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Abstract. Prokaryotes and prokaryote-derived thyla-
koid membranes of chloroplasts share multiple, evolu-
tionarily conserved pathways for protein export. These
include the Sec, signal recognition particle (SRP), and
Delta pH/Tat systems. Little is known regarding the
thylakoid membrane components involved in these
pathways. We isolated a cDNA clone to a novel
component of the Delta pH pathway, Tha4, and pre-
pared antibodies against pea Tha4, against maize
Hcf106, a protein implicated in Delta pH pathway
transport by genetic studies, and against cpSecY, the
thylakoid homologue of the bacterial SecY translocon
protein. These components were localized to the non-
appressed thylakoid membranes. Tha4 and Hcf106
were present in ~~10-fold excess over active transloca-

tion sites. Antibodies to either Tha4 or Hcf106 inhibited
translocation of four known Delta pH pathway sub-
strate proteins, but not of Sec pathway or SRP pathway
substrates. This suggests that Tha4 and Hcf106 operate
either in series or as subunits of a heteromultimeric
complex. cpSecY antibodies inhibited translocation of
Sec pathway substrates but not of Delta pH or SRP
pathway substrates. These studies provide the first bio-
chemical evidence that Tha4 and Hcf106 are specific
components of the Delta pH pathway and provide one
line of evidence that cpSecY is used specifically by the
Sec pathway.
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fundamental cellular process, responsible for local-

ization of ~50% of the proteins in a eukaryotic cell.
Schatz and Dobberstein (1996) classified eukaryotic pro-
tein translocation into import-type systems and export-
type systems. Import systems translocate proteins from the
cytosol into organelles and appear to have evolved after
endosymbiosis. Export systems are derived from prokary-
otic systems for exporting proteins across the cytoplasmic
membrane and are present in the ER, the mitochondrial
inner membrane, and chloroplast thylakoid membranes.
Some proteins such as nucleus-encoded thylakoid proteins
are localized by sequential action of an import system and
an export system.

Recently, it has been shown that there are several differ-
ent export systems present in thylakoid membranes and
Escherichia coli plasma membranes (for reviews see Set-
tles and Martienssen, 1998; Dalbey and Robinson, 1999;
Keegstra and Cline, 1999). In the case of thylakoids, these
systems (or pathways) translocate distinct subgroups of
proteins and can be distinguished by energy and stromal
protein requirements, by competition with overexpressed

qunzm translocation across and into membranes is a
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precursors, and by identified components of the transloca-
tion machinery (Keegstra and Cline, 1999). One pathway,
termed the thylakoid Sec pathway, is responsible for trans-
location of plastocyanin (PC),! OE33, PSI-F, and the plas-
tid-encoded cytochrome F. The thylakoid Sec pathway ap-
pears to be homologous to the well-studied bacterial Sec
pathway (Economou, 1998) because it requires ATP and
cpSecA, a homologue of the bacterial SecA protein, and is
stimulated by the thylakoidal pH gradient (Keegstra and
Cline, 1999). The Sec pathway also employs membrane-
bound machinery (Robinson et al., 1996), which is as-
sumed to consist of cpSecY and cpSecE, homologues of
the bacterial translocon proteins, SecY and SecE.

A second pathway, the chloroplast signal recognition
particle (SRP) pathway, is responsible for targeting a fam-
ily of integral thylakoid proteins, the LHCPs (Li et al,,
1995), and probably also the plastid-encoded D1 protein
(Nilsson et al., 1999). The SRP pathway appears to be ho-
mologous to the bacterial and ER SRP pathways because

1. Abbreviations used in this paper: i, intermediate precursor form; LHCP,
light-harvesting chlorophyll a/b protein; m, mature form; OE33, OE23,
and OE17, 33-, 23-, and 17-kD subunits of the photosystem 11 oxygen-
evolving complex; p, precursor form; PC, plastocyanin; PSI-N, N subunit
of the photosystem | complex; PSII-T, T subunit of the photosystem 11
complex; SRP, signal recognition particle.
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it employs a chloroplast homologue of the SRP54 protein,
forms a soluble complex with LHCP substrates in the
stroma, and requires GTP for integration (Keegstra and
Cline, 1999). The chloroplast SRP system possesses some
unique features. It can operate posttranslationally, it lacks
an associated RNA, and it possesses a novel protein com-
ponent, cpSRP43, which apparently confers cpSRP54 with
its posttranslational capability (Schuenemann et al., 1998).
The chloroplast SRP system employs membrane protein(s)
(Robinson et al., 1996) that have not yet been identified.
One possibility is that the chloroplast SRP docks with a
Sec-like translocon, similar to the ER SRP (Walter and
Johnson, 1994) and the bacterial SRP (Valent et al., 1998).

A third thylakoid pathway is termed the Delta pH path-
way because it employs the thylakoidal pH gradient as
sole energy source for transport of lumenal proteins (Cline
et al.,, 1992). The Delta pH pathway is responsible for
transport of OE23, OE17, PSI-N, and PSII-T and exhibits
several distinctive and unusual features. It requires neither
NTPs nor soluble protein factors. Its substrates possess
conserved twin arginines in their signal peptide that, where
examined, are essential for transport (Chaddock et al., 1995;
Henry et al., 1997). Also, it seems capable of translocating
tightly folded proteins (Clark and Theg, 1997; Hynds et al.,
1998).

The Delta pH system was initially thought to be a eu-
karyotic innovation because of its unique properties (Rob-
inson and Klodsgen, 1994; Cline and Henry, 1996). How-
ever, identification of a component of the machinery
argues that it is of prokaryotic origin. Specifically, a maize
mutant, hcfl06, is selectively defective in the Delta pH
pathway (Voelker and Barkan, 1995). Hcfl06 encodes a
membrane protein that contains an amino-proximal trans-
membrane domain, a predicted amphipathic helix, and
an acidic COOH-terminal domain (Settles et al., 1997).
Hcf106 is present in thylakoids and is oriented with its am-
phipathic helix and COOH-terminal domain in the stroma
(Settles et al., 1997). Database searches showed Hcf106 to
be homologous to predicted proteins of unknown function
in a wide range of bacteria (Settles et al., 1997). Recent
studies in E. coli verify the existence of a prokaryotic
Delta pH-like pathway. Mutation of genes, encoding E.
coli Hcf106 homologues tatA, tatE (Sargent et al., 1998), or
mttA (tatB) (Weiner et al., 1998), causes defects in export
of a range of periplasmic redox proteins, all of which pos-
sess a twin arginine motif in their signal peptides (Berks,
1996). The E. coli tat operon contains a gene (tatC) for a
multispanning membrane protein that, when disrupted,
also impairs export of periplasmic redox proteins (Bogsch
et al., 1998). Homologues of TatC are encoded in chloro-
plast genomes of algae and a putative Arabidopsis chloro-
plast TatC homologue has been identified recently (Sum-
mer, E.J., and K. Cline, unpublished observations). A
further correlation between the E. coli and thylakoid sys-
tems comes from the finding that bacterial Tat signal pep-
tides direct efficient and exclusive transport by the thyla-
koid Delta pH system (Mori and Cline, 1998; Wexler et al.,
1998). These and other considerations argue that the bac-
terial Tat system is related in components and possibly
mechanism to the Delta pH system (Settles and Martiens-
sen, 1998; Dalbey and Robinson, 1999; Keegstra and
Cline, 1999).
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These observations raise several important questions
that are relevant for thylakoids and other prokaryote or
prokaryote-derived membranes. First, are Hcf106 and its
homologues directly involved in transport on the Delta
pH/Tat systems and, if so, what roles do they play in the
process? Currently, the only evidence for their involve-
ment in protein transport comes from mutant analysis.
Second, do the Delta pH/Tat systems and the cpSRP sys-
tem employ distinct translocons or do they converge with
the Sec-type translocon? Mutant and depletion analyses
have addressed this question, but the results are uncertain.
With regards to the Delta pH/Tat system, the E. coli Tat
substrate trimethylamine N-oxide (TMAOQO) reductase is
exported at normal levels in a conditional SecY mutant
strain at the nonpermissive temperature or in a strain de-
pleted of SecE (Santini et al., 1998), suggesting that the
Tat system is Sec-independent. On the other hand, in chlo-
roplasts, the cpSecY null mutant (Roy and Barkan, 1998)
is defective in transport on the Sec, SRP, and Delta pH
pathways. Furthermore, the cpSecY null exhibits a more
severe phenotype (virtual loss of thylakoids) than either
the cpSecA or Hcfl106 nulls individually, or even a double
mutant in both pathways, suggesting interdependency of
systems.

Here we have taken a biochemical approach to these
questions. Antibodies were raised to the maize Hcf106
protein and a related pea protein, psTha4. These antibod-
ies specifically inhibited transport of Delta pH pathway
substrates with the respective maize and pea thylakoid
membranes. Similarly, we have isolated a cDNA for pea
cpSecY and produced an antibody to its COOH terminus.
Antibody to cpSecY exclusively inhibited precursors that
employ cpSecA for their transport. This provides direct
evidence that cpSecY functions on the thylakoidal Sec
pathway. The fact that neither the cpSRP pathway nor es-
pecially the Delta pH pathway was affected by antibody to
cpSecY argues that the three kinds of thylakoid protein
translocation systems are distinct at the level of the trans-
locon.

Materials and Methods

cDNA Cloning of Pea cpSecY and Pea Tha4

The full coding regions of pea cpSecY and pea Tha4 were obtained in two
steps. Nearly full-length cDNA clones were isolated by screening a pea
lambda ZAP 11 cDNA library (a generous gift of Dr. Ken Keegstra, Mich-
igan State University, East Lansing, MI) using standard protocols. For
cDNA cloning of pea cpSecY, the hybridization probe was a DNA frag-
ment of Arabidopsis cpSecY (accession number AF144684). For cDNA
cloning of pea Tha4, the probe was a DNA fragment of maize Hcf106 (ac-
cession number AF027808) and Arabidopsis EST clone 182P20T7 (acces-
sion number H37534), which was identified by BLAST search as encoding
a protein homologous to maize Hcf106. Both of the cDNA clones isolated
were nearly complete but lacked initiation methionines. The missing 5’ se-
quences were isolated by 5'-RACE cloning (GIBCO BRL) following the
manufacturer’s recommendations. Clones containing the full-length cod-
ing regions for in vitro transcription and translation were engineered into
pGem 4Z (Promega) in the SP6 orientation. A cDNA clone for atHcf106
was isolated by RT-PCR using primers based on genomic sequence (ac-
cession number ABO19226) and was cloned into pGem T (Promega) in
the SP6 orientation. Sequencing of all clones on both strands was per-
formed by the University of Florida Interdisciplinary Center for Biotech-
nology Research (ICBR) DNA Sequencing Core Facility.

46



Expression and Purification of Stroma-exposed
Domains of Maize Hcf106 and Pea Tha4

The stroma-exposed domain of maize Hcf106 (hcf106sd) and the stroma-
exposed domain of psTha4 (thadsd) were expressed in E. coli as His-
tagged fusion proteins. The coding regions for amino acid residues 90-243
of maize Hcf106 and residues 78-137 of psTha4 were amplified by PCR
with forward primers containing Ndel restriction sites and an in-frame se-
guence for six histidine residues. A cDNA clone for Hcf106 in pGem 4Z
was used as template and the reverse primer was the pUC/M13 forward
primer corresponding to the pGem 4Z plasmid. The cDNA clone for
psTha4 was used as template and the reverse primer contained a Sacl re-
striction site. The amplified DNA fragments were digested with Ndel and
Hindl1l (maize hcfl106sd), or Ndel and Sacl (pea tha4sd), and cloned into
PETH3c (McCarty et al., 1991). The resulting plasmids were introduced
into BL21 (ADE3) and the expression was induced with IPTG. Both re-
combinant proteins accumulated in the soluble fraction of E. coli cells and
were purified by nickel-nitrilotriacetic acid agarose chromatography ac-
cording to the Novagen protocol. Purified protein was dialyzed against 20
mM Hepes-KOH, pH 8.0, and concentrated with a Centricon YM10.

Production of Antibodies

For cpSecY antibody production, the peptide NH,-CRAEIISQKYKN-
IELYDFDKY-COOH, equivalent to the COOH terminus of pea cpSecY
plus an NH,-terminal cysteine, was synthesized and cross-linked to key-
hole limpet hemocyanin by Genosys Biotechnologies. The keyhole limpet
hemocyanin-linked peptide was used as antigen. E. coli-expressed maize
hcf106sd and pea thadsd were used an antigens. Antibodies to the proteins
were prepared in rabbits by Cocalico Biologicals. 1gG was purified from
the serum with protein A-Sepharose as described (Harlow and Lane,
1988). 1gG was digested with immobilized papain (Pierce) at 37°C for 8 h
to produce Fab fragments. Undigested 1gG and Fc fragments were re-
moved by passing the reaction mixture through protein A-Sepharose sev-
eral times and the flow through was collected as Fab fragments. Purified
19G and Fab fragments were dialyzed against 20 mM Hepes-KOH, pH
8.0, concentrated with Centricon YM10 or YMS50 devices (Millipore), and
stored at —20°C. Immunodetection with all sera was performed with en-
hanced chemiluminescence (ECL; Amersham) according to the manufac-
turer’s manual.

Preparation of Chloroplasts, Lysates, Thylakoids,
Nonappressed, and Appressed Thylakoids

Intact pea chloroplasts were isolated from 9-10-d-old pea (Laxton’s
Progress 9) seedlings by a combination of differential and Percoll density
gradient centrifugation as described (Cline, 1986). Maize seeds were im-
bibed with running tap water for 2 d and seedlings were grown in vermicu-
lite for 6-7 d under 14 h of light (1,000 wE/m? per second) and 10 h of dark
at 26°C. Maize leaf blades were harvested, chopped to 0.5-1-cm pieces,
and then homogenized in GR medium (Cline, 1986) lacking MgCl, and
MnCl, (7-8 ml GR medium/g of leaves). Intact chloroplasts were isolated
by the procedure used for isolating pea chloroplasts (Cline, 1986), except
that Percoll gradients lacked MgCl, and MnCl,. Intact chloroplasts were
resuspended in import buffer (330 mM sorbitol, 50 mM Hepes-KOH, pH
8.0) at a concentration of 1 mg chlorophyll/ml. Washed thylakoids and
stromal extract were prepared from isolated chloroplasts (Cline et al.,
1993). Nonappressed thylakoid subfractions were prepared from thyla-
koids with digitonin according to Leto et al. (1985). Appressed thylakoid
subfractions were prepared by solubilizing thylakoids with Triton X-100
(Berthold et al., 1981), except that thylakoids were resuspended in buffer
containing 0.4 M sucrose, 10 mM NaCl, 5 mM MgCl,, 40 mM MES-KOH,
pH 6.5, with a final ratio of Triton X-100 to chlorophyll of 14 (wt/wt). In
addition, the second Triton X-100 treatment was omitted.

Preparation of Labeled Precursor Proteins

In vitro transcription plasmids for pLHCP and iOE23 from pea, iOE17
from maize, iOE33 from wheat, pPSI-N from Arabidopsis, and pPSII-T
from cotton have been described elsewhere (Cline et al., 1993; Henry et
al., 1994, 1997; Hulford et al., 1994). Capped RNA for authentic and inter-
mediate precursors was produced in vitro with SP6 polymerase (Cline,
1988). RNA was translated in a wheat germ system in the presence of
[*H]leucine or [*S]methionine (Cline, 1988), or in rabbit reticulocyte ly-
sate (Promega) in the presence of [*H]leucine following the manufac-
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turer’s guidelines. Translation products were diluted 3-12-fold and ad-
justed to import buffer containing 30 mM unlabeled leucine or 30 mM
unlabeled methionine.

Assays for Chloroplast Protein Import and Thylakoid
Protein Transport

Import of radiolabeled proteins into chloroplasts was conducted as previ-
ously described (Cline et al., 1993). Chloroplasts recovered from assays
were repurified or posttreated with thermolysin and then repurified. Re-
purified chloroplasts were analyzed directly or subfractionated into solu-
ble and membrane fractions. Transport of radiolabeled proteins into iso-
lated thylakoids was conducted with washed thylakoids supplied with
stromal extract as previously described (Cline et al., 1993). For antibody
inhibition of protein transport, washed thylakoids were suspended in im-
port buffer containing 10 mM MgCl, plus 3% BSA at 1 mg of chlorophyll/
ml and combined with Fab fragments or 1gG. The suspension was ad-
justed with 20 mM Hepes/KOH, pH 8, to a final chlorophyll concentration
of 0.33 mg/ml and antibody concentrations as indicated in figure legends.
After 1 hon ice, thylakoids were recovered by centrifugation at 3,200 g for
8 min and washed with import buffer containing 10 mM MgCl,. Aliquots
of pretreated thylakoids (equivalent to 25 g chlorophyll) were supple-
mented with stromal extract equivalent to 50 pg chlorophyll of intact chlo-
roplasts and Mg-ATP (5 mM final concentration) and then incubated with
radiolabeled proteins in a final volume of 75 pl. Reactions were con-
ducted at 25°C for 30 min in the light (70 wE/m? per second) and termi-
nated by transfer to ice. Thylakoids, recovered by centrifugation, were
posttreated with thermolysin, washed with import buffer containing 5 mM
EDTA, and then dissolved in SDS-PAGE sample buffer.

Immunoprecipitation

Radiolabeled cpSecY translation products or chloroplasts repurified after
protein import reactions were dissolved in 0.05 M Tris-HCI, pH 6.8, 2%
SDS, 4% glycerol, 2% B-mercaptoethanol, 10 mM EDTA, 0.008% bro-
mophenol blue and were heated at 100°C for 2 min. Samples were then di-
luted 12-fold in 10 mM Tris-HCI, pH 7.5, 5 mM EDTA, 140 mM NaCl, 1
mM PMSF, 1% Triton X-100. 10 pl of antibody to pea cpSecY or pea
Tha4 (as irrelevant antibody) was added and the samples were incubated
with shaking for 1.5 h at 4°C. 40 pl of protein A-Sepharose (packed volume
of beads washed in 10 mM Hepes-KOH, pH 8.0) was then added and
the samples shaken for an additional 30 min at 4°C. The protein
A-Sepharose/antibody/antigen complexes were pelleted (500 g, 2 min)
and washed three times in 10 mM Tris-HCI, pH 7.5, 5 mM EDTA, 140
mM NacCl, 0.2% Triton X-100. The final pellets were resuspended in 40 .l
SDS sample buffer, heated 2 min at 100°C, and the supernatant analyzed
by SDS-PAGE and fluorography.

Miscellaneous

Chlorophyll concentrations were determined according to Arnon (1949).
Protein concentrations were determined by the BCA method with BSA as
a standard (Pierce). Digitonin was purified by dissolving the commercially
obtained material (Calbiochem) in distilled water to a 10% aqueous solu-
tion, stirring overnight, and removing insoluble matter by centrifugation
at 35,000 g for 10 min. The supernatant was transferred to a new tube, cen-
trifuged as above, and the resulting supernatant lyophilized.

Results

cDNA Cloning of Pea cpSecY and Pea Tha4

Maize Hcf106 was shown to be a component required for
the Delta pH pathway in vivo (Voelker and Barkan, 1995).
To examine its role in thylakoid protein transport, the
stromal domain of Hcf106 was expressed in E. coli and an-
tibodies were prepared to the purified recombinant pro-
tein. Because our objective was to examine the involve-
ment of translocation components with pea chloroplasts,
where most biochemical analysis of thylakoid protein
transport has been carried out, we attempted to isolate
cDNA clones for pea Hcf106 and pea cpSecY.
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Screening for a pea Hcfl06 homologue employed a
mixed probe consisting of the maize Hcf106 cDNA and an
Arabidopsis cDNA obtained from the EST program (Fig.
1). A nearly full-length pea cDNA was isolated and ex-
tended by 5'-RACE. Similar to the Arabidopsis EST, the
pea cDNA encodes a protein that is related to Hcf106 in
the transmembrane domain and amphipathic helix, but
lacks the extended COOH-terminal acidic domain (Fig.
1). Based on sequence comparison, the predicted pea pro-
tein is more similar to Tha4, a newly identified maize pro-
tein that is related to Hcfl06 in sequence and function
(Walker, M.B., L.M. Roy, E. Coleman, R. Voelker, and A.
Barkan, manuscript submitted for publication), than it is
to Hcfl06. Accordingly, the pea protein has been desig-
nated psTha4. We have now isolated an Arabidopsis
cDNA, based on genomic sequence (accession number
AB019226), that appears to encode the authentic Hcf106
orthologue (Fig. 1).

The psTha4 cDNA encodes a protein with 137 residues.
The amino terminus has characteristics of a chloroplast
transit peptide. This was experimentally verified with an in
vitro chloroplast import assay. The psTha4 translation
product migrated at 19 kD (Fig. 2 A, lane 1). Upon incu-
bation with chloroplasts, a faster migrating 16-kD band
was produced that copurified with intact chloroplasts and
was protected from exogenous protease (Fig. 2 A, lanes 2
and 3). This indicates that the precursor was imported into
chloroplasts and processed to mature size. The imported
psTha4 protein fractionated predominantly with the thyla-
koid membranes (Fig. 2 A, lane 5) and was integrated into
the membrane as assessed by resistance to alkaline extrac-
tion (Fig. 2 A, lane 7). Similar to Hcf106, the hydrophilic
domain of imported psTha4 was exposed to the stromal
compartment as it was degraded by exogenous protease
(Fig. 2 A, lane 6).
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number AF027808), and Arabidopsis (atHcf106,
accession number AF139188) were aligned by
PILEUP (Genetics Computer Group) and the
alignment was enhanced by BOXSHADE (http://
www.isrec.isb-sib.ch/software/BOX_form.html),
which shows identical amino acids boxed in
black and related amino acids boxed in gray.

A partial pea cpSecY cDNA was isolated and then ex-
tended by 5’-RACE (accession number AF144684). The
predicted protein is highly homologous to other plant
cpSecY proteins, with notable sequence divergence only
in the amino-terminal transit peptide and the extreme
COOH terminus. Upon in vitro translation, two bands
were produced, one at 47 kD (Fig. 2 A, lane 1) and one mi-
grating slightly faster. Immunoprecipitation with an anti-
body to the cpSecY COOH terminus showed that the
larger translation product is the full-length precursor (Fig.
2 B, lanes 2 and 3). Incubation with chloroplasts produced
a major band of processed cpSecY protein at 42 kD and a
minor band migrating slightly faster (Fig. 2 A, lanes 2 and
3). The imported cpSecY fractionated with the thylakoid
membranes (Fig. 2 A, lane 5) was resistant to alkaline ex-
traction (Fig. 2 A, lane 7), but degraded by protease (Fig. 2
A, lane 6) to produce a 20-kD degradation product (data
not shown).

Antibodies against Maize Hcf106, Pea Tha4, and
Pea cpSecY

The stromal domains of Hcfl06 and psTha4 were ex-
pressed in E. coli with NH,-terminal His tags for purifica-
tion. Both proteins accumulated in the soluble fraction of
E. coli, presumably in a native conformation. Purified pea
tha4sd and maize hcfl06sd migrated on SDS-PAGE with
molecular masses of ~16 kD and ~35 kD, respectively
(Fig. 3 A, lanes 1 and 2). Both proteins were used as anti-
gens without further treatment.

Anti-psTha4 reacted on immunoblots with an ~16-kD
pea thylakoid polypeptide (Fig. 3 B, lanes 1 and 2). The
specificity of the reaction was verified by conducting the
antibody incubation in the presence of the thadsd antigen
(Fig. 3 B, lanes 3 and 4). Similarly anti-Hcf106 recognized
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into stroma (S, lane 4) and total mem-
branes (M, lane 5) and the membranes
treated with thermolysin (MP, lane 6),
or extracted with 0.2 M Na,CO5; (MC,
lane 7). Lane 1 contains the equivalent

of 1 wl of translation product and lanes 2-7 contain samples representing 5 pl of the amount of translation product added to the import
reaction. SDS-PAGE/fluorograms are depicted. (B) Radiolabeled pea cpSecY translation product (lane 1) or chloroplasts recovered
from an import reaction with precursor to cpSecY (lane 4) were immunoprecipitated with antibody directed against the COOH termi-
nus of pea cpSecY (see Materials and Methods) (lanes 2 and 5) or an irrelevant antibody (anti-psTha4; lanes 3 and 6) and the samples

were analyzed by SDS-PAGE/fluorography.

a ~35-kD band in maize thylakoids in an antigen-revers-
ible manner (Fig. 3 B, lanes 5-8). Anti-Hcf106 did not re-
act with pea thylakoids on immunoblots and anti-psTha4
did not react with maize thylakoids (data not shown).
However, as will be seen below, anti-Hcf106 binds to a pea
Hcf106 orthologue in its native form.

Three cpSecY synthetic peptides were used as antigens
in rabbits. These peptides correspond to several different
stroma-facing hydrophilic segments based on the topology
of E. coli SecY (Akiyama and Ito, 1987). Although all of
the resulting antibodies immunoprecipitated the cpSecY
translation product, only an antibody to the COOH-termi-
nal peptide reacted with immunoblots of thylakoid pro-
teins and inhibited translocation (data not shown). Anti-
body to the COOH-terminal 20 residues of pea cpSecY
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immunodecorated a 42-kD band in pea thylakoids (Fig. 3
C, lane 1) in an antigen-reversible manner (Fig. 3 C, lane
2). As seen above, the antibody also immunoprecipitated
the cpSecY translation product and imported protein (Fig.
2 B). Anti-pea cpSecY did not cross-react with maize
cpSecY (data not shown).

Pea cpSecY and psTha4 Are Integral Thylakoid
Proteins Located in the Nonappressed Membranes

Antibodies were used to verify the expected properties of
endogenous pea cpSecY and psTha4 (Fig. 4). As with the
imported proteins, endogenous psTha4 and cpSecY were
recovered primarily in the thylakoid membrane fraction
(data not shown). They were resistant to carbonate extrac-

Figure 3. Antibodies against
C pea cpSecY, psTha4, and maize
Hcf106. (A) Coomassie brilliant
blue-stained gel of E. coli-
expressed and purified pea

acpSecY tha_45d (500 ng, lane 1) and
— maize hcfl06sd (500 ng, lane 2).
antigen- — 4+ (B) Immunodetection of psTha4
97.4 — and maize Hcfl06. Pea thyla-
66.2 — koid proteins (equivalent to 5
wg chlorophyll, lanes 1 and 3),

450 amy pea thadsd (10 ng, lanes 2 and
4), maize thylakoid proteins

31.0- (equivalent to 2 g chlorophyll,
lanes 5 and 7), and maize

615 hcf106sd (10 ng, lanes 6 and 8)
: were separated by SDS-PAGE
14.4 — and transferred to nitrocellu-
i 8 lose membranes. Blots were

probed with anti-Hcf106 or anti-
psTha4. Antibodies were prein-

cubated without or with ~1 pg/ml of each antigen protein for 1 h on ice before immunodecoration. (C) Immunodetection of pea
cpSecY. Pea thylakoid protein (equivalent to 5 g chlorophyll) was separated by SDS-PAGE and blotted to nitrocellulose membrane.
The blots were immunodetected with anti-cpSecY that was preincubated without (lane 1) or with 1 pg/pl antigen peptide (lane 2) for

1 honice.
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Figure 4. cpSecY and psTha4 are integral membrane proteins of
the nonappressed membrane regions of thylakoids. Pea thyla-
koids were treated with import buffer (Mock, lane 1), 0.1 mg/ml
thermolysin (lane 2), or 0.2 M Na,COj (lane 3). Appressed mem-
branes (lane 4) and nonappressed membranes (lane 5) were pre-
pared from pea thylakoids (see Materials and Methods). Sam-
ples, equivalent to 5 pg chlorophyll of thylakoids, were
fractionated by SDS-PAGE, blotted to nitrocellulose, and pro-
teins were immunodetected by the ECL method with the anti-
bodies indicated to the left of the panel (top). A Coomassie-
stained gel of the samples is shown in the bottom panel. CF; «/B,
the two large subunits of the chloroplasts coupling factor, is a
marker for nonappressed membranes. LHCP is a marker for ap-
pressed membranes.

tion, but digested by added thermolysin (Fig. 4, lanes 2 and
3). A band corresponding to the 20-kD protease-protected
fragment of imported cpSecY was not immunodecorated
with anti-cpSecY (data not shown), indicating that the
protease protected fragment corresponds to an NH,-
terminal or internal fragment. These results verify that
cpSecY and psTha4 are integral membrane proteins ex-
posed to the stroma. Thylakoid membranes consist of two
structurally and functionally distinct domains, the nonap-
pressed membranes and the appressed membranes. Upon
subfractionation of thylakoids with digitonin (see Materi-
als and Methods), cpSecY and psTha4 were recovered
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with the nonappressed membranes (Fig. 4, lane 5) rather
than the appressed membranes (Fig. 4, lane 4). cpSecA,
which is peripherally associated with thylakoids (Fig. 4,
lanes 1 and 3), was also recovered in the nonappressed
membranes (Fig. 4, lane 5). Maize Hcf106 was localized in
the nonappressed membranes of maize thylakoids (data
not shown). These results are consistent with other studies
implicating the nonappressed membranes as the site of
protein transport/integration (Kirwin et al., 1988; Kohorn
and Yakir, 1990; Hashimoto et al., 1997).

Quantification of psTha4 on immunoblots by compari-
son to a standard dilution series of thad4sd showed that
psTha4 is present at ~150 fmol/ng chlorophyll of thyla-
koid, which corresponds to ~90,000 molecules per chloro-
plast. A similar quantification showed that Hcfl06 is
present at ~100,000 molecules per maize chloroplast. This
is interesting because our estimate of the number of active
Delta pH translocation sites in pea thylakoids is ~8,000
per chloroplast. This was estimated from the V,,, for
transport of iOE23 in an intact chloroplast (8,000/chloro-
plast per minute; Cline et al., 1993) and from the minimum
time required to observe a fully translocated protein on
the Delta pH pathway (1 min; Cline, K., unpublished re-
sults; Teter and Theg, 1998). This observation suggests
that Hcf106 and Tha4 are present in a great excess over
the functional translocation sites. cpSecY could not be re-
liably quantified with immunoblots.

Antibodies to Hcf106 Specifically Inhibit the Delta pH
Pathway of Maize Thylakoids

Genetic disruption of the maize Hcf106 gene and genes for
homologous proteins in E. coli results in mislocalization of
precursor proteins (Voelker and Barkan, 1995; Sargent
et al., 1998; Weiner et al., 1998). Fig. 5 provides biochemi-
cal evidence that Hcf106 is directly involved in Delta pH
pathway transport. Maize thylakoids were preincubated
with or without anti-Hcf106 IgG or with preimmune IgG.
The thylakoids were then washed with buffer and used for
in vitro transport/integration assays. Transport of Delta
pH pathway substrates, iOE17 and iOE23, was inhibited
~95% by anti-Hcf106 1gG (Fig. 5 A, lane 4), but not by
preimmune 1gG (Fig. 5 A, lane 6). Anti-Hcf106 had no ef-
fect on transport of Sec pathway substrates, iOE33 and
pPC, or on integration of the SRP substrate pLHCP.

Protein transport on the Delta pH pathway absolutely
depends on the thylakoidal ApH (Cline et al., 1992). To
verify that the ApH was not impaired by the antibody
treatment, the assays were conducted in the absence and
presence of the ionophores nigericin and valinomycin,
which completely dissipate the proton motive force (Fig. 5
A, lanes 2, 4, and 6). Transport of OE33 and PC and inte-
gration of LHCP are stimulated by the ApH, and translo-
cation levels are reduced 60-70% in its absence (Cline et al.,
1992; Yuan and Cline, 1994). As can be seen in Fig. 5, the
ApH-mediated stimulation of Sec pathway transport and
LHCP integration was similarly eliminated by ionophores
regardless of antibody treatment. Therefore, we conclude
that the binding of anti-Hcf106 1gG to maize thylakoids
did not compromise the thylakoidal ApH.

As preincubation of anti-Hcf106 1gG with maize thyla-
koids may induce aggregation of Hcf106 in the plane of
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Figure 5. Inhibition of Delta pH pathway protein transport by
antibodies to Hcf106. (A) Maize thylakoids were preincubated
with 0.1 mg/ml anti-Hcf106 or preimmune (PI) 1gGs. Thylakoids
were then washed and assayed for transport or integration of var-
ious precursors in the absence (lanes 1, 3, and 5) or presence
(lanes 2, 4, and 6) of 0.5 wM nigericin and 1.0 wM valinomycin
(Nig/Val). The radiolabeled precursors used in each assay are in-
dicated next to the panel. (B) Maize thylakoids were preincu-
bated with increasing amounts of anti-Hcf106 Fab fragments in
the absence or presence of 20 wM hcfl06sd or with PI-Fab. After
washing, the thylakoids were assayed for protein transport or in-
tegration. iOE17 (@, anti-Hcf106; A, plus hcfl06sd; ¥, Pl-Fab),
iOE23 (O, anti-Hfc106; A, plus hcfl06sd; V, P1-Fab), iOE33 ([0),
pPC (<), and pLHCP (H). Radiolabeled bands were extracted
from excised gel bands and quantified by scintillation counting.

thylakoids due to the divalent binding sites of 1gG, we pre-
pared monovalent Fab fragments from anti-Hcf106 1gG
and tested the Fab fragments with in vitro thylakoid pro-
tein transport assays (Fig. 5 B). Increasing concentrations
of anti-Hcf106 Fab fragments inhibited transport of Delta
pH pathway substrates, iOE17 and iOE23, nearly as well
as 1gGs. Preimmune Fab fragments had no effect on trans-
port, and the inhibition by anti-Hcf106 Fab fragments was
suppressed by inclusion of hcfl106sd during the antibody
incubation step. Anti-Hcf106 Fab fragments had no effect
on integration of pLHCP or on transport of iOE33 and
pPC. Thus, inhibition of Delta pH pathway transport re-
sulted directly from binding of the antibody, rather than as
a secondary effect of aggregation.

Mori et al. Thylakoid Protein Transport Components

Antibodies to psTha4 Specifically Inhibit the Delta pH
Pathway of Pea Thylakoids

A similar analysis was conducted with pea thylakoid mem-
branes and antibodies to psTha4 (Fig. 6). Preincubation of
pea thylakoids with increasing amounts of anti-psTha4
1gG inhibited protein transport of the Delta pH pathway
substrates iOE17 and iOE23. Preimmune IgG had no ef-
fect on transport, and the inhibition by anti-Tha4 was sup-
pressed by including antigen thadsd during the preincuba-
tion step. Transport of the Sec pathway substrate iOE33
and integration of the SRP pathway substrate pLHCP
were unaffected by anti-psTha4 1gG. Assays conducted in
the absence and presence of ionophores confirmed that
anti-psTha4 1gG binding did not compromise the thylakoi-
dal ApH (data not shown). These results indicate that
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Figure 6. Inhibition of Delta pH pathway protein transport by
antibodies to psTha4. Pea thylakoids were preincubated with in-
creasing amounts of anti-psTha4 IgG in the absence or presence
of 20 wM thadsd or with preimmune (P1) 1gG. After washing, the
thylakoids were assayed for protein transport or integration. (A)
Fluorogram of transport assays. Assay conditions were as shown
in the figure. (B) Quantification of transport assays shown in A.
iOE17 (@, anti-psTha4; A, plus thadsd; ¥, PI-1gG), iOE23 (O,
anti-psTha4; A, plus thadsd; V, P1-1gG), iOE33 ([J), and pLHCP
(). Radiolabeled bands were extracted from excised gel bands
and quantified by scintillation counting.
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psTha4 also directly functions in protein transport on the
Delta pH pathway.

Anti-Hcf106 or Anti-psTha4 Inhibits Transport of All
Known Delta pH Pathway Substrates

E. coli has three genes that are related to Hcfl106: tatA,
tatB, and tatE. Disruption of each of these genes singly
causes partial inhibition of the translocation of overlap-
ping sets of substrates (Sargent et al., 1998; Weiner et al.,
1998), whereas double mutations result in a more com-
plete inhibition (Sargent et al., 1998). One interpretation
of these genetic results is that individual Hcf106 homo-
logues have preferences for certain substrates. To assess
whether Hcf106 or Tha4 show any selectivity for substrate,
antibody inhibition experiments were conducted with four
well-documented Delta pH pathway substrates: OE23,
OEL17, PSI-N, and PSII-T. We observed that antibodies to
maize Hcfl06 inhibit the Delta pH pathway, but not the
Sec or SRP pathways, of pea thylakoid membranes (data
not shown). This allowed us to simultaneously test the ef-
fects of anti-Hcfl06 and anti-Tha4 with one membrane
system. As shown in Fig. 7, either anti-Hcf106 or anti-
psTha4 1gGs virtually eliminated transport of all Delta pH
pathway substrates with pea thylakoids. In the experiment
shown in Fig. 7, inhibition of PSII-T transport was not
complete. However, in other experiments anti-Tha4 in-
hibited PSII-T transport to the same extent as that of
the other substrates. Importantly, the inhibition by anti-
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Figure 7. Antibodies to Hcfl06 and psTha4 inhibit the entire
range of known Delta pH pathway substrates. Pea thylakoids
were preincubated with anti-Hcf106 1gG (1 mg/ml) or anti-
psTha4 1gG (0.5 mg/ml) in the absence or presence of 20 uM
hcf106sd or thadsd as shown above the panel. Thylakoids were
incubated with the corresponding preimmune IgGs at the same
concentrations. After washing, thylakoids were assayed for trans-
port of Delta pH pathway substrates (depicted to the left of each
panel). Assay conditions were as shown above the panels.
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Hcf106 was suppressed by hcf106sd, but not tha4sd (Fig. 7,
lanes 2-4), and the inhibition by anti-Tha4 was suppressed
by thadsd, but not by hcf106sd (Fig. 7, lanes 6-8). This sug-
gests that anti-Hcf106 binds to the pea Hcf106 orthologue.
Neither antibody inhibited the integration of LHCP (data
not shown), which was conducted as a control. We inter-
pret these results to mean that antibody binding to either
Hcf106 or Tha4 in vitro can disable the entire pathway.

Antibodies to cpSecY Specifically Inhibit Sec
Pathway Transport

To explore the function of cpSecY in thylakoid protein
transport, the effect of anti-cpSecY IgG on the three path-
ways was examined (Fig. 8). Preincubation of pea thyla-
koids with increasing amounts of anti-cpSecY inhibited
transport of Sec pathway precursors, iOE33 and pPC (Fig.
8 A, lanes 1-5). Inclusion of 20 wM antigen peptide during
the antibody preincubation step suppressed the inhibition
(Fig. 8 A, lanes 6 and 7). No inhibition was observed
for control thylakoids preincubated with preimmune IgG
(Fig. 8 A, lanes 8 and 9). These results demonstrate that
cpSecY operates in conjunction with cpSecA for thylakoid
Sec pathway transport. Anti-cpSecY 1gG had no effect on
transport of the Delta pH pathway precursors, iOE23 and
iOE17, or on integration of the SRP pathway substrate
pLHCP. Even at higher concentrations of cpSecY IgGs
(2.0 mg/ml), there was no inhibition of OE23 transport or
LHCP integration (data not shown). Of interest is that Fab
fragments prepared from anti-cpSecY IgG were ineffec-
tive inhibitors of Sec pathway transport (data not shown).
This contrasts with the situation of anti-Hcf106 inhibition
and suggests either that aggregation of the Sec translocons
is required for inhibition or that IgG inhibits Sec pathway
transport by steric hindrance.

Discussion

Hcf106 was first identified as a component of the Delta pH
transport pathway by genetic studies in maize, wherein
mutations in Hcfl06 resulted in defective transport of
Delta pH pathway substrates in vivo (Voelker and Bar-
kan, 1995) and in vitro (Settles et al., 1997). Subsequently,
point mutation or disruption of Hcf106 homologues in E.
coli was shown to result in defective transport and local-
ization of Tat substrates in vivo (Sargent et al., 1998;
Weiner et al., 1998). Here we have used specific antibodies
and in vitro assays to provide biochemical evidence that
Hcf106 is directly involved in the targeting and/or translo-
cation of proteins by the Delta pH pathway. Consistent
with in vivo results, anti-Hcf106 inhibited transport of
Delta pH substrates, but had no effect on transport by the
Sec pathway or on integration of the SRP substrate LHCP.

We also identified a gene from pea that is related to, but
not orthologous to, Hcf106. Our original intention was to
isolate the pea Hcfl06 orthologue. However, sequence
comparisons indicate that the pea protein as well as the
protein coded by the Arabidopsis EST are orthologues of
maize Tha4 (Fig. 1). Our data also support the idea that
the Delta pH pathway generally employs at least two
Hcf106-like proteins. Genetic studies in maize (Settles et al.,
1997; Roy and Barkan, 1998; Walker, M.B., L.M. Roy, E.
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Figure 8. Antibodies to cpSecY inhibit protein transport of
cpSecA-dependent substrates, but not those of the Delta pH or
cpSRP pathways. (A) Pea thylakoids were preincubated and
assayed for transport or integration as in Fig. 6 except that anti-
cpSecY 1gG and 20 wM antigen peptide were used. (A) A flu-
orogram of the transport assays. Precursors used and other
conditions were as shown in the figure. (B) Quantification of
transport assays shown in A. iOE33 (@, anti-cpSecY; A, plus an-
tigen peptide; V¥, PI-1gG), pPC (O, anti-cpSecY; A, plus antigen
peptide; V, PI-1gG), iOE17 (O, anti-cpSecY), iOE23 (O, anti-
cpSecY), and pLHCP (M, anti-cpSecY). Radiolabeled bands
were extracted from excised gel bands and quantified by scintilla-
tion counting.

Coleman, R. Voelker, and A. Barkan, manuscript submit-
ted for publication) and the existence of sequences for two
Hcf106 paralogues in Arabidopsis (Fig. 1) provide one line
of evidence for this conclusion. Antibody inhibition stud-
ies shown in Fig. 7 provide biochemical evidence that
there are two functional Hcf106-like proteins in pea thyla-
koids. Antibody to maize Hcf106 inhibited pea thylakoid
transport of Delta pH pathway substrates (Fig. 7), but
not Sec pathway substrates or LHCP (data not shown).
Furthermore, anti-Hcf106 inhibition was suppressed by
hcf106sd, the maize Hcfl106 antigen, but not by tha4sd, the
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pea Tha4 antigen (Fig. 7). Likewise, anti-Tha4 inhibited
the pea Delta pH pathway in a reaction that was only sup-
pressed by thadsd. This argues that anti-Hcf106 recognizes
a protein distinct from psTha4, most likely the pea Hcf106
orthologue. The inability of anti-Hcf106 to immunoblot
the pea orthologue may relate to the fact that the antibody
was raised to native expressed protein and that antibody
inhibition also involved binding to the native structure.

The antibodies against Hcf106 and Tha4 exerted a more
complete block in Delta pH transport than would be ex-
pected from analyses of mutant plants. In the hcf106 null
mutant, Delta pH substrates, OE23 and OE17, accumulate
to varying degrees between 10 and 40% (see Roy and Bar-
kan, 1998). Tha4 mutants exhibit an even less severe
phenotype than hcfl06, but this might be explained by
the existence of a second functional tha4 gene (Walker,
M.B., L.M. Roy, E. Coleman, R. Voelker, and A. Barkan,
manuscript submitted for publication). A similar situation
was seen with mutations of the tat genes in E. coli. Single
mutations of tatA or tatE result in partial disabling of Tat
transport. Only double mutations or deletion of the multi-
spanning membrane protein TatC result in a complete
block in the export of the five precursors tested (Bogsch
et al., 1998; Sargent et al., 1998). In contrast to these in
vivo results, either anti-psTha4 or anti-Hcf106 virtually
eliminated transport of four Delta pH transport substrates
(Fig. 7).

There are several possible explanations for the differ-
ence between in vivo and in vitro data. One possibility is
that in vivo, low transport levels may be compensated by
reduced protein turnover and increased protein synthesis.
In fact, pulse labeling of hcf106 maize leaves indicates that
protein transport is more severely blocked than protein
accumulation data suggest (Voelker and Barkan, 1995). In
addition, chloroplasts isolated from hcfl06 plants were
also severely defective in Delta pH transport in vitro (Set-
tlesetal., 1997).

Another possibility is that Hcf106 and Tha4 are part of
the same protein complex. Antibody binding to any of the
components of a critical multimeric complex might disable
the entire complex, whereas another family member might
replace a missing component in vivo. The structural simi-
larity of Tha4 and Hcfl06 suggests that they perform
highly related functions in the targeting/translocation pro-
cess. In this regard, it is notable that most bacterial species
and chloroplasts from at least three plant species have two
Hcf106 homologues, suggesting the possibility that they
function in heteromultimeric complexes (Settles and Mar-
tienssen, 1998).

SecY is an indispensable component for the bacterial
Sec pathway (Economou, 1998), where it functions as part
of the translocon, i.e., the membrane machinery through
which polypeptide chains are translocated. Chloroplast
SecY genes have been identified in several plants and al-
gae, but cpSecY function had not been experimentally
demonstrated. Here we present evidence that cpSecY
functions in the chloroplast Sec pathway. Antibodies to
cpSecY inhibited transport of proteins shown previously
to require cpSecA and ATP (Yuan et al., 1994). Thus,
cpSecY functions similarly to the bacterial SecY, which co-
operates with SecA for protein translocation.

There were at least two reasons to examine the involve-
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ment of the cpSecY in other thylakoid pathways. First is
that SecYEG/Sec61 is considered to be a general con-
served translocation channel (Matlack et al., 1998). When
combined with a variety of other proteins that serve as
motors, receptors, and channel gating mechanisms, several
distinct translocation machineries result. One of these is
the SRP-linked system. Second is the fact the cpSecY null
mutant has defects in Sec, Delta pH, and SRP pathways
and was more severe than either the cpSecA null or the
Hcf106 null mutants (Roy and Barkan, 1998). Thus, it was
plausible that cpSecY/E could function as part of more
than one pathway. However, antibody to cpSecY had no
effect on the Delta pH pathway in our experiments, sug-
gesting that cpSecY is not part of the Delta pH pathway
translocon. During the preparation of this manuscript,
Schuenemann et al. (1999) published a similar experiment
showing that antibody to Arabidopsis cpSecY does not in-
hibit OE23 transport. Other explanations are possible for
these results. For example, antibodies to E. coli SecY in-
hibit SecA and precursor binding to the membrane (Wa-
tanabe and Blobel, 1989; Hartl et al., 1990). Thus the effect
of cpSecY antibodies might be related to the function of
cpSecA, which is not employed on the Delta pH pathway.
Another possibility is that cpSecY exists in two different
translocon complexes that differ in their accessibility to
antibodies. In yeast, Sec61p, homologous to SecY, is a
component of two different translocons, one of which is in-
volved in posttranslational protein translocation, the other
in cotranslational translocation. Antibodies to the COOH
terminus of Sec6lp immunoprecipitates the cotransla-
tional Sec61 complex, but not the posttranslational com-
plex, apparently because of masking by additional compo-
nents present in the latter complex (Finke et al., 1996).
Nevertheless, our biochemical data are consistent with ge-
netic results that the E. coli Tat pathway is independent of
SecY and E (Santini et al., 1998) and lends overall support
to the idea that the Delta pH/Tat systems operate without
a Sec translocon.

A similarly important question regards the integration
of the SRP substrate LHCP. In E. coli, in vivo and in vitro
data indicate that for some precursors, SRP and Sec path-
ways converge at the translocon level, i.e., the SRP path-
way employs SecA and SecY/E for translocation (Valent
et al., 1998). The data presented here clearly showed that
integration of the chloroplast SRP substrate was unaf-
fected by antibodies to cpSecY. In addition, LHCP inte-
gration is not inhibited by azide, a SecA inhibitor, indicat-
ing that cpSecA does not participate in its integration
(Yuan et al., 1994). Thus, the chloroplast SRP substrate
LHCP seems not to utilize the Sec machinery for its inte-
gration, despite the fact that membrane protein(s) are re-
quired for LHCP integration. Whether this will hold true
for other chloroplast SRP substrates remains to be deter-
mined.

If the Sec translocon is not functional for the Delta pH
and SRP pathways, it raises intriguing possibilities as to
the identity and mode of action of such translocons. For
the Delta pH pathway, Hcf106 and Tha4 could conceiv-
ably play a role in the translocation step. The topology of
these proteins suggests that they serve as receptors for the
pathway. However, evidence for that role is currently lack-
ing. On the other hand, both proteins contain conserved

The Journal of Cell Biology, Volume 146, 1999

acidic and proline residues in their transmembrane do-
mains, suggesting that some of their function is conducted
within the bilayer. A TatC homologue is another candi-
date for the Delta pH pathway translocon. TatC was iden-
tified as essential for Tat pathway transport (Bogsch et al.,
1998). TatC as well as chloroplast homologues of TatC
are predicted to be multispanning membrane proteins.
As such, they invoke comparison with the multispanning
SecY. Another thylakoid membrane protein that appears
to play a role in thylakoid biogenesis is the chloroplast
Oxalp homologue, Albino3 (Sundberg et al., 1997; Hell
et al., 1998). The Albino3 protein is a candidate for the
translocation machinery used by the chloroplast SRP
pathway. Determining the role of each of these proteins in
the targeting and translocation step is certainly the next
challenge for understanding thylakoid protein transport
systems.
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