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The SecA protein is an essential, azide-sensitive component of the bacterial protein 
translocation machinery. A SecA protein homolog (CPSecA) now identified in pea chlo- 
roplasts was purified to homogeneity. CPSecA supported protein transport into thyla- 
koids, the chloroplast internal membrane network, in an azide-sensitive fashion. Only one 
of three pathways for protein transport into thylakoids uses the CPSecA mechanism. The 
use of a bacteria-homologous mechanism in intrachloroplast protein transport provides 
evidence for conservative sorting of proteins within chloroplasts. 

Nuclear-encoded proteins destined for the 
thylakoid lumen are made in the cytosol as 
larger precursors with bipartite NH,-termi- 
nal extensions that coordinate a two-step 
localization process (I). Stroma-targeting 
domains eovern im~ort across the chloro- " 
plast envelope membranes and are removed 
by a protease in the stroma; lumen-targeting 
domains further direct the resulting inter- 
mediates across the thylakoid membrane. 
Because of the endosymbiotic origin of 
chloroplasts from an ancestral cyanobacte- 
rium, it has been speculated that protein 
transport into plant thylakoids resembles 
protein export across the cytoplasmic mem- 
brane of prokaryotes (2). Evidence suggest- 
ing a thylakoid system homologous to the 
general pathway for bacterial protein export 
(3) has accumulated. First, the lumen-tar- 
geting domains of thylakoid lumenal pre- 
cursor proteins are similar to prokaryotic 
signal sequences (4) and function as such in 
Escherich coli (5). Second, the cleavage 
specificity of the thylakoidal peptidase that 
removes lumen-targeting signals is identical 
to that of the E. coli signal peptidase (6). 
Third, secA and secY gene homologs are 
present in the plastid genomes of various 
algae (7, 8). 

Azide is an inhibitor of bacterial protein 
exDort owine to its interference with the " 
SecA translocation adenosine triphos- 
phatase (9). It was previously reported (10- 
12) that azide inhibits thylakoid transport 
of certain lumenal proteins. When plasto- 
cyanin (PC) and the 33-kD subunit of the 
oxygen-evolving complex (OE33) were im- 
ported into chloroplasts in the presence of 
sodium azide, intermediates accumulated, 
indicating that thylakoid transport was in- 
hibited (Fig. 1A). In contrast, the thylakoid 
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localization of the 23-kD and 17-kD sub- 
units of the oxygen-evolving complex 
(OE23 and OE17) was unaffected by azide; 
only mature forms of the proteins accumu- 
lated. Sodium azide had similar effects on 
protein transport when conducted with isol 
lated thylakoid membranes (Fig. 1B). Inte- 
gration of a membrane protein, the light- 
harvesting chlorophyll a/b protein (LHCP), 
was also unaffected by sodium azide (Fig. 
1B). These results confirm and extend pre- 
vious studies (10-12) of proteins that ex- 
hibit azide-sensitive transport. 

There are at least three pathways for 
protein transport into thylakoids (10); PC 
and OE33 are transported on one pathway. 
Azide inhibition of transport of PC, OE33, 
and a chimera1 protein that has the OE33 
lumen-targeting sequence and the OE17 
mature sequence (12) indicates that azide 
sensitivity is a pathway characteristic and 
suggests that this pathway uses a mechanism 
similar to that of the SecAdependent sys- 
tem in bacteria. PC and OE33 transport also 
exhibit similar energy requirements to those 

Fig. 1. Effect of azide on 
protein transport into 
thylakoids assessed with 
intact chloroplasts dur- 
ing import (A) or with iso- 
lated thylakoids during 
transport (B). Radiola- 
beled precursors @) of 
PC, OE33, OE23, and 
OE17 from pea were as- 

of SecAdependent transport in E. coli (1 3). 
To identify a chloroplast SecA homolog, 

we prepared an antibody to a peptide that is 
conserved among bacterial SecA proteins 
and deduced algal SecA protein sequences. 
This peptide, from residues 95 to 222 of the 
deduced Pawlova lutherii gene product (7), 
contains sites identified in E. coli SecA for 
adenosine triphosphate (ATP) binding and 
azide sensitivity suppression (14) and a site 
in BmMUus subtilis SecA necessary for func- 
tional complementation of E. coli SecA 
mutants (15). Antibody to this peptide re- 
acted specifically with the 102-kD (3) SecA 
protein from E. coli (Fig. 2A) and with a 
protein of - 110 kD from pea chloroplasts. 
The chloroplast SecA (CPSecA) was main- 
ly in the stromal fraction, but was also 
present in trace amounts in thylakoid and 
envelope membrane fractions. 

CPSecA was purified from stromal ex- 
tract (SE) by a combination of convention- 
al and high-performance chromatography 
steps (1 6) with immunoblotting as an assay. 
Purified CPSecA was homogeneous as as- 
sessed by Coomassie blue staining of the 
SDS-polyacrylamide gel (Fig. 2B). From an 
immunoblotting dilution series it was esti- 
mated that about 0.4% of the stromal pro- 
tein was CPSecA, that is, there was a 250- 
fold purification. This amount of CPSecA 
in chloroplasts is comparable to that of 
SecA in E. coli, in which SecA represents 
0.25 to 0.5% of total cellular protein (1 7). 
Purified CPSecA eluted from a Superose 6 
gel filtration column as a homodimer with a 
size of 200 to 250 kD (18). Escbichia coli 
SecA has been shown to function as a 
homodimer (1 9). 

CPSecA was tested for its ability to sup- 
port protein transport into isolated thyla- 
koids. Transport of PC and OE33 requires 
SE and does not occur in its absence (1 3, 

sayed for import and 1 1 -. 

subsequent localization C -P -. 
with intact chloroplasts WE23 - - - -h 

- - 
(25) in the absence or [NaN,] ( m ~ )  o 2 5 10 INaN,I (mM) 
presence of increasing 
concentrations of sodium azide. ~ a n e  P contains the radiolabeled precursor proteins added to each set 
of assays (lanes 1 to 4). Accumulation of the mature forms (m) of the proteins indicates that the imported 
proteins have been transported into thylakoids. Accumulation of intermediate species (i) indicates that 
thylakoid transport of the imported proteins was inhibited. The intermediates il and i2 accumulate when 
thylakoid localization of PC from pea is inhibited (10). (B) Transport of PC m, OE33 (A), OE23 (U), and 
OE17 (A) from pea and PC (0) from Arabidopsis thaliana and integration of pLHCP (0) from pea into 
thylakoids (25) were canied out with chloroplast lysates in the absence or presence of increasing 
concentrations of sodium azide. 
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Fig. 2. Detection and purification of a SecA ho- 
molog from pea chloroplasts. (A) lmmunoblotting 
of E. cdi and chloroplast protein with an antibody 
to a conserved peptide deduced from an algal 
secA gene (26). Lane 1, total E. coli protein from 
strain TI31 (60 pg); lane 2, soluble extract of E. coli 
cells BL21(hDE3) harboring the SecA-overex- 
pression plasmid pT7-secA (2 pg) (27); lane 3, 
total chloroplast protein (25 pg); lane 4, stromal 
protein (1 1 pg); lane 5, thylakoid protein (1 1 pg); 
and lane 6, total envelope protein (14 pg). (B) 
Protein profile of the Coomassie blwtained gel 
of the CPSecA-containing fraction from each pu- 
rification step. Lane 1, total stromal protein (1 2.5 
pg); lane 2, ammonium sulfate precipitation (1 1.5 
pg); lane 3, DEAE-Sepharose ion exchange (3.5 
pg); lane 4, hydroxylapatiie chromatography (5 
pg); lane 5, Sephacryl S-300 gel filtration (1.75 
pg); lane 6, Mono-Q ion exchange (1 pg): and lane 
7, Hydropore hydrophobic interaction chroma- 
tography (2 pg). (C) An immunoblot of the Sam- 
ples shown in (5). 

20) (Fig. 3). CPSecA could replace SE for 
PC and OE33 transport (Fig. 3). A 
Sephacryl S-300 gel filtration fraction that 
contained more stromal protein but was 
devoid of CPSecA could not support trans- 
port (Fig. 3), which demonstrates the spec- 
ificity for CPSecA. Integration of LHCP 
also requires the presence of stromal protein 
(or proteins) (21 ), but CPSecA was unable 
to replace SE for LHCP integration (Fig. 3), 
consistent with evidence that LHCP uses a 
separate pathway for integration (10). 
CPSecA had no effect on OE23 and OE17 
transport. Transport of these proteins into 
the lumen occurs by a different pathway 
that is both nucleotide- and stromal pro- 
tein-independent (1 0, 22). 

Transport of PC and OE33 increased 
with increasing concentrations of CPSecA 
(Fig. 4A). Comparable amounts of trans- 
port were obtained in a 75-p1 assay with 
either 0.5 pg of purified CPSecA or 125 pg 
of stromal protein (estimated to contain 0.5 
pg of CPSecA) (Fig. 4A). Purified 
CPSecA-supported transport of PC and 
OE33 was inhibited by sodium azide and 
gave a similar azide inhibition profile as 
that of SE-supported transport (Fig. 4B). 

Thus, one of at least three pathways for 
protein transport across or into the thyla- 
koid membrane ( 10) uses a CPSecAdepen- 
dent translocation mechanism. CPSecA 
displays all of the hallmarks of bacterial 
SecA: It reacts with SecA-specific antiser- 
um and is approximately the same size as 
the E. coli SecA; it exists in solution as a 
homodimer and supports transport of signal 
peptide-bearing precursors; it mediates 
transport of proteins previously shown to 
require ATP (13, 20); and its activity is 
sensitive to inhibition by azide. Although 
only PC and OE33 have been confirmed to 
be on the CPSecAdependent pathway, the 
concentration of CPSecA in chloroplasts is 
as high as that of SecA in E. coli, in which 
virtually all of the periplasmic and outer- 
membrane proteins are probably transport- 
ed by the SecA-dependent mechanism. 
This suggests that other chloroplast pro- 
teins may rely on CPSecA for membrane 

Fig. 8 Reconstiiion of protein transport with purified CPSecA 
and isolated thylakoids. Radiolabeled full-length or intermediate- 
sized precursor proteins were mixed with thylakoids and assayed 
for transport or integration with total stromal protein (315 pg per 
assay, lane I), in the absence of soluble protein (lane 2), with 
purified CPSecA (1.2 pg per assay, lane 3), or with a stromal 
fraction from gel filtration that lacked CPSecA (26 pg per assay, 
lane 4). Lane P contains the radiolabeled precursor proteins add- 
ed to each set of assays. Radiolabeled proteins used in this ex- 
periment were pPC from A. thaliana, WE33 and iOE33 from 
wheat (20), and pLHCP, @El 7, and iOE23 (10) from pea. Purified 
CPSecA was prepared for assay by buffer exchange on a Super- 
ose 6 gel filtration column. Assays were done as described (25) 
except that each received 4 mM ATP and 4 mM guanosine 
triphosphate. All assay volumes were 75 pI and contained the 
same buffer composition. 
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Fig. 4. (A) Transport of PC and OE33 in the pres- 
ence of increasing concentrations. of purified 
CPSecA. Radiolabeled pPC and WE33 were as- 
sayed for transport into isolated thylakoids in the 
presence of total stromal protein (SE, 125 pg per 
assay) or varying amounts of CPSecA (micro- 
grams per assay). Lane P contains the radiola- 
beled precursor proteins added to each set of 
assays. The precursors were pPC from A. thaliana 
and WE33 from wheat. All assay volumes were 
75 (11. (B) Inhibition of SE-supported or CPSecA- 
supported transport of PC and OE33 by sodium 
azide. Sodium azide at concentrations of 2,5, and 
10 mM was included in transport assays (75 pl) 
supported by SE protein (315 pg per assay) or 
CPSecA (1.2 pg per assay) as described (25). 

transport. There are approximately 60 ma- 
jor polypeptides identified for the thyla- 
koids (23). many of which are encoded and 
synthesized within the plastid. Little is 
known about the assembly pathways for 
these proteins. It is possible that they rely 
on CPSecA for membrane transport, that 
plastid envelope proteins require CPSecA 
for transport, or both. 

The identification of a SecA homolog in 
chloroplasts and the demonstration that it 
is necessary for transport of a subset of 
thylakoid proteins provide direct evidence 
for conservative sorting of proteins inside 
the chloroplast. According to the conserva- 
tive sorting hypothesis (2), nuclear-encod- 
ed proteins destined for the inside of the 
chloroplast are imported into the organelle 
by a common translocator in the chloro- 
plast envelope membranes (10) and then 
delivered to routing pathways derived from 
the ancestral endosymbiont. 
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Experimental Evidence That Competition 
Promotes Divergence in Adaptive Radiation 

Dolph Schluter 

Interspecific competition driving divergence in adaptive radiation has not previously been 
tested experimentally. Natural selection on a morphologically variable species of stickle- 
back fish was contrasted in the presence and absence of a close relative. Selection was 
nondirectional when the target species was alone, whereas addition of the second species 
favored individuals most different from it morphologically and ecologically. Dispropor- 
tionately severe competition between similar phenotypes indicates frequency-dependent 
selection, verifying a crucial element of theory of competition and character divergence. 
The findings help resolve outstanding debates on the ecological causes of diversification 
and the evolutionary consequences of competitive interactions. 

T h e  ecological causes of adaptive radiation 
are poorly understood. Especially conten- 
tious is the issue of whether rates and pat- 
terns of speciation and morphological di- 
vergence have been greatly affected by re- 
source competition between species ( 1 ) .  
This debate mirrors a long-standing issue in 
ecological research: whether differences be- 
tween coexisting species are commonly the 
outcome of ecological character displace- 
ment (evolutionary change resulting from 
interspecific competition) (2-4). Conflict- 
ing views have been difficult to resolve 
because evidence is scarce and entirely cor- 
relative. I addressed the problem experi- 
mentally by measuring the strength of di- 
vergent natural selection between closely 
related, morphologically similar species. 

Threespine sticklebacks (Gasterosteus 
aculeatus complex) inhabiting small lakes of 
coastal British Columbia, Canada, were 
used for the studv. The collection of suecies 
diversified very recently, mainly at the end 
of the Pleistocene (513,000 years ago) (4, 
5 ) .  Earlier work suggested that coexisting 
pairs of species were character-displaced 
(4): One species (the "benthic") feeds on 
benthic invertebrates in the littoral zone 
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and is large and deep-bodied with few, short 
gill rakers and a wide gape; the other species 
(the "limnetic") feeds on plankton, is small 
and slender, and has long, numerous gill 
rakers and a narrow gape. Species occurring 
alone in lakes are intermediate in body form 
and exnloit both benthic and nlankton hab- 
itats. These morphological differences are 
strongly associated with feeding efficiency 
and growth rate in the two habitats (6, 7). 
The uattern is renlicated over several wa- 
tersheds and is a general characteristic of 
radiations of fish taxa that inhabit low- 
diversity post-Pleistocene lakes (8). 

The experiment was carried out in sum- 
mer 1993 in two divided 23 m by 23 m 
ponds on the University of British Colum- 
bia campus (9). The solitary species from 
Cranby Lake, Texada Island, was the target 
of the experiment; it is morphologically 
intermediate between benthic and limnetic 
species (4). The limnetic species from near- 
by Paxton Lake was the potential compet- 
itor. This species is morphologically and 
ecologically most similar to one extreme of 
the range of phenotypes in the Cranby spe- 
cies (4) (Table 1). The goal of the experi- 
ment was to test the prediction from theory 
that individuals at this extreme should suf- 
fer disproportionately when the limnetic 
species is added, generating natural selec- 
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