and data not shown). The fact that the
distribution of 16S rRNA in the polysome gradients is not
dramatically affected in csy1 mutants (refer to Fig. 12) sug-

gests that the mutation does not cause a global decrease in
the translation initiation rate. Thus, the translation defect
in csy1 mutants differs from that in cps mutants, which are
defective in chloroplast polysome assembly (Barkan, 1993).
The small amount of pre-16S rRNA in csy1 mutants (refer
to Fig. 11) and in all cps mutants (Barkan, 1993) is likely
the result, rather than the cause, of the translational defects
(see Discussion in Barkan, 1993).

This translation defect is intriguing in that it suggests a
link between chloroplast membrane biogenesis and chlo-
roplast gene expression. One possibility is that the absence
of cpSecY results in the prolonged stalling of ribosomes
that are translating membrane proteins, thereby reducing
the concentration of free ribosomes available for initia-
tion. A proportion of chloroplast ribosomes is associated
with thylakoid membranes (Chua et al., 1973; Margulies
and Michaels, 1975; Minami and Watanabe, 1984; Bre-
idenbach et al., 1988), and chloroplast ribosomes pause
during the translation of several membrane proteins (Kim
et al., 1991; Stollar et al., 1994). It is plausible that the re-
lease of some pauses is facilitated by interactions between
the ribosome and a proteinaceous receptor in the thyla-
koid membrane. This would be analogous to the release of
SRP-mediated ribosome pausing by interactions with the
SRP receptor in the endoplasmic reticulum membrane
(for review see Walter and Johnson, 1994). An alternative
possibility arises from the recent finding that several chlo-
roplast RNA–binding proteins are associated with internal
chloroplast membranes (Zerges and Rochaix, 1998). If
translational activators are among these proteins, then the
absence or mislocalization of these activators in csy1 mu-
tants could cause defects in translation. Consistent with
this notion are the observations that several translational
activators in yeast mitochondria are tightly associated with
the mitochondrial inner membrane (for review see Gill-
ham et al., 1994), and that polysomes containing the rbcL
mRNA have been found in association with thylakoid
membranes (Minami and Watanabe, 1984; Breidenbach
et al., 1988; Klein et al., 1988).

In summary, the data presented here provide strong evi-
dence that cpSecY functions in more than just the cpSecA-
dependent movement of proteins across the thylakoid
membrane. Our results suggest further that cpSecY func-
tions in some aspect of thylakoid membrane biogenesis
other than translocating proteins to the thylakoid lumen.
Finally, analysis of csy1 mutants has revealed a link be-
tween chloroplast translation and the biogenesis of inter-
nal chloroplast membranes. A more detailed description
of cpSecY function will require biochemical studies and
the use of leaky and/or conditional mutations in genes en-
coding cpSecY.
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