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The bacterial Sec and signal recognition particle (ffh-dependent) protein translocation 
mechanisms are conserved between prokaryotes and higher plant chloroplasts. A third 
translocation mechanism in chloroplasts [the proton concentration difference (ApH) 
pathway] was previously thought to be unique. The hcf l06 mutation of maize disrupts 
the localization of proteins transported through this ApH pathway in isolated chloro- 
plasts. The HcflO6 gene encodes a receptor-like thylakoid membrane protein, which 
shows homology to open reading frames from all completely sequenced bacterial ge- 
nomes, which suggests that the ApH pathway has been conserved since the endo- 
symbiotic origin of chloroplasts. Thus, the third protein translocation pathway, of which 
HCFI 06 is a component, is found in both bacteria and plants. 

Protein translocation across linid bilavers is 
accomplished by a small number of highly 
conserved pathways in both eukaryotes and 
prokaryotes (1 ). Two classes of preprotein 
recognition complexes have been identified 
in prokaryotes, and both utilize nucleotide 
triphosphates as an energy source mediating 
translocation. SecA-denendent transloca- 
tion requires adenosine triphosphate (ATP) 
and is inhibited hy NaN, (2) ,  whereas sig- 
nal recognition particle (SRP) substrates 
require guanosine triphosphate (GTP) (3). 
The nroton motive force sunnorts each of 
these pathways in bacteria (4). In higher 
plant chloroplasts, many of the protein 
components of the photosynthetic electron 
transport complexes are encoded by nuclear 
genes. These proteiils are synthesized in the 
cytoplasm and trallsported into the plastid 
and, when appropriate, across the thylakoid 
membrane (5). Preproteins are targeted to 
the thylakoid by translocation machinery 
that is homoloeo~us to the SecA and SRP - 
secretory machinery in Escherichin coli (6). 
A third targeting mechanism depends on 
the proton concentration difference (ApH) 
across the thylakoid membrane and is inde- 
pendent of soluble factors (7). This third 
pathway was previously thought to be 
unique to higher plant chloroplasts because 
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substrates for this nathwav are not found in 
cyanobacteria, which are the presumptive 
progenitors of endosymbiotic plant chloro- 
plasts (8). Substrate competition studies 
show that several molecular components 
regulate the translocation of thylakoid pro- 
teins in each pathway (9). 

In maize, hieh-chloronhvll fluorescent 
(hcfl mutants areUseedling:lethal nonphoto- 
synthetic mutants that possess near normal 
pigment levels but lack one or more ele- 
ments of electron transport activity (10). 
hcfl06 mutants are deficient in several thv- 
lakoid membrane complexes (photosystem I 
and I1 and the cvtochrome fib6 comnlex) but 
retain others [light-harvesting complex 
(LHCP) and the coupling factor ATPase] 
(1 1 ). In addition, the hcfl06 mutation results 
in unusual thylakoid membrane morphology 
(12). On the basis of these observations, it 
was previously postulated that hcf106 might 
encode a protein required for thylakoid pro- 
tein uptake and assembly (1 1 ). Mutant 
hcfl06 seedlings indeed acciuinulate precur- 
sors to proteins normally translocated by the 
ApH pathway, which indicates that they had 
not been translocated ( 13 ). Thvlakoiil Dro- 
teins transported by the 'othel: two path- 
ways are unaffected. The maize mutant 
thnl (thylakoid assembly) has similar 
pleiotropic effects on thvlakoid membrane 
complexes, but thal accumulates prepro- 
teins taken up by the chloroplast SecA 
(cpSecA) pathway, which suggests that 
thnl may be a component of that pathway 
( 1  3) .  The specific and co~nplementary na- 
ture of the thnl and hcf106 mutations sup- 
ports the notion that the corresponding 
genes encode components of each of these . 
two translocation pathways and thnl en- 
codes a protein homologous to pea 
cpSecA (14). Here we show that hcf106 
mutant chloroplasts are defective in thy- 
lakoid protein uptake and that Hcfl06 

encodes a receptor-like chloroplast mem- 
brane protein that is closely related to 
bacterial genes of pre.r~iously unknown 
function. These results imply that this 
third protein translocation pathway 
evolved first in prokaryotes. 

hcfl06 mutants accumulate low levels of 
ApH-transported proteins (1 3). The impact 
of the hcf106 mutation on the ApH path- 
way suggests that either the HCF106 pro- 
tein is a component of the targeting ma- 
chinery or the loss of HCF106 dissipates the 
requisite ApH, thereby inhibiting this path- 
way. To differentiate between these possi- 
bilities, we measured the ApH gradient 
maintained by thylakoid lnelnbrane vesicles 
from hcfl06, thal (cpSecA), and wild-type 
seedlings (15). Methylamine was used as a 
reporter of the transmembrane proton con- 
centration difference. Energized wild-type 
membrane vesicles accumulate 16.6 tiines 
more inethylamine than uncoupled vesicles 
that were de-energized with nigericin and 
valinomycin (n = 10). This accumulation 
ratio is consistent with a ApH of at least 
one pH unit. Vesicles made from hcf106 
thylakoid membranes accuinulated 4.3 
tiines inore methylamine (n = 6) and thal 
vesicles accumulated 4.7 times more meth- 
ylamine than did uncoupled controls (n = 
4). These data show that both mutations 
diminish the ability of these nonphotosyn- 
thetic thylakoids to generate and maintain 
a transmembrane pH difference. Neverthe- 
less, the thal mutants accumulate wild-type 
levels of ApH-targeted proteins (1 3),  thus 
demonstrating that this level of energiza- 
tion is sufficient to drive ApH-dependent 
translocation. We conclude from these data 
that the lower ApH observed in hcf106 
mutants is not the cause of the transloca- 
tion deficiency. 

To confirm that the hcf106 mutant chlo- 
roplasts are deficient in protein transloca- 
tion, purified chloroplasts from wild-type 
seedlings and seedlings hoinr~zygous for the 
null hcfl06 allele (1 6) were used for in vitro 
targeting and processing assays. We used 
the 17-kD and 33-kD polypeptides of the 
oxyge11-evolving complex (OE17 and 
OE33) as substrates for the ApH- and 
SecA-dependent pathways, respectively. In 
mutant and wild-type chloroplasts, radiola- 
beled precursors for the ApH (pOE17) and 
SecA (pOE33) pathways were s~~ccessfully 
imported into the stronla and processed to 
intermediate forms [iOE17 and iOE33, re- 
spectively (Fig. I)]. Translocation into the 
lulnen of the thylakoid results in a second 
processing step (6,  7) that removes an NH,- 
terminal lumen targeting domain and pro- 
duces mature forms of the proteins (OE17 
and OE33, respectively). Wild-t)-pe maize 
chloroplasts target and process pOE17 and 
pOE33 in the same way as pea chloroplasts, 
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with pOE17 being sensitive to ionophores 
and pOE33 sensitive to azide (Fig. 1, lanes 2 
through 4). Dissipation of the ApH with 
nigericin and valinomycin results in the 
specific accumulation of iOE17 (lane 4), 
whereas inhibition of the SecA pathway 
with azide results in accumulation of iOE33 
(lane 3). The hcfl06 mutant chloroplasts 
transport iOE33 correctly but fail to trans- 
port iOE17. Mutant chloroplasts accumu- 
late iOE17 but only process small quantities 
of mature protein (lane 5). The limited 
accumulation of mature OE17 can be inhib- 
ited by ionophores (lane 7). 

If HCF106 is a component of the target- 
ing machinery, biochemical studies predict 
that it should be a thylakoid membrane 
protein (1 7). The hcfl06-mum1 allele was 
cloned by exploitation of a Mu1 transpos- 
able element inserted in the promoter of 
the HcflO6 gene (18, 19). Full-length 
cDNA clones were obtained (20) and found 
to encode a peptide containing 243 amino 
acids (Fig. 2), with a predicted membrane- 
spanning domain from amino acid 68 to 89. 
The sequence NH2-terminal to this domain 
has a net positive charge, whereas the 
COOH-terminal domain has a net negative 
charge and a predicted isoelectric point (PI) 
of 4.2. 

Antibodies directed against recombi- 
nant fusion protein detect a 30-kD protein 
in wild-type chloroplasts that is absent from 
mutant chloroplasts [Fig. 3A, lanes 1 and 2 
(21 )I. HCF106 fractionates with thylakoid 
membranes after hypotonic lysis of intact 
chloroplasts (Fig. 3A, lanes 3 and 4). Mem- 
brane-bound HCF106 is partially extract- 

able with 4 M and 6 M urea but not with 
alkali or bromide extractions (Fig. 3B). In 
contrast, the peripheral membrane protein 
OE33 is extractable with all of these chao- 
tropes. HCF106 is sensitive to thermolysin 
digestion (Fig. 3C). In contrast, the lume- 
nal OE33 protein was protected in this 
assay. Thus, the bulk of the HCF106 pro- 
tein is exposed to the stromal compartment. 
These results are consistent with HCF106 
having a direct role in the ApH pathway, 
because soluble factors are not required and 
substrate uptake is also sensitive to mild 
protease treatment (7). The Ffh receptor 
FtsY and the membrane-bound form of 
SecA in bacteria are also oriented in this 
way (22). 

Database searches with the HCF106 se- 
quence revealed similarity to expressed se- 
quence tags (ESTs) from Arabidopsis thali- 
ana and rice, as well as to a homologous 
class of hypothetical bacterial proteins 
identified by genome sequence analysis of 
the bacteria Eschenchia coli, Mycobacterium 
kpae, Mycobacterium tuberculosis, Azoto- 
bacter chroococcum, Synechocystis PCC6803, 
Neisseria gonorrhoem, Bacillus subtilis, and 
Haemophilus influenza (23). In each case, 
the homology was restricted to the mem- 
brane-spanning domain and approximately 
40 residues of the adjacent COOH-terminal 
domain, which is predicted to form an am- 
phipathic alpha helix (Fig. 4). The remain- 
der of the protein sequences are unrelated 
at the amino acid level, although six out of 
the eight bacterial open reading frames 
(ORFs) have similar negative charge in the 
COOH-terminal domain (mean pI 4.9). 

Fig. 1. In vitro import assays comparing hcf106-mum3 mu- 
tant and wild-type chloroplasts, using ApH- and cpSecA- 
dependent precursors (31). Radiolabeled precursors (p) of 
OE17 and OE33 (lane 1) were assayed for import and pro- 
cessing in hcfl06-mum3 mutant and wild-type chloroplasts. 
Mutant chloroplasts process OE17 into a mature (m) form but 
to a much lower extent than wild-type chloroplasts (compare 
lanes 2 and 5). In addition, mutants accumulate a large 
amount of iOE17 (i), which indicates that the precursor is 
targeted to chloroplasts but is not translocated across the 
thylakoid efficiently. Residual translocation is still dependent 
on a pH gradient, because ionophores completely block pro- 
cessing of mature OE17 (lanes 4 and 7). The mutants show 
wild-type accumulation of mature OE33 (compare lanes 2 and 
5), which indicates that translocation via the Sec pathway is 
normal. This translocation is sensitive to azide (lanes 3 and 6), 
and the degree of inhibition is equivalent to that seen in pea 
chloroplasts (5). Nig/val, nigericin/valinomycin. 

Wild type hcflO6 
I t  , 

Azide: - + - - + - 
Nigtval : - - + - - +  

1 2 3 4 5 6 7  

cDNA sequence is avail- 
able through GenBank (accession number AF027808). The predicted membrane domain is underlined. 

The conserved membrane-spanning do- 
mains of the bacterial proteins are at the 
NH2-terminus, but HCF106 and the Arabi- 
dopsis EST have an additional NH2-termi- 
nal extension. Both maize and Arabubpsis 
NH2-terminal sequences are unrelated but 

MDH 0,- 

B 1 2  3  4 5  6 7  8 9 1011121314 

S P S P S P S P S P S P S P  

C o 2 5 10 15 20 30 rnin 
2 3 4 5 6 7  

Fig. 3. HCFlO6 is a thylakoid membrane protein 
(33). (A) Purified whole chloroplasts from hcfl06 
mutants and wild-type siblings (lanes 1 and 2) and 
the supematant and pellet of hypotonically lysed 
chloroplasts (lanes 3 and 4) are shown. The pro- 
teins were separated by SDS-PAGE, blotted, and 
probed with antibodies against HCF106, the stro- 
ma1 protein malate dehydrogenase (MDH), and a 
membrane protein that contains multiple trans- 
membrane domains (LHCP). (B) Purified thylakoid 
membranes were extracted with sonication and a 
variety of chaotropic agents (34). Protein gel blots 
were probed with antibodies against HCF106, a 
peripheral membrane protein (OE33), and LHCP. 
Lanes 1, 3, 5, 7, 9, 11, and 13, extracted super- 
natants (S); lanes 2, 4, 6, 8, 10, 12, and 14, thy- 
lakoid membrane-associated proteins (P). The 
membranes were untreated (lanes 1 and 2); son- 
icated (lanes 3 and 4); or extracted with 0.2 M 
NqCO, (lanes 5 and 6), 0.1 M NaOH (lanes 7 and 
8), 2 M NaBr (lanes 9 and lo), 4 M urea (lanes 11 
and 12), or 6 M urea (lanes 13 and 14). (C) 
HCFlO6 faces the stroma. Thylakoids were treat- 
ed with thermolysin as described (35). Samples 
were removed before digestion (lane 1) or after 2 
min (lane 2), 5 min (lane 3), 10 min (lane 4), 15 min 
(lane 5), 20 min (lane 6), or 30 rnin (lane 7). 
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resemble chloroplast-targeting domains. 
This would account for the difference in 

arginine nlotif ( 2 6 ) .  The same motif is also 
essential for efficient translocation of 

been recruited to deliver photosystem pro- 
teins that evolved after the divergence of 

migration of the in vitro translated and 
mature HCF106 protein on SDS gels and is 
consistent with the localization of HCF106 
in chloroplasts ( 2  1 ). 

The E. coli homolog of HCF106 is pre- 
dicted to be within an operon encoding 
several other hypothetical proteins. Two 
of these ORFs were also found in A .  chroo- 
coccurn, N .  gonorrhoeae, B .  subtilis, H.  in- 
fluenzae, M .  leprae, and M. tuberculosis by 
BLAST searches ( 2 3 ) .  The gene linkage 
and order are the same in each organism. 

ApH-targeted proteins across the thyla- 
koid membrane in chloroplasts (17, 2 7 ) .  
Berks ( 2 8 )  has proposed that this motif 
may define a common secretory pathway 
for proteins binding complex redox factors 
in bacteria and for a subset of chloroplast 
thvlakoid memoteins. In contrast. Robin- 

" 
chloroplasts and cyanobacteria. 

Why do bacteria and chloroplasts have 
multiple secretion pathways? Possibly these 
pathways are needed to avoid catastrophic 
feedback when demands on orotein secre- 
tion are high. If there were only one set of 
targeting machinery, then the machinery 
itself would need to be incorporated into 
the membrane in competition with its own 
substrates, leading to fewer export sites. A 
similar argument can be made for substrates 
having a choice between alternate path- 
ways, for which there is some evidence in 
Chlarnydornonas and pea chloroplasts and in 
E.  coli ( 2 9 ) .  Alternatively, multiple path- 
ways may simply reflect the diversity of 
membrane and secreted oroteins that are 

son and Klasgen (8) have proposed that 
the hpH pathway in chloroplasts could be 
a relativelv late evolutionarv develo~ment 
because none of the known'photosyhthet- 
ic substrates are found in cvanobacteria. " 

Although the functions of these genes are 
not known in most of these bacteria, the 
Azotobacter operon is required for Hz-de- 
pendent respiration ( 2 4 ) .  Hz-dependent 
resoiration uses secreted hvdrogenases to 

Membrane-bound hydrogenase activity in 
A. chroococcurn is mislocalized to soluble 
fractions when the HCF106 homolog is 
disrupted ( 2 4 ) .  The discovery that homol- 
ogous genes regulate each pathway leads 
~rs  to propose that the chloroplast hpH 
pathway and the bacterial redox protein 
secretory pathway are closely related. In 
plastids, this same pathway has apparently 

, " 

recycle H2 produced by nitrogen fixation 
and fermentation ( 2 5 ) .  The P subunits of 
these bacterial hydrogenases have signal 

translocated in prokaryotes. Complex redox 
factors have special folding requirements for 
protein translocation, and the dedication of 
the Hcfl06 pathway in bacteria to mem- 
brane assemblv of these  rotei ins mav be 

sequences that contain an essential twin 

related to these requirements (28). 
' 

Note added in proof: There is a second E .  
coli open reading frame, ybeC, that should 
be grouped with this homologous class of 
genes. ybeC shows better similarity to the 

Z. mays 
A, thaliana 
Synechocystis PCC6803 
6. subtilis 
E. coli 
A. chroococcum 
H. influenzae 
M. leprae 
N. gonorrhoeae 

gene family after the recent corrections to 
the E ,  coli genome sequence ( 3 0 ) .  
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Fig. 4. HCFl06 has homology to several ORFs from bacterial genomes (31). (A) Al~gnment of HCFl06 
with predicted peptides from a variety of prokaryotic species as w e  as an A. thaliana EST. Highghted 
res~dues show ident~ty to the consensus sequence. Residues that are ident~cal n all of the peptides are 
h~ghighted n the consensus, and the pred~cted membrane doma~n IS underlined. The pred~cted 
amphipathic helices are conserved. (B) Schemat~c of the alignment. The COOH-termna domains of all 
of these proteins have acidic p s ,  with the except~on of the H. influenzae prote~n. The 5. subtilis sequence 
appears to be truncated. The malze and A. thaliana sequences have predicted chloroplast-targetng 
domains. The Synechocystis sp, and H. influenzae NH,-terminal doma~ns do not have pred~cted 
funct~ons. 
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HCFI 06 Into purlfled pea and malze chloroplasts (K. 
Cl~ne and A M. Settles, unpubl~shed data). Both 
precursor and mature protens mgrate on SDS gels 
much more slowly than predicted by the deduced 
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CD4-Independent Binding of SIV gp120 to 
Rhesus CCR5 

Kathleen A. Martin, Richard Wyatt, Michael Farzan, 
Hyeryun Choe, Luisa Marcon, Elizabeth Desjardins, 
James Robinson, Joseph Sodroski," Craig Gerard," 

Norma P. Gerard* 

CCR5 and CD4 are coreceptors for ~mmunodeficiency virus entry into target cells. The 
gp120 envelope glycoprotein from human immunodeficiency virus strain HIV-l(YU2) 
bound human CCR5 (CCR5,") or rhesus macaque CCR5 (CCR5,,) only in the presence 
of CD4. The gpl20 from simian immunodeficiency virus strain SIVmac239 bound CCR5,, 
without CD4, but CCR5,, remained CD4-dependent. The CD4-independent binding of 
SIVmac239 gp120 depended on a single amino acid, Aspi3, in the CCR5,, amino- 
terminus. Thus, CCR5-binding moieties on the immunodeficiency virus envelope gly- 
coprotein can be generated by interaction with CD4 or by direct interaction with the CCR5 
amino-terminus. These results may have implications for the evolution of receptor use 
among lentiviruses as well as utility in the development of effective intervention. 

H I V - 1  entry is medlated bv the viral en- target cell coreceDtor of the seve11-trans- 
velope glycoprotein complex consisting of membrane-spanning G protei11-coupled re- 
the exterior glycoprotein, gp120, and the ceptor family (3-5). Formation of this corn- 
transmembrane glycoprotein, gp41 (1 ). plex is believed to induce a conformational 
CD4 acts as the primary target cell receptor, change exposing the gp41 ectodomain, 
binding to the gp120 glycoprotein (2 ) .  The which mediates fusion of the viral and tar- 
gp120-CD4 complex requires an additional get cell membranes (6) .  
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