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Abstract. The apparatus that permits protein translo- 
cation across the internal thylakoid membranes of 
chloroplasts is completely unknown, even though these 
membranes have been the subject of extensive bio- 
chemical analysis. We have used a genetic approach to 
characterize the translocation of Chlamydomonas 
cytochrome f, a chloroplast-encoded protein that spans 
the thylakoid once. Mutations in the hydrophobic core 
of the cytochrome f signal sequence inhibit the ac- 
cumulation of cytochrome f, lead to an accumulation 
of precursor, and impair the ability of Chlamydomonas 

cells to grow photosynthetically. One hydrophobic core 
mutant also reduces the accumulation of other thyla- 
koid membrane proteins, but not those that translocate 
completely across the membrane. These results sug- 
gest that the signal sequence of cytochrome f is re- 
quired and is involved in one of multiple insertion 
pathways. Suppressors of two signal peptide mutations 
describe at least two nuclear genes whose products 
likely describe the translocation apparatus, and 
selected second-site chloroplast suppressors further 
define regions of the cytochrome f signal peptide. 

M 
ANY proteins destined for the bacterial inner mem- 
brane use a translocation complex comprised of 
the Sec proteins (Pugsley, 1993). Proteins that are 

inserted or translocated through the ER interact with the sig- 
nal recognition particle (SRP)~ that recognizes a nascent 
signal sequence and allows the initiation of translocation 
through a complex of membrane proteins (Nunnari and Wal- 
ter, 1992). Neither the Sec system nor the SRP apparatus, 
however, are sufficient to explain the translocation or even 
insertion of all membrane proteins because the elimination 
of SRP still is permissive for ER translocation (Hann and 
Walter, 1991; Stirling and Hewitt, 1992), and several bac- 
terial proteins can translocate in a See-independent manner 
(McGovern and Beckwith, 1991; Wickner, 1988). Some of 
these observations could be explained by the identification 
of both a bacterial See-type system in ER and an SRP-llke 
system in Escherichia coli (High and Stifling, 1993i Phillips 
and Silhavy, 1992). 

Most nuclear-encoded proteins enter the mitochondria 
through a proteinaceous complex that spans the inner and 
outer membranes (Pfaller et al., 1988), but so far this com- 
plex has little homology with either the Sec or SRP translo- 
cation machinery. The route that cytoplasmically synthe- 
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1. Abbreviations used in this paper: COX2, cytochrome c oxydase subunit 
1I; HCA, hydrophobic core deletion; HCFS, hydrophobic core frame shift; 
LHCP, light-harvesting chlorophyll a/b binding protein; OEC33,23,17, 
oxygen-evolving complex; PC, plastocyanin; SRP, signal recognition parti- 
cle; SSA, signal sequence deletion. 

sized proteins follow to insert into the inner membrane of 
mitochondria is less well characterized (Horst et al., 1993; 
Pfanner et al., 1992), as it is the insertion of mitochondrially 
synthesized proteins into the inner membrane. Cytochrome 
c oxidase subunit II (COX2), which is synthesized in the 
mitochondria, is inserted cotranslationally (Sevarino and 
Poynton, 1980), but the insertion mechanism has not been 
described. It is apparent, therefore, that many distinct mech- 
anisms for protein insertion and translocation exist, and 
different mechanisms often exist within one organism or 
organelle. 

The outer and inner envelope of the chloroplast surrounds 
an aqueous stroma that contains thylakoid vesicles. Nuclear- 
encoded proteins are targeted to the chloroplast by an NH2- 
terminal transit peptide that is removed in the stroma. In 
vitro, the nuclear-encoded thylakoid membrane protein 
LHCP (light-harvesting chlorophyll a/b binding protein) 
requires ATP and several proteinaceous stromal factors (Ful- 
son and Cline, 1988), as well as all three of its membrane- 
spanning regions to insert (Auchincloss et al., 1992). Cyto- 
plasmically synthesized proteins destined for the lumen of 
the thylakoid, such as plastocyanin (PC) and the members 
of the oxygen-evolving complex (OEC33,23,17), have bipar- 
tite transit peptides where the NH2-terminal domain is 
similar to chloroplast transit peptides, while the COOH- 
terminal domain is homologous to bacterial signal sequences 
(Smeekens et al., 1986). The NH2-terminal transit peptide 
domain of the signal sequence of plastocyanin, OECs 33, 23, 
17, and cytochrome c~ is likely cleaved in the stroma, and 
the second, bacterial-like domain is cleaved upon the trans- 
location of these proteins into the thylakoid lumen (Ko and 
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Cashmore, 1989; James et al., 1989; Chia and Arntzen, 
1986; Howe and Merchant, 1993). As for the LHCP and 
other thylakoid proteins, the events that occur at the thyla- 
koid membrane as proteins are inserting or translocating 
across are still uncharacterized. It is also unknown how 
chloroplast-encoded proteins, which comprise ",~50 % of the 
protein found in the thylakoid (Jagendorf and Michaels, 
1990; Simpson and Von Wettstein, 1989), insert into mem- 
branes. Because ribosomes are seen on the thylakoid mem- 
brane, it is assumed that chloroplast-encoded proteins are in- 
serted cotranslationally (Chua et al., 1973; Willey et al., 
1983). The machinery required for insertion has not been 
described, however, nor has it been determined if nuclear- 
and chloroplast-encoded thylakoid proteins use the same in- 
sertion mechanism. 

Cytochrome f, a 32-kD protein encoded by the petA gene 
of the chloroplast genome (Gray, 1992), is a member of  the 
electron transport chain of  photosynthesis and as such is re- 
quired for photosynthetic (autotrophic) growth. Although 
cytochrome f is synthesized in the stroma, most of  the pro- 
tein is translocated across the thylakoid, so in its final topol- 
ogy, it has a large NHe-terminal domain in the lumen, with 
a single membrane-spanning a-belix and a small carboxyl 
tail in the stroma (Willey et al., 1984). Coupled transcription 
and translocation of  the pea chloroplast petA gene dem- 
onstrates that a protein 2--4 kD larger than mature cyto- 
chrome f is synthesized (W'flley et al., 1983). Comparison 
of  the gene sequence and NH2-terminal protein sequence in 
pea indicates that cytochrome f has a 35-arnino acid signal 
sequence (Willey et al., 1984); sequences from other species 
demonstrate that a 31-44-amino acid signal sequence is con- 
served in petA genes. The signal sequence is similar to bac- 
terial signal sequences, containing both a putative a-helical 
hydrophobic core and the consensus sequence for cleavage 
by leader peptidase (Gray, 1992). It has been shown that the 
precursor of  pea cytochrome f can be cleaved by E. coli 
leader peptidase in vitro (Anderson and Gray, 1991a). In ad- 
dition, gene fusions made from the 5' end ofpetA and lacZ 
are targeted to the inner membrane in E. coli in a SecA- 
dependent manner, suggesting that the cytochrome f signal 
sequence can function in bacteria (Rothstein et al., 1985). 
This does not demonstrate that chloroplasts use a Sec-like 
system, however, because ER signal peptides also engage the 
Sec Y/E translocase. A chloroplast homologue to the 54-kD 
subunit of  SRP has been reported (Franklin and Hoffman, 
1993), although its function is not known, and no bacterial 
Sec protein homologues have been identified in chloroplasts 
of land plants and green algae. There has been no direct 
experimental evidence that the signal sequence of  cyto- 
chrome f is involved in protein translocation into thylakoids 
in vivo. 

In vivo analysis of  the cytochrome f signal sequence be- 
came possible with the development of  a homologous trans- 
formation system into the chloroplast genome of Chlamydo- 
monas Reinhardtii (Boynton and Gillham, 1993). Because 
petA is a single-copy gene, site-directed mutations in the sig- 
nal sequence of  cytochrome f that are created in vitro can re- 
place the wild-type gene in Chlamydomonas, and the effects 
of  these mutations can be studied. Signal sequence muta- 
tions that block the accumulation of  cytochrome f will block 
photosynthesis and therefore autotrophic growth; because 
Chlamydomonas cells can grow both autotrophically and 

heterotrophically, maintenance of  nonphotosynthetic strains 
is feasible. It is possible to select suppressors of  such muta- 
tions by isolating cells that can grow photosynthetically. 
Many of these suppressors should describe proteins that in- 
teract with the signal sequence. This paper describes the 
characterization of  seven signal sequence mutations of 
cytochrome f and the isolation of  suppressors of  two of  these 
mutations. 

Materials and Methods 

Construction of Mutants 

ThepetA gene was subcloned into pUCII9AH as a 2.3-kb KpnI fragment 
from pUC8Bam7 (obtained from the Ch/amydomonas Genetics Center at 
Duke University) to create pUCII9AHpetA, pUCll9AH was constructed 
by digesting pUCI19 (Vieira and Messing, 1987) with HindIII and rifling 
in with Klenow fragment (Promega Corp., Madison, Wl). Mutations in the 
signal sequence of cytochrome f ware made using pUC119AHpetA and the 
oligonueleotide-directed in vitro mutagenesis kit from Amersham Corp. 
(Arlington Heights, IL). The single amino acid mutations ware made by 
creating the following nucleotide changes in the cytochrome f signal se- 
quence (nucleotide 1 is the site of translation initiation [Buschien et al., 
1991]): A12E, nucleotides 33-36 TGAG; AI5E, nucleotides 42-45 GGAG; 
A15* nucleotides 43-45 TAG; VI6D, "nucleotides 45-47 AGA; M20K, 
nucleotides 59-63 A ~ ;  M20E, nucleotides 58-63 GAGCK~T. The hy- 
dropbobic core frame shift (HCFS) mutation was made by adding a T after 
nucleotide 29 and removing nucleotide 45, both by in vitro mutagenesis. 
Each of the mutant genes was identified in E. coli using colony lift hybrid- 
ization to mutant oligonucleotides (Sambrook et al., 1989) and sequenced 
using Sequenase (U.S. Biochemical Corp., Cleveland, OH) to verify the ex- 
istence of the mutation. 

The hydrophobic core deletion (HCA) mutation was made by creating 
two EcoRI sites through sequential in vitro mutagenesis of nucleotides 
39-43 and nucleotides 61-66, and the KpnI fragment was then subcloned 
into pUC119AHR, a plasmid that lacked both HindHI and EcoRI sites. This 
construct was digested with EcoRI to remove the hydrophobic core, and was 
then ligated together (ligese; l'romega Corp.). HCA mutant was verified by 
sequencing using Sequenase (U.S. Biochemical Corp, Cleveland, OH). 

The signal sequence deletion (SSA) mutation was made by creating a new 
HindiII site at nucleotides 11-18 and using this and an endogenous HindIII 
site at nucleotides 89-94 to remove the signal sequence coding region. The 
in-frame deletion was verified by sequencing. 

Transformation of Chlamydomonas 

cc-125, a wild-type mt + strain (Harris, 1989), was obtained from the 
Chlamydomonas Genetics Center, Duke University. DNA from each mu- 
tant gene was transformed into CC-125 using the biolistic particle gun 
(PDS-1000/He; Bio-Rad Laboratories, Richmond, CA) and standard trans- 
formation protocol (Boynton and Cdllharn, 1993), creating strains A12E, 
AI5E, A15* V16D, and M20K, M20E, and HCFS. 2.5/~g DNA, prepared 
using CsC1 gradients (Sambrook et al., 1989), was cotransformed with 2.5 
pg P-183 DNA, a plasmid-conferring spectinomycin, streptomycin, and 
erythromycin resistance (Newman et al., 1990). After transformation, cells 
were plated in low light (15 ~mol photons/m2-s) on plates containing ace- 
tate, 100/~g/ml spectinomycin, 100 ~tg/ml streptomycin, and 50 ~g/ml am- 
picillin (TAPspstamp plates). Ampicillin reduces bacterial contamination 
but has no effect on the growth of Ch/amydomonas (Harris, 1989). The 
strain designated throughout this paper as wild type was CC-125 trans- 
formed with 5/~g P183 and was selected on antibiotic plates as described. 

Identification of Mutant Transformants 
by Southern Analysis 

Spectinomycin/streptomycin-resistant colonies ware selected on plates as 
described above. To determine if these colonies also contained mutant genes 
for cytochrome f, DNA was extracted using the rapid whole-cell DNA iso- 
lation procedure (Newman et al., 1990), digested with KpnI (Promega 
Corp.), and separated on a 1% agarose gel. The DNA was transferred to 
Nylon-N + (Amersham Corp.) using a modification of standard protocol 
(Southern, 1975). The blot was hybridized for ~8 h at 37°C in 1 M NaCI, 
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1% BSA, 1 mM EDTA, and 0.5 M NaPO4, pH 7.2, 7% SDS. Oligonucleo- 
tides were labeled using "1"4 polynueleotide kinase and ['y-s2p]ATP (Amer- 
sham Corp.) following standard protocols (Sambr0ok et al., 1989). Blots 
were washed 2x10 rain at 25°C in 1% SDS, 1 mM EDTA, 40 mM NaPO4, 
pH 7.2, and 1 M NaCl, and were exposed to film (X-OMAT-AR; Eastman 
Kodak Corp., Rochester, NY) to ensure that hybridization occurred. To de- 
tect hybridization to mutant DNA sequences while excluding hybridization 
to wild-type DNA sequences, blots were then washed at higher tempera- 
tures. This occurred at 80°¢2 for Ai2E, AI5E, Al5* V16D, and HCFS DNA 
and 83°C for M20K and M20E DNA. 

To enrich for homoplasmicity, cells identified as having mutant DNA by 
the method described above were single-cell cloned on metronidazole. 
1-cm 2 patches of cells on TAPspstamp plates were scraped into 1-ml TAP 
liquid media (Harris, 1989), vortexed, and 100 pl was plated on TAP plates. 
The plates were left in low light (15 ~tmol photonsYmZ-s) for 2 d. We then 
added 500 pd TAP liquid, gently lifted the cells from the plate with a glass 
rod, and transferred the liquid to 20 mM metronidazole/TAP plates 
(sohmidt et al., 1977). Cells were left on metronidazole for 24 h in the high 
light (200/~mol photons/m2-s) before being transferred back to TAP plates 
in 500 ttl TAP liquid as just described and placed in low light. Colonies 
that grew up (after ,,o5 d) were then subjected to the Southern analysis de- 
scribed above. Positive isolates of each mutant strain were maintained on 
TAP plates in low light. 

Determination of Homoplasmicity 
Homoplasmic strains (i.e., mutant cytochrome f genes in all ca. 70 copies 
of the chloroplast genome) were identified by either Southern analysis of 
restricted total DNA or PCR products, or by a modification of Southern 
analysis: DNA was loaded without restriction enzyme digestion onto a dot 
blot manifold (sohleicher & Schuell, Inc., Keene, Nil), a vacuum was 
drawn, and DNA was fixed to Hybond-N+ using standard denaturing and 
neutralizing solutions (Samhrook et al., 1989). Blots were probed with oli- 
gonucleotides that recognized either the wild-type or mutant sequence of 
each introduced mutation. Mutant oligonucleotides are described above; a 
wild-type oligonucleotide spanning nucleofides I18-153 was used for 
strains AI2E, Al5* A15E, V16D, and HCFS. A wild-type oligonucleotide 
from nucleotides 133-168 was used for strains M20K and M20E. Labeling 
of oligonucleotides, hybridization, and washing of blots were done as de- 
scribed above. 

Analysis of Growth 
All media used to analyze growth were made according to the Ch/amydo- 
monas Sourcebook (Harris, 1989). Cells of each genotY2Pe were patched 
from a master plate (TAP, low light, 15 ~tmol photons/m -s) directly onto 
TAP or HS (Harris, 1989), or onto 20 mM metmnidazole/TAP. TAP and 
HS plates were then placed in low light (15 #tool photons/m2-s) or high 
light (200 ~mul photons/m2-s) for 4 d. When plating onto metroniclamle, 
the following procedure was used. Thin slabs of TAP media were prepared 
by placing 8 ml of TAP agar into patti plates and adding sterile 7-cm circular 
filters (Whatman Chemical Separation Inc., Clifton, NJ). The slabs were 
transferred to TAP plates of normal thickness and cells of each genotype 
were patched onto the slabs. These plates were placed in low light (15/~mol 
photons/mZ-s) for 2 d, after which the slabs were transferred to 20 mM 
matronidazole/TAP plates of normal thickness and placed in high light (200 
/~mol photons/m2-s) for 24 h. The slabs were then transferred to fresh TAP 
plates of normal thickness and returned to low light (15 /~mol photons/ 
m2-s) for 24 h. 

Northern Analysis 
RNA was extracted as described (Rocbaix et al., 1988). 5 ~g of RNA was 
run on a denaturing agamse gel and transferred to Nylon N+ (Amersham 
Corp.). The blots were hybridized with the cytochrome f coding region, la- 
beled with [a32p]dCTP (Amersbam Corp.) using the PrimeItlI kit 
(Stratagene, La Jolla, CA), for ~12 h at 65°C in 1% BSA, 1 mM EDTA, 
0.5 M NaPO4, pH 7.2, and 7% SDS. Blots were washed 2x10 rain at 25°C 
in 1% SDS, 1 mM EDTA, and 40 mM NaPO4, pH 7.2, and exposed to film 
(X-OMAT-AR; Eastman Kodak Corp.). The cytochrome f coding region 
was excised with EcoRl/KpnI from a newly constructed plasmid, MIRI. 
This plasmid was constructed by introducing an EcoRI site from nucleotides 
90-95 (Buschlen et al., 1991) using site-directed mutagenesis. The mutant 
gene was detected in E. coli by digesting plasmid DNA with EcoRI, and 
the existence of the mutation was confirmed by sequencing using Sequenase 
(U.S. Biochemical Corp.). 

Western Analysis 
Protein samples were prepared by resuspending ceils grown on TAP plates 
in 1 ml TE (10 mM Tris, pH 7.5, 1 mM EDTA). Cells were spun 3,000 g 
for 5 rain and resuspended in 20 ~tl TE. Protein concentrations were deter- 
mined by 013280, and the equivalent of 5 pg chlorophyll (Porra et al., 1989) 
was added to sample dye (4% SDS, 20% glycerol, 0.2 M DTT, 0.5 M Tris, 
pH 6.8, and bromophenol blue) and boiled for 5 rain. 

Protein samples were separated on a 15 % acrylamide gel and transferred 
to nitrocellulose (Schleicher & Schuell Inc. [Towbin et al., 1979]. Immuno- 
blotting was done in 10 mM Tris-HCl, pH 8.0, 150 mM NaC1, 1 mM EDTA, 
and 0.1% Triton X-100 (TBS). The filters were blocked in 5% evaporated 
milk in TBS for ~30 rain. Blots were incubated at the following dilutions 
for ~1 h: ¢x-cytochrome f (gift from Sabeeba Merchant, University of 
California at Los Angeles), 1:2,000; c~-D1 (gift from John Ik~ynton and 
Nick Gi!lham, Duke University), 1:2,000; c~-LHCP, 1:5,000; ~-OEC17 
(gift from J.-D. Rocbaix, University of Geneva, Geneva, Switzerland), 
1:1,000; ¢x-OEC23 (gift from J.-D. Rochnix), 1:1,000; o~-OEC33 (gift from 
Steve Mayfield, The Scripps Research Institute, La Jolla, CA), 1:2,000; 
tx-plastocyanin (gift from Sabeeba Merchant), 1:1,000. Blots were then 
washed in TBS and incubated for ~1 h with anti-horseradish peroxi- 
dase-conjngated secondary antiserum 0:8,000; Amersham Corp.), which 
was then detected by the enhanced chemiluminescence reagent system 
(Amersbam Corp.). 

In Vivo Labeling and lmmunoprecipitation 
of Cytochrome fin Chlamydomonas 
Cells of each genotype were grown in reduced sulfate TAP media and la- 
beled with 750 pCi H2SO4 0CN Biomedicals, Inc., Costa Mesa, CA) as 
described (Howe and Merchant, 1992), with the following modifications. 
Acetone precipitated proteins were collected by centrifugation and dis- 
solved in 0.2 ml sample buffer (2%SDS, 60 mM Tris-HCl, pH 8, 60 mM 
IYrT, 1 mM.EDTA, and 1 raM PMSF). One-tenth milliliter of this was 
diluted 10-fold with TBS (see above) and boiled for 5 rain. 100 pl of 
formalin-fixed Staphylococcus aureus cells (OIl]CO BRL, Gaithersburg, 
MD), prewashed in TBS was added and incubated with constant mixing for 
1 h at room temperature. Staphylococcus aureua cells were removed by cen- 
trifugation (16,000 g for 3 rain). 10 # of antiserum was added to each super- 
natant to precipitate anti-cytochrome f-reactive polypeptides, and the mix- 
ture was incubated for 1 h at room temperature. 20/~1 packed volume protein 
A-Sepharose CL-4B (Sigma Immunochemicals, St. Louis, MO) was added, 
and the mixture was incubated for 45 rain at room temperature and cen- 
trifuged at 3,000 g for 5 min to collect the antibody-antigen complex. The 
precipitate was washed three times in 1 mi TBS. The final pellet was dena- 
tured in 30 ~1 sample buffer (see above) at 100°C for 5 rain. Undissolved 
material was removed by centrifugation (16,000 g for 1 min), and the super- 
natant was analyzed by gel electrophoresis. 

Cells were broken open immediately after labeling by resuspension in 
200/~1 of 5 mM Na2EDTA, 10 mM "Iris, pH 7.5, 2 mM PMSF, 2/tg/ml 
leupeptin, and 2/~g/ml E-64 (Sigma Immunochemicals) and sonicating for 
2 rain in a bath type sonicator (Ultramet HI Sonic Cleaner; Buehier Ltd.). 
Intact cells were removed by centrifugation (1,000 g for 1 rain), and the su- 
pernatant was then spun at 100,000 g for 10 rain at 4°C to create a soluble 
supernatam and a membrane pellet. Where indicated, Na2HCO3 was 
added to 2% wt/vol for 10 rain at 4°C after sample sonication and before 
centrifugation. 

Generation of Suppressors 
Suppressors to A15E and V16D cells were generated with 0.27 M EMS as 
described (Harris, 1989). Mutagenized cells (5 x l0 s) were plated on TAP 
under low light (15 #tool photons/m2-s) and on HS plates under high light 
(200/~mol photons/m2-s). 

Segregation Analysis 
Segregation analysis was done to determine if the mutant genes cbaracter- 
ized by the suppressors are nuclear or chloroplastic. All suppressors were 
isolated in a mt + background. A15E mr- was constructed by crossing 
A15Emt + to cc124mt-. Mating type was determined with a pelliele test 
(Harris, 1989); the presence of the A15E mutation was determined both by 
the ability to grow on TAP/20 mM metronidazole and the presence of the 
Al5E sequence by Southern analysis (see above). A15E suppressors were 
crossed to AI5Enu-. Tetrad products were isolated and examined for their 
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ability to grow on TAP/20 mM metronidazole and HS (as described above). 
Mutations in nuclear genes allow two of four tetrad products to grow on 
HS, and the other two products to grow on metronidazole. Mutations in 
chloroplast genes allow all four tetrad products to grow on HS, while none 
grow on rnetronidazole. 

Results 

Cytochrome f Signal Sequence Mutations 
C. reinhardtii cytochrome f is synthesized with 31-amino 
acid NH2-terminal signal sequence (Bertsch and Malldn, 
1991; Buschlen et al., 1991; Matsumoto et al., 1991), and 
it is then processed to a mature 32-kD protein. Amino acids 
Al l  (alanine at amino acid position 11) to G19 of the 
cytochrome f signal sequence have the potential to form a hy- 
drophobic core (Fig. 1). Using in vitro mutagenesis, we in- 
troduced six individual single point mutations, a deletion of 
most of the hydrophobic core, a deletion of most of the signal 
sequence, and two frame shift mutations that alter the coding 
sequence of only the hydrophobic core (Fig. 1). A12E (a 
change of alanine to glutamate at position 12), A15E (ala- 
nine to glutamate at position 15), V16D (valine to aspartate 
at position 16), M20K (methionine to lysine at position 20), 
and M20E (methionine to glutamate at position 20) were 
made because each of these mutations introduced a charge 
into or near the hydrophobic core and, by analogy to the 
function of the hydrophobic core in bacterial signal se- 
quences (Bicker et al., 1990), thus may disrupt signal se- 
quence function. A15* introduced a stop codon at position 
15 in the signal sequence of cytochrome f and should, there- 
fore, result in a cytochrome f null mutant. Each of these mu- 
tations created at least a 3-basepair change to reduce the fre- 
quency of reversions. The deletions of the hydrophobic core 
(hcA, deleting amino acids 14-20) and the signal sequence 
(ssA, deleting amino acids 5-31) were made to determine if 
these two structures are required. HCFS was made to de- 
stroy the hydrophobic nature of amino acids 11-19 without 
deleting them as it was theoretically possible that a deletion 
could destabilize thepetA mRNA. In this mutant, the amino 
acids AATLAVIL were changed to RSNISCYF. The in- 
dividual mutant petA genes were sequenced and transformed 
into wild-type Chlamydomonas. 

Whole-cell DNA was isolated from transformed colonies 

Figure 2. Oligonucleotide hybridization to Chlanodomonas DNA. 
Mutant probes: Chlamydomonas DNA from wild-type (+) and 
each mutant strain was digested with Kpnl, transferred to a nylon 
membrane, and hybridized to the corresponding 32p-labeled mu- 
tant oligonucleotide. The mutant strains are indicated above each 
lane by the type of amino acid substitution; the first letter and num- 
ber is the type and position of the wild type residue, and this is fol- 
lowed by the mutant residue (e.g., A15E is alanine of position 15 
changed to a glutamate). Wild-type probes: hybridization of wild- 
type oligonucleotide probes to DNA from wild-type and mutant 
Chlamydomonas strains. 

obtained from single-cell cloning and Southern blots were 
performed using the mutagenic or wild-type oligonucleo- 
tides as probes (Fig. 2). We chose seven mutant strains 
where the probe specific for the introduced mutation hybrid- 
ized only to the mutant Chlamydomonas DNA, while the 
probe specific for wild-type sequences hybridized only to 
wild-type DNA and did not hybridize to mutant Chlamydo- 
monas DNA (Fig, 2). This demonstrated that there were no 
copies of wild-type Chlamydomonas DNA in each of the 
seven mutant strains. Cells containing only the cytochrome f 
mutants A12E, A15" A15E, V16D, M20K, M20E, and 
HCFS were isolated in this way. A strain containing hcA was 
isolated only after transformants were selected on acetate 
and spectinomycin/streptomycin in the dark, and as these 
ceils grow very slowly we have been unable to characterize 
them extensively. No transformants were recovered that con- 
tained ssA. Each of the recovered mutations was maintained 
through a series of genetic crosses (see below), providing 
further evidence that the genome contained only mutant cop- 
ies of cytochrome f. 

[ ~  cytochrome f coding J 

1 1 o 20 30 1 

E E D  K 
* E 

14 20 

h c A l  I 
11 18 

hcfs IRSN ISCY FI 
5 30 

SsA I I 

Figure 1. Cytochrome f signal sequence. Sequence 
of the cytochrome f signal sequence and location 
of mutations. The dark triangle indicates the site 
where the signal sequence is cleaved from the ma- 
ture protein. The amino acids of the signal se- 
quence are given below the gene, and the spotted 
box above the sequence indicates a putative hydro- 
phobic core. The numbers indicate residue posi- 
tion, and the bold 1 shows the amino-terminal resi- 
due of mature cytochrome f. The asterisk indicates 
a stop codon. Arrows and bold letters show the site 
and residue to which the wild type sequence was 
changed by in vitro mutagenesis. The empty boxes 
below the sequence demonstrate deleted amino 
acids for mutant genes hcA and ssA. The letters 
within the box next to hcfs (hydrophobic core 
frame shift) indicate amino acids 11-18 in this 
frame shift mutation. 
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Signal Sequence Mutations Reduce Accumulation 
of Cytochrome f 
Cytochrome f is a member of the photosynthetic electron 
transport chain, and mutations that block the synthesis or ac- 
cumulation of cytochrome f therefore inhibit the abifity of 
those cells to grow autotrophically. To examine this, wild- 
type strain cc125 transformed with the genes conferring 
sVsr (referred to as wild type throughout the paper), and 
the seven strains carrying mutantpetA genes were plated un- 
der low tight (15/zmol photons/m2-s) on media containing 
(TAP) or lacking (HS) acetate as a carbon source (Fig. 3 A). 
All strains grew on acetate. Wild type, A12E, M20K, and 
M20E grew weU on HS, while A15", V17D, and HCFS did 
not grow at aLl. A15E grew well on acetate but had severely 
reduced growth on HS. These cells were also examined for 
their ability to grow on metronidazole, which is an electron 
acceptor downstream of cytochrome f, and the reduced form 
is toxic. Growth under low light on this drug would indicate 
a direct effect on electron transport. As expected, wild type, 
M20K, and M20E did not grow at all on metronidazole, 
while A15" V16d, and HCFS grew well. A15E had inter- 
mediate growth on metronidazole. This indicated that the in- 
ability of A15E, A15" V16D, and HCFS to grow on HS was 
caused by an alteration of electron transport, which is con- 
sistent with a block in the accumulation of cytochrome f. 

When the steady-state level of cytochrome f was examined 
in all seven mutant strains, reduced amounts ofcytochrome f 
were seen in only those strains that grew on metronidazole 
but not on HS (Fig. 3 B). Equal amounts of whole-cell pro- 
tein from cultures grown on TAP in the low light were run 
on an acrylamide gel, transferred to nitrocellulose, and 
cytochrome f was detected with polyclonal antisera. As 

predicted from the growth characteristics, the null mutation 
A15* and V16D and HCFS lacked detectable cytochrome f. 
A15E had ~,10% cytochrome f as compared to wild type, 
consistent with its low level of growth under autotrophic con- 
ditions and intermediate growth on metronidazole. A12E, 
M20K, and M20E had reduced but near normal levels of 
cytochrome f. 

To determine if the reduction in cytochrome f levels was 
caused by changes in mRNA abundance, total RNA from 
each strain, grown under low light in TAP, was isolated and 
equal amounts were examined by Northern blot hybridiza- 
tion to thepetA coding region (Fig. 3 B). Near-normal levels 
of message were seen in the mutant strains, indicating that 
the cytochrome f mutations did not effect mRNA accumula- 
tion. AI5* had a reduced mRNA level; however, in this case, 
a full-length protein was not expected (higher molecular 
weight hybridization was caused by contaminating DNA). 

Pleiotropic Effect of a Signal Sequence Mutation 

We wondered whether the cytochrome f mutations had an 
influence on the accumulation of  other proteins, and there- 
fore, we examined by immunoblotting the steady-state levels 
of both chloroplast- and nuclear-encoded proteins found in 
the thylakoid membrane and the lumen. Fig. 4 A demon- 
strates that the A15* and V16D mutations do not appear to 
affect the accumulation of proteins other than cytochrome f. 
In A15E, the levels of both LHCP and D1, two proteins inte- 
gral to the thylakoid, were reduced although the lumenal ox- 
ygen evolving complex protein OEC33 and PC were not 
affected. The changes in thylakoid proteins were not caused 
by a destabilizing effect of reduced cytochrome f because 
A15* and V16D lacked cytochrome f completely but had 

Figure 3. Mutant strain growth, protein, and RNA levels. (A) Het- 
erotrophic and autotrophic growth of mutant strains. Wdd-type 
(+) and the seven Ch/amydomonas strains carrying mutant cyto- 
chrome f genes were patched to growth media containing (TAP) or 
lacking (H$) acetate as a carbon source, or to TAP media contain- 
ing 20 mM metronidazole (MET). The mutant strains are indicated 
on the left by the type of amino acid substitution. Cells were grown 
under low light (15/~mol photons/m2-s). (B) Cytochrome f pro- 
tein and RNA levels. Protein: detection of steady-state levels of 
cytochrome fin mutants strains. Total protein extracts were isolated 
from each strain, and 5/~g of each was run in a denaturing acryl- 
amide gel, transferred to nitrocellulose, and probed with cyto- 
chrome f antisera. Mutant strains are indicated by the type of amino 
acid substitution. RNA: cytochrome f mRNA levels are normal in 
the mutant strains. Total RNA from each strain was isolated and 
5 #g was run in a denaturing agarose gel, transferred to nylon mem- 
brane, probed with 32P-labeled cytochrome f coding region, and 
subjected to autoradiography. Mutant strains are indicated by the 
type of amino acid substitution. 

Figure 4. Detection of steady-state levels of thylakoid proteins. (,4) 
Total protein extracts were isolated from each strain, and 5 #g of 
each was run in a denaturing acrylamide gel, transferred to 
nitrocellulose, and probed with different antisera. Mutant strains 
are indicated above each lane by the type of amino acid substitution, 
and antisera are indicated to the right of each panel. (B) Decreased 
accumulation olD1 in mutant strain A15E is not caused by low lev- 
els of cytochrome f. Total protein extracts were isolated from each 
strain, and 5/zg of each was run in a denaturing acrylamide gel, 
transferred to nitrocellulose, and probed with cytochrome f or D1 
antisera. Cytochrome fmutant strains are indicated above each lane 
by the type of amino acid substitution. Antisera are indicated to the 
right of each panel. 
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normal levels of LHCP and D1. These experiments were car- 
fled out both with independent isolates of the original A15E 
mutant strain and with the progeny of crosses between A15E 
strains (mr ~) and wild type (mr-; data not shown), thus 
making it more likely that this effect was not caused by an 
additional mutation in our original A15E strain. It appeared, 
therefore, that A15E, which had reduced accumulation of 
cytochrome f, had a pleiotropic effect on both nuclear- 
(LHCP) and chloroplast-(D1) encoded integral membrane 
proteins but not those of the thylakoid lumen (PC and 
OEC33). The thylakoid proteins cytochrome f and LHCP in 
M20K accumulated to slightly lower levels than in wild type, 
and D1 accumulation was increased. 

Alterations in levels of thylakoid proteins can lead to ultra- 
structural changes in the chloroplast (Somerville, 1986). We 
examined ultra-thin sections of each of the cytochrome f mu- 
tant strains by electron microscopy, and we were unable to 
detect any gross morphological alterations (data not shown). 

The observed reduction of other integral membrane pro- 
teins in the A15E strain could have several causes. One possi- 
bility is that a low level of cytochrome f, rather than no 
cytochrome f, caused an increased turnover in D1. Increased 
D1 turnover is usually associated with photoinhibition 
(Greenberg et al., 1989; Kyle et al., 1984). Ch/amydomonas 
strain FI8 carries an unidentified nuclear mutation (Lemaire 
et al., 1986) that results in a reduction in the steady-state 
level of cytochrome f similar to that found in A15E. The irn- 
munoblot shown in Fig. 4 B demonstrates, however, that D1 
accumulated to normal levels in Fl8 but not Al5E. A second 
interpretation is that the cytochrome f signal sequence muta- 
tion is interfering with the translocation of integral thylakoid 
proteins, but not those of the lumen. To test this hypothesis, 
we needed to determine that cytochrome f translocation it- 
self was affected. 

Signal Sequence Mutations Affect 
Protein Translocation 

If the signal sequence mutations were blocking protein trans- 
location, then we expected to detect an accumulation of the 
precursor because processing occurs in the lumen of the 
thylakoid (Gray, 1992). To detect the precursor, we per- 
formed a pulse chase experiment. Cells of wild-type and the 
mutant strains AI5E, V16D, and M20K were grown in media 
containing acetate and reduced sulfate, incubated with 
35SO4, and then washed and incubated in rich media for 5 
or 60 rain. The chase was terminated by the addition of ace- 
tone to the cells. Cytochrome f was immunoprecipitated 
from a whole-cell extract and visualized by denaturing gel 
electrophoresis and autoradiography (Fig. 5 A). We detected 
only mature cytochrome f (m) in wild-type and M20K cells; 
precursor (pr) was never seen. This is also true for cells that 
were pulsed for shorter times, but had no chase (data not 
shown). The 35-kD precursor, however, was detected in both 
A15E and V16D cells. In A15E ceils, the precursor was seen 
after a 5-rain chase, but only a background smear was de- 
tected after a 1-h chase. Because the mature cytochrome f 
can be detected by immunoblotting in Al5E cells (Fig. 4 A), 
the smear likely includes mature cytochrome f. In V16D 
cells, the precursor was seen after the 5-rain chase, but it was 
degraded during a 1-h long chase, and no mature sized 
cytochrome f was seen. The levels of 35S-labeled protein 

Figure 5. In vivo labeling of cytochrome f in mutant strains. (A) 
Cells of each genotype were grown in acetate-containing media, in- 
cubated with 3sSO,, and chased for 5 or 60 min. Cytochrome f 
was then immunoprecipitated from a whole-cell extract and was 
visualized by denaturing gel electrophoresis and autoradiography. 
Mutant strains are indicated above each lane by the type of amino 
acid substitution, pr, precursor; m, mature cytochrome f. (B) Loca- 
tion of cytochrome f in mutant strains. Cells of each genotype were 
pulsed with 3sSO,, and then sonicated and separated into a soluble 
(S) or membrane (M) fraction, samples were also treated with 
Na2HCO3 after sonication and then separated into a washed solu- 
ble (SW) and washed membrane (MW) fraction. Cytoehrome f was 
immunoprecipitated and visualized by denaturing gel electrophore- 
sis and autoradiography. Mutant strains are indicated above each 
lane by the type of amino acid substitution, pr, precursor; m, ma- 
ture cytochrome f. 

detected are likely not quantitative as varying levels of  unla- 
beled endogenous mature protein in the different strains can 
influence the efficiency of immunoprecipitation with cyto- 
chrome f antiserum, which itself may not be saturating. In 
addition, the various strains appear to incorporate label into 
total protein to different degrees (data not shown), and we 
cannot exclude the possibility that A15E and V16D cyto- 
chrome f mRNA are less efficiently translated than wild 
type. These results do indicate that cytochrome f is indeed 
synthesized in each of the mutant strains examined, but the 
rate at which the precursor is processed to the mature form 
is reduced in Al5E and V16D. 

The reduced accumulation of mature cytochrome f in 
A15E and V16D is most likely caused by a defect in protein 
translocation. Translocation was slowed in A15E, while 
translocation was blocked altogether in V16D. If the signal 
sequence mutations are indeed blocking protein transloca- 
tion, then we would expect not only precursor accumulation, 
but also an altered localization of mutant cytochrome f. 
Pulse-labeled cells were therefore broken open by sonication 
and separated into a soluble (Fig. 5 B, lanes S) and a mem- 
brane (Fig. 5 B, lanes M) fraction, and cytochrome fwas im- 
munoprecipitated. Wild-type mature cytochrome f was 
found mostly with the membrane pellet and the AI5E 
precursor fractionated with both the soluble and membrane 
fraction (Fig. 5 B, lanes M vs S). Some mature size A15E 
is detected both in the membrane and soluble fractions, and 
this is consistent with the immunoblots (Fig. 4 A). No 
cytochrome f could be detected in V16D cells after the soni- 
cation treatment (Fig. 5 B). A15E was extremely labile and 
only could be detected if several protease inhibitors were in- 
cluded during the sonication and subsequent fractionation. 
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2% Na2HCO3, a chaotropic agent used to wash peripheral 
but not integral proteins from membranes, did not remove 
most of the wild-type mature cytochrome f from the thyla- 
koid (Fig. 5 B, lane MW) although some was washed off into 
the supernatant (lane SW), and this has been observed before 
(Auchincloss et al., 1992). Na2HCO3, however, removed 
much but not all of the A15E precursor from the membrane 
fraction (Fig. 5 B lanes SW vs MW). Thus some A15E 
precursor is stromal, some is peripheral to the membrane, 
and some may be integral to the thylakoid. 

Suppressors of  Signal Sequence Mutations 

The initial characterization of the signal sequence mutant 
strains led the way for the isolation of suppressors of these 
mutations. While A15E cells grew slowly in the absence of 
acetate in low light, they are unable to grow autotrophically 
(i.e., on HS, without acetate) in high light (Fig. 6 A). No 
revertants capable of photosynthetic growth were seen when 
108 nonmutagenlzed cells were plated on HS. We mutage- 
nlzed 108 A15E cells with EMS and selected cells that were 
now able to grow on acetate minus media, thereby generat- 
ing 130 putative A15E suppressor strains. The growth on HS 
and TAP of three of these strains carrying suppressors of 
A15E is shown in Fig. 6 A. Wild type, A15E, and the sup- 
pressors all grew on acetate, while only wild type and the 

suppressors grew on HS. The same strategy was used to iso- 
late suppressors to V16D (Fig. 6 A), but only two suppres- 
sors were recovered from >109 EMS-mutagenlzed cells. 
Each of the A15E and V16D suppressor strains shown in Fig. 
6 A were then examined by immunoblotting for their steady- 
state level of cytochrome f and were found to have increased 
levels of cytochrome f relative to the original mutant strain 
(Fig. 6 B). The level of restoration varied between the A15E 
suppressors, and it was directly related to the ability of that 
strain to grow autotrophically. We have observed the same 
results for the other 127 A15E suppressor strains (data not 
shown). The amount of LHCP, D1 (both reduced in A15E), 
and OEC33 was also examined in the three A15E suppressor 
strains shown in Fig. 6 A, and it was found that the suppres- 
sors had near normal levels of each of these proteins (Fig. 
6B). 

To determine whether the AI5E and VI6D suppressors 
were not revertants, we performed Southern analysis using 
the mutagenlc oligonucleotides as probes against DNA iso- 
lated from the suppressor strains. The results for three A15E 
and two V16D suppressors are shown in Fig. 7. At nonstrin- 
gent conditions (25°C), the mutant oligonucleotides hybrid- 
ized to both wild-type and the appropriate suppressor 
strains. However, after a stringent wash (75°C), the mutant 
oligonucleotides remained hybridized to either the A15E or 
V16D suppressor strains,but not to the wild type. Thus these 
strains, and all 20 that were tested, still carry the original 
cytochrome f signal peptide mutations. Genetic crosses be- 
tween five of  the A15E suppressor strains (all rat +) and an 
A15E rat- strain have shown that at least four of the A15E 
suppressors are nuclear mutations while one appears to be 
chloroplastic. Similar analysis with the V16D suppressors 
shows that their phenotypes are both caused by a chloroplast 
mutation. 

The chloroplast A15E and V16D suppressor mutations are 
not revertants and are caused by second-site mutations. We 
have sequenced the cytochrome f signal peptide of two V16D 
suppressors and found a leucine residue at position 10 in- 
stead of the wild-type arginine (mutation R10L) in addition 
to the V16D mutation; the chioroplastic A15E suppressor 
has a cysteine substitution at this position, as well as the 
original A15E mutation (Baillet, B., and B. D. Kohorn, un- 
published results). The cis mutations help further define the 
hydrophobic core and the role of other regions within the sig- 
nal sequence. 

Figure 6. Suppressors of signal peptide mutations. (A) Growth of 
suppressors of signal peptide mutations. Wild-type (+) and mutant 
strains A15E and VI6D were patched to growth media containing 
(TAP) or lacking (HS) acetate as a carbon source, along with three 
A15E and two V16D suppressor strains. All were grown under high 
light (200/zmol photons/m2-s). (B) Cytochrome f levels are re- 
stored by suppressor mutations. Total protein extracts were iso- 
lated from wild-type (+), A15E, V16D, and suppressor strains 
(A15ESUP1,67,71; V16DSUP1,2). 5/~g of each was run in a dena- 
turing acrylamide gel, transferred to nitrocellulose, and probed 
with different antisera. Antisera are indicated to the right of each 
panel. 

Figure 7. Mutant oligonuclco- 
tide hybridization to DNA 
from suppressor strains. 
Chlamydomonas DNA from 
wild-type (+), three A15E, 
and two V16D suppressor 
strains was digested with 
Kpnl, transferred to a nylon 
membrane, and hybridized to 
the corresponding 32p-labeled 

mutant oligonucleotide. The hybridized filter was washed at non- 
stringent conditions (25°C) and autoradiographed, and then 
washed at a stringent temperature (75°C) and subjected to autoradi- 
ography again. 
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Discussion 

The Hydrophobic Core of the Cytochrome f Signal 
Sequence Is Required for Integration of Cytochrome f 
into Thylakoids 
We have demonstrated that mutations within the 31-amino 
acid signal sequence of Chlamydomonas cytochrome f can 
reduce or eliminate protein translocation. Single-point mu- 
tations Al5E and V16D that introduced charged amino acids 
into the predicted hydrophobic core led to an accumulation 
of precursor cytochrome f and reduction in mature protein. 
A12E, M20K, and M20E, however, had little effect on pho- 
tosynthetic growth or cytochrome f accumulation and sug- 
gest, therefore, that the hydrophobic core only extends from 
T13 to G19. 

A stably transformed Chlamydomonas strain that con- 
tained a deletion of L14 to M20 (hcA) was only recovered 
when cells were kept in complete darkness, further em- 
phasizing that these amino acids are important for cyto- 
chrome f accumulation. A mutation that eliminated the 
majority of the signal sequance-(ssA) could never be recov- 
ered, suggesting that it was not stable. Cytochrome f itself 
is not required for Chlamydomonas growth, as evidence by 
the isolation of the A15* strain. This indicates that the inabil- 
ity to retrieve the ssA strain was not caused by the absence 
of cytochrome f, but the causes for the apparent instability 
of this mutation are unclear. 

Precursor cytochrome f having the A15 mutation accumu- 
lates in the stroma and on the surface of the thylakoid, and 
some may be within the membrane. This precursor is labile 
because it is only detected when several protease inhibitors 
are present during the sonication and fractionation, or if in- 
tact cells are immersed in acetone. V16D precursor appears 
to be more labile than A15E protein, as it is only found in 
acetone treated cells, and likely degrades during the sonica- 
tion and fractionation steps. The different stabilities of Al5E 
and V16D may reflect their different associations with chlo- 
roplast proteins, although other explanations are possible. 
Nevertheless, these mutations do appear to disrupt the cor- 
rect translocation of cytochrome f. While the levels of mu- 
tant cytochrome fmRNA are near normal, we have not mea- 
sured the rates of protein synthesis. However, possible 
reductions in the translation rates of mutant cytochrome f 
mRNA would be unlikely to result in the accumulation of 
precursors, especially ones that are no longer integral. Fur- 
ther evidence for a block in translocation comes from the ob- 
servation that the signal sequence is removed on the lumenal 
side of the thylakoid membrane and eytochrome f must 
therefore be translocated before it can be processed (Gray, 
1992). It is possible that if the signal sequence was not re- 
moved and some protein was inserted, this eytochrome f 
would be labile. This is unlikely, however, because mem- 
brane-associated precursor cytochrome f in a plastome mu- 
tant in Oenothera accumulated to similar levels as mature 
cytochrome f in wild-type chloroplasts (Johnson et al., 
1991). It is also unlikely that the signal sequence mutations 
we have introduced affect berne binding by the mature pro- 
tein; even if they do, they would not affect cytochrome f ac- 
cumulation as studies have shown that heme addition is not 
a prerequisite for maturation (Anderson and Gray, 1991b; 
Davies et al., 1990). 

The signal sequence mutation A15E not only inhibits the 
insertion of cytochrome f, but it also decreases the accumu- 
lation of integral thylakoid membrane proteins LHCP and 
D1 (Fig. 4 A). The accumulation of PC and OEC 17, 23, and 
33, which are found in the lumen, are not affected (Fig. 4 
A). The pleiotropic effect seen in A15E on D1 and LHCP is 
not caused by a reduced level of cytochrome f because both 
the total absence of the protein in A15" and its 80% reduc- 
tion in F18 does not cause a corresponding reduction in D1 
(Fig. 4 B). Thus, it is likely that the signal sequence muta- 
tion is influencing the accumulation of D1 and LHCP. If the 
reduction of D1 in A15E cells was also caused by a transloca- 
tion defect, then we would expect to see an accumulation of 
the D1 precursor. This experiment is problematic in Al5E 
cells because labeling and D1 antisera are inefficient. Prelim- 
inary experiments indicate that precursor D1 in A15E cells 
remains for <1 h in a pulse chase, while in wild-type cells 
precursor D1 is matured within 10 rain (data not shown). 
Thus, the cytochrome f A15E mutation may interfere 
directly with the translocation of D1. 

One would also expect that a mutant cytochrome f protein 
would interfere with the translocation of wild-type cyto- 
chrome f. Indeed, strains containing both wild-type and 
Al5E mutant cytochrome f signal sequences on different 
copies of the genome, a heteroplasmic strain, show a 90% 
reduction in cytochrome f (data not shown), indicating that 
the Al5E mutation is also dominant on wild-type cyto- 
chrome f. 

A15E has a pleiotropic affect on the accumulation of D1 
and LHCP, but not PC and OEC33, and one possible expla- 
nation is that integral thylakoid proteins and lumenal pro- 
teins use distinct, perhaps overlapping, translocation ap- 
parati. Indeed, there is recent in vitro evidence that supports 
this conclusion (Cline et al., 1993). A15E precursor is found 
both in the stroma and peripherally associated with the 
thylakoid, and it is unclear at which step the mutation is in- 
terfering with the translocation apparatus. Identification of 
the genes described by the suppressor mutations should clar- 
ify the components and mechanism of the translocation ma- 
chinery. 

Some variability in the reduction of D1 and LHCP in the 
cytochrome f mutant strains is seen. D1 and LHCP are al- 
ways reduced in strain A15E, but the level of reduction is 
variable between experiments. This may be caused by chang- 
ing levels of D1, LHCP, and cytochrome f synthesis, which 
fluctuate during the cell cycle and therefore differentially 
compete for the translocation apparatus. This model can be 
tested once the apparatus is identified. At present, we have 
no explanation for the increased levels of D1 seen in strain 
M20K (Fig. 4 A), which is also variable, but we do note that 
M20K has slightly reduced cytochrome f levels as compared 
to wild type (Fig. 4 A). 

Our results suggest that cytochrome f, which has an NH2- 
terminal signal sequence, and D1, which does not, share a 
common insertion mechanism. Although the majority of 
chloroplast-encoded proteins reside in the thylakoid (Jagen- 
dorf and Michaels, 1990; Simpson and Von Wettstein, 
1989), only three have potential NH2-terminal signal se- 
quences (cyt f; atpI [Cozens et al., 1986]; psbK [Murata et 
al., 1988]). It is unclear, therefore, why some thylakoid pro- 
teins have NHrterminal signal sequences and most do not. 
It is possible that the signal sequence is required for the 
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translocation of any large hydrophilic lumenal domain across 
thylakoids, but the fact that mutations in cytoehrome fdo not 
inhibit PC or OEC33 (lumenal proteins that have hydropho- 
hie NH~-tenrtinal signal sequences simi/ar to that of cyto- 
chrome f) suggests that this is not a requirement for one 
general pathway. Alternatively, the NH2-terrm'nal signal se- 
quence may be required for translocation across the mem- 
brane for both cytoehrome f and PC, but there is separate 
machinery for lumenal and thylakoid proteins. It is possible 
to test this experimentally by making mutations within the 
hydrophobic core of PC and OEC33 signal sequences and 
determining if these mutants are affected by A15E suppres- 
sor strains. 

Suppressor Mutations 
Suppressors to AI5E and V16D restore steady state cyto- 
chrome f to wild-type levels (Fig. 6 B). Four AI 5E suppres- 
sors have been identified as mutations in nuclear genes and 
one has been identified in a chloroplast gene. Both V16D 
suppressors are chloroplastic. It is possible that the nuclear 
suppressors may be mutations that increase petA RNA syn- 
thesis to compensate for low levels of protein translocation. 
An increase in cytochrome f synthesis in the presence of a 
translocation defect might result in the accumulation of 
precursor detectable by immunoblots. Of the 10 A15E sup- 
pressor strains examined, all have near normal levels of 
cytochrome f mRNA (Baillet, B., and B. D. Kohorn, unpub- 
lisbed results). Immunoblots do detect a precursor-sized cy- 
tochrome fin A15E suppressor 67 (Fig. 6 B), suggesting that 
this mutant might have increased cytochrome f synthesis. 
Precursor-sized cytochrome f is not detected in the other 
suppressors strains, and these suppressors are likely to lie in 
genes whose products directly influence protein transloca- 
tion. This must be verified by pulse-chain analysis and the 
eventual isolation of the suppressor genes. The suppressors 
are also more likely to reside in the translocation apparatus 
and not in regulation of expression as one might expect in- 
creases in the levels of all other chloroplast-encoded mRNA 
translation in addition to cytochrome f mRNA. Although we 
see an increase in D1 accumulation relative to that in strain 
A15E (Fig. 6 B), all other chloroplast-encoded proteins ap- 
pear to accumulate to wild-type levels (data not shown). It 
is likely, therefore, that some of the nuclear suppressors are 
mutations within components of the thylakoid insertion ma- 
chinery. The nuclear suppressors are being mapped, and the 
genes can be cloned by complementation using cosmid li- 
braries made from the A15E suppressor strains. 

In conclusion, we have shown that the NH2-terminal se- 
quence is required for the correct insertion of cytochrome f 
into thylakoids. A signal sequence mutation that blocks the 
stable insertion of cytochrome f also inhibits the accumula- 
tion of two other integral thylakoid proteins, but does not in- 
hibit the accumulation of lumenal proteins, suggesting that 
there are at least two pathways for translocation across the 
thylakoid. Lastly, we have identified nuclear suppressors to 
a cytochrome f signal sequence mutation that restore the ac- 
cumulation of cytochrome f to normal levels, and it is hoped 
that by characterizing these nuclear genes, we will begin to 
identify the components and mechanisms of thylakoid pro- 
tein insertion machinery. 

We are extremely grateful to everyone who gave us antibodies: Sabeeha 
Merchant for cytochrorne f and PC, Steve Mayfield for OEC33, Jean- 
David Rochalx for OEC 17 and 23, John Boynton and Nick Gillham for D 1, 
and to Jon Bertsch and Dick Malkin for providing sequence information 
prior to publication. We are indebted to the Boynton-Gillham-Harris lab 
for all of their help: to Suzann¢ Ward for electron microscopy, to Andrea 
Auchincloss and Masaaki Fujiki for helpful discussions, to Audrey Alex- 
ander for expert technical assistance, to Melanie Pogach for isolating the 
V16D suppressors, and to Benoit Baillet for the V16D suppressor genetics. 

This work was supported by the Pew Charitable Trusts and U. S. 
Department of Agriculture grant no. 9302797 to B. D. Kohorn. T. A. 
Smith was a National Institutes of Health Cell and Molecular Biology 
trainee. 

Received for publication 22 December 1993 and in revised form 1 April 
1994. 

References 

Anderson, C. M., and J. Gray. 1991a. Cleavage of the precursor of pea chlo- 
roplast cytochrome f by leader paptidase from Escherichia coil FEBS (Fed. 
Fur. Biochem. Soc.) Lett. 280:383-386. 

Anderson, C. M., and J. C. Gray. 1991b. Effect of gabaculine on the synthesis 
of heine and cytochrome f in edolated wheat seedlings. Plant Physiol. 
96:584-587. 

Auchlncloss, A. H., A. Alexander, and B. D. Kohorn. 1992. Requirement for 
three membrane sparming co-helices in the post-translationnl insertion of a 
thylakoid membrane protein. J. Biol. Chera. 267:10439-10446. 

Bertsch, J., and R. Malkin. 1991. Nucleotide sequence of thepetA (cytochrome 
f) gene from the green alga, Odamydomonas reinhardtii. Plant Mol. Biol. 
17:131-133. 

Bicker, K. L., G. J. Phillips, and T. J. Sflhavy. 1990. The sec and prl genes 
of Escherchia coll. J. Bioenerg. Bioraembr. 22:291-310. 

Boynton, J. E., and N. W. Gillham. 1993. Chloroplast transformation in 
Chlamydomonas. Methods Enzymol. 217:510-536. 

Buschlen, S., Y. Choquet,R. Kuras, and F.-A. WoUman. 1991. Nucleotide se- 
quences of the continuous and separated petA, patB and petD chloroplast 
genes in Ch/amydomonas reinhardtii. FEBS (Fed. Eur. Biochem. Soc. ) Lett. 
284:257-262. 

Chia, C. P., and C. J. Arntzen. 1986. Evidence for two-step processing of 
nuclear-encoded chloroplast proteins during membrane assembly. J. Cell 
Biol. 103:725-731. 

Chua, N.-H., G. Blobel, P. Siekevitz, and G. E. Palade. 1973. Attachment of 
chloroplast polysomes W thylakoid membranes in Chlamydomonas reinhard- 
tii. Proc. Natl. Acad. Sci. USA. 70:1554-1558. 

Cline, K., R. Henry, C. Li, and J. Yuan. 1993. Multiple pathways for protein 
transport into or across the thylakoid membrane. EMBO (Eur. Mol. BioL Or- 
gan.) J. 12"4105-4114. 

Cozens, A. L., J. E. Walker, A. L. Phillips, A. K. Huttly, C. I. Howe, T. A. 
Dyer, and J. C. Gray. 1986. The sixth subunit of ATP synthase, and F0 
component, is encoded in the pea chloroplast genome. EMBO (Fur. Mol. 
Biol. Organ.)J. 5:217-222. 

Davies, T. G. E., L. J. Rogers, B. J. Thomas, and H. Thomas. 1990. Leaf de- 
velopment in Lolium temulentum: formation of the photosynthetic apparatus 
in the presence of the porphyrin synthesis inhibitor gabaculine. J. Exp Bot. 
41:905-917. 

Franklin, A. E., and N. E. Hoffraan. 1993. Characterization of a chloroplast 
homologue of the 54-kDa subunit of the signal recognition particle. J. Biol. 
Chem. 268:22175-22180. 

Fulsom, D. R., and K. Cline. 1988. A soluble protein factor is required in vitro 
for membrane insertion of the thylakoid precursor protein pLHCP. Plant 
Physiol. 88:1146-1153. 

Gray, J. C. 1992. Cytechrome f: structure, function and biosynthesis. Photo- 
syn. Res. 34:359-374. 

Greenberg, B. M., V. Gaba, O. Canaani, S. Malkin, A. K. Mattoo, and M. 
Edelman. 1989. Separate photosensitizers mediate degradation of the 32-kD 
photosystem II reaction center protein in the visible and UV spectral regions. 
Proc. Natl. Acad. Sci. USA. 86:6617-6620. 

Harm, B. C., and P. Walter. 1991. The signal recognition particle in S. 
cerevisiae. Cell, 67:131-143. 

Harris, E. H. 1989. The Ch/amydomonas Sourcebook. Academic Press, Inc., 
San Diego. 

High, S., and C. J. Stirring. 1993. Protein translocat/on across membranes: 
common themes in divergent organisms. Trends Cell Biol. 3:335-339. 

Horst, M., N. G. Kronidou, and G. Schatz. 1993. Through the mitochondrial 
inner membrane. Curr. Biol. 3:175-177. 

Howe, G., and S. Merchant. 1992. The biosynthesis of membrane and soluble 
plastidic c-type cytochromes of Ch/amydomonas reinhardtii is dependent on 
multiple common gene products. EMBO (Eur. Mol. Biol. Organ.) J. 
11:2789-2801. 

Smith and Kohorn Suppressors o f  2/~ylakoid Signal Sequence Mutations 373 



Howe, G., and S. Merchant. 1993. Maturation of thylakoid lumen proteins pro- 
caeds post-U'enslationally through an intermediate in vivo. Proc. Natl. Acad. 
Sci. USA. 90:1862-1866. 

Jagendorf, A. T., and A. Michaels. 1990. Rough thylakoids: translation on pho- 
tosynthetic membranes. Plant Sci. 71:137-145. 

James, H. E., D. Battling, J. E. Musgrove, P. M. Kirwin, R. G. Herrmann~ 
and C. Robinson. 1989. Transport of proteins into chloroplasts: import and 
maturation of precursors to the 33-, 23-, and 16-kd proteins of the photosyn- 
thetic oxygen-evolving complex. J. Biol. Chem. 264:19573-19576. 

Johnson, E. M., L. S. Schnabelrauch, and B. B. Sears. 1991. A plastome muta- 
tion affects processing of both chloroplast and nuclear DNA-encoded plastic 
proteins, biol. C-en. Genet. 225:106-112. 

Ko, K., and A. R. Cashmore. 1989. Targeting of proteins to the thylakoid lu- 
men by the bipartite transit peptide of the 33-kD oxygen-evolving protein. 
EMBO (Fur. Mol. Biol. Organ.) J. 8:3187-3194. 

Kyle, D. J., I. Ohad, and C. J. Arntzen. 1984. Membrane protein damage and 
repair: selective loss of a qulnoue-protein function in chloroplast mem- 
braues. Proc. Natl. Acad. Sci. USA. 81:4070--4074. 

Lemaim, C., J. Girard-Bascou, F.-A. Wollman, and P. Bennoun. 1986. Studies 
on the cytochrome be/f complex. I. Characterization of the complex 
subtmits in Chlamydomonas reinhardtii. Biochim. Biophys. Acta. 851: 
229-238. 

Matsumoto, T., M. Matsuo, and Y. Matsuda. 1991. Structural analysis and ex- 
pression during dark-light transitions of a gene for cytochrome f in 
Chlamydomonas reinhardtii. Plant Cell Physiol. 32:863-872. 

McGovern, K., and J. Beckwith. 1991. Membrane insertion of the Escherichia 
coli MalF protein in cells with impaired secretion machinery. J. Biol. Chem. 
266:20870-20876. 

Murata, N., M. Miyao, N. Hayashida, T. Hidaka, end M. Sngiura. 1988. 
Identification of a new gent in the chloroplast genome encoding a low- 
molecular-mass polypeptide of photosystem II complex. FEBS (Fed. Fur. 
Biochem. Soc.) Lett. 235:283-288. 

Newman, S. M., J. E. Boynton, N. W. Gillham, B. L. Randolph-Anderson, 
A. M. Johnson, and E. H. Harris. 1990. Transformation of chloroplast 
ribosomal genes in Ch/amydomonas: molecular and genetic characterization 
of integration events. Genetics. 126:875-888. 

Nannari, J., and P. Walter. 1992. Protein targeting to end translocation across 
the membrane of the endoplasmic reticulum. Curt. Opin. Cell Biol. 
4:573-580. 

Pfaller, R., H. F. Stegcr, end J. Rassow, N. Pfanner, and W. Neupert. 1988. 
Import pathways of precursor proteins into mitochnndria: multiple receptor 
sites are followed by a common membrane insertion site. J. Cell Biol. 
107:2483-2490. 

Planner, N., J. Rassow, I. J. van der Klei, and W. Nenpert. 1992. A dynamic 
model of the mitochondrial protein import machinery. Cell. 68:999-1002. 

Phillips, G. J., and T. J. Silhavy. 1992. The E. coliffh gene is necessary for 
viability and efficient protein export. Nature (Land.). 359:744-746. 

Porra, R. J., W. A. Thompson, and P. E. Kreidemann. 1989. Determination 
of accurate extinction coefficients and simultaneous equations for assaying 
chlorophylls a and b with N,N'-dimethylformamlde, methanol, buffered aque- 
ous acetone or alkaline pyridine. Bioch/m. Biophys. Acta. 975:384-394. 

Pngsley, A. P. 1993. The complete general secretory pathway in Gram-negative 
bacteria. Micmbiol. Rev. 57:50-108. 

Rochaix, J.-D., S. Mayfield, M. Goldachmidt-Clermont, and J. Erickson. 1988. 
Plant molecular biology, a practical approach. IRL press at Oxford University 
Press, Oxfurd. 

Rothstein, S. J., A. A. Gatenby, D. L. W'flley, and J. C. Gray. 1985. Binding of 
pea cytochrome f to the inner membrane of Eacherichia coil reqtfires the bac- 
terial secA gene product. Proc. Natl. Acad. Sci. USA. 823955-7959. 

Sambrook, J., E. E Fritsch, and T. Manintis. 1989. Molecular Cloning: A Labo- 
ratory Manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 
NY. 

Schmidt, G. W., K. S. Marlin, and N.-H, Chua. 1977. A rapid procedure for 
selective enrichment of photosynthetic electron transport mutants. Proc. 
Natl. Acad. Sci. USA. 74:610-614. 

Sevarino, K. A., and R. O. Poynton. 1980. Mitochnndrial membrane biogenesis: 
Identification of a precursor to yeast cytochrome c oxidase subunit If, an inte- 
gral polypepfide. Proc. Natl. Acad. Sci. USA. 77:142-146. 

Simpson, D. J., and D. Von Wettstein. 1989. The structure and function of the 
thylakoid membrane. Carlsberg. ICes. Commun. 54:55-65. 

Smeekens, S., C. Bauerle, J. Hageman, K. Keegstra, and P, Weisbeek. 1986. 
The role of transit peptide in the routing of precursors toward different chlo- 
roplast compartments. Cell. 46:365-376. 

Somerville, C. R. 1986. Analysis of photosynthesis with mutants of higher 
plants and algae. Annu. Rev. Plant Physiol. 37:467-507. 

Southern, E. M. 1975. Detection of specific sequences among DNA fragments 
separated by gel electrophoresis. J. Mol. Biol. 98:503-517. 

Stirling, C. J., and E. W. Hewitt, 1992. The Saccharomyces cerevisiae Sec65 
gene encodes a component of the yeast signal recognition particle with ho- 
mology to human SRPl9. Nature (Land.). 356:534-537. 

Towbin, H., T. Stachclln, and J. Gordon. 1979. Electrophoretic transfer of pro- 
teins from polyacrylamide gels to nitrocellulose sheets: procedure and some 
applications. Proc. Natl. Acad. Sci. USA. 76:4350-4354. 

Vieira, J., and J. Messing. 1987. Production of single-stranded plasmid DNA. 
Methods. Enzyn~l. 153:3-11. 

Wickner, W. 1988. Mechanisms of membrane assembly: general lessons from 
the study of M13 coat protein and &cherichia coil leader peptidase. Biochem- 
istry. 27:1081-1086. 

W'flley, D. L., A. D. Auffret, and J. C. Gray. 1984. Structure and topology of 
cytochrome f in pea chloroplast membranes. Cell. 36:555-562. 

Willey, D. L., A. K. Huttly, A. L. Phillips, and J. C. Gray. 1983. Localization 
of the gene for cytochrome f in pea chloroplast DNA. Mol. G-en. Genet. 
189:85-89. 

The Journal of Cell Biology, Volume 126, 1994 374 


