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In chloroplasts, Hsp70 and Hsp100 
chaperones have been long suspected 

to be the motors that provide the neces-
sary energy for the import of precursor 
proteins destined to the organelle. The 
chaperones associate with the import 
translocon and meet the transit peptides 
as they emerge through the channel. 
After decades of active research, recent 
findings demonstrated that Hsp100 
chaperones recognize transit peptides 
both in vitro and in vivo. Moreover, 
Hsp70 also plays a part in precursor 
import. The updated model of protein 
translocation into chloroplasts now pres-
ents new questions about the role of the 
chaperones in the process.

The term molecular chaperone was first 
coined to describe a group of proteins 
that assist in the correct folding of other 
polypeptide chains.1 Eventually, other 
functions were discovered such as (dis)
assembly of protein complexes, transloca-
tion across membranes and degradation of 
proteins damaged beyond repair, to name 
a few. All in all, molecular chaperones reg-
ulate protein levels within a normal range. 
For this reason, they are recognized as 
being key players in maintaining cellular 
proteostasis.2

In chloroplasts, members of the Hsp60 
(chaperonins), 70 (DnaK-like), 90, 100 
(Clp) as well as other small Hsps were 
identified.3 In particular, the stromal Clp/
Hsp100 family has received much atten-
tion due to its central role in protein deg-
radation and precursor import.

ClpA, the first member of Clp/Hsp100 
proteins, was discovered in Escherichia coli 
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as part of a bipartite proteolytic complex.4 
One component is made by ClpP, which 
assembles into two heptameric rings that 
enclose a chamber with proteolytic activ-
ity. Polypeptides subjected to degradation 
cannot enter the chamber in a folded state. 
So the ClpA chaperone selects and unfolds 
the target in an ATP-dependent man-
ner and presents it to the ClpP protease. 
The Clp complex has also been found in 
plants. In chloroplasts of Arabidopsis thali-
ana, the Clp/Hsp100 group is represented 
by ClpB3, ClpC1, ClpC2 and ClpD while 
the protease group includes five different 
ClpP proteases (ClpP1, 3–6) and four 
ClpP-like proteins with no protease activ-
ity (ClpR1–4).3

To Degrade or to Import?

The Clp complex is one of the three 
families that play a crucial role in protein 
degradation in chloroplasts (the others 
being the FtsH and Deg/HtrA families). 
The Clp protease has an architecture that 
resembles that of its bacterial counterpart: 
a barrel-shaped ClpP/R protease core 
capped by Clp/Hsp100 chaperones.5,6 As 
is the case for E. coli ClpA, recombinant 
ClpC2 and ClpD self-assemble into hex-
amers and possess ATPase and chaperone 
activity.7 The protein expression profile of 
Clp/Hsp100 chaperones is constitutive, 
which early prompted the notion that they 
perform maintenance duties.8 In A. thali-
ana, while insertional mutants in the clpc2 
or clpd genes have no obvious phenotype, 
knockout plants in clpc1 are pale green, 
have retarded growth and their chloro-
plasts possess ultrastructural defects.9-11 
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all three chaperones can fulfill the same 
role. Not only single mutants in the cor-
responding genes are viable but also, their 
expression patterns are very similar. This 
would rule out tissue- or developmental-
specific roles. Also, overexpressing ClpC2 
in a Δclpc1 background restores the wild 
type phenotype.16 The functional signifi-
cance of the multiple homologs of Clp/
Hsp100 chaperones is not clear. An excit-
ing hypothesis to explore would be to 
determine if they can recognize different 
subsets of substrates, in normal or stressful 
conditions.

If redundancy among members of the 
same family is puzzling, then going up 
one level adds an extra layer of complexity. 
It was recently found that Hsp70 chaper-
ones have overlapped functions with Clp/
Hsp100 proteins. Work in moss and A. 
thaliana showed that Hsp70 chaperones 
function as part of the chloroplast pro-
tein import machinery.19,20 An A. thaliana 
double mutant in the dominant paralogs 
of Hsp70 and Hsp100 (CPHSC70-1 
and HSP93-V, respectively) have a rate 
of import more diminished than that 
observed for the single mutants, indi-
cating that the chaperones might work 
separately. The current model of protein 
import into chloroplasts now places both 
systems working in parallel. But since 
clpc1 clpc2 and hsp70-1 hsp70-2 double 
mutants are not viable, it is hard to know 
if one system can take the entire load if the 
other is not available.

Why so many chaperones are found 
to be involved in precursor translocation 
in chloroplasts? One explanation would 
be that, given that chaperones are known 
for their substrate promiscuity, both 
Hsp100 and Hsp70 proteins have the abil-
ity to intercept any precursor entering the 
organelle. That being the case, then tran-
sit peptide recognition could lay mostly on 
the components of the translocon of the 
outer membrane.

Concluding Remarks

In recent years, there have been great 
advances in the fields of protein degrada-
tion and precursor import in chloroplasts. 
They are intimately intertwined by the 
central role molecular chaperones play in 
both processes. Even though both areas 

it was found that ClpT proteins may bind 
to the ClpP subunits, thus preventing 
Clp/Hsp100 chaperones to interact with 
the proteolytic core.6

(2)	 Interaction with the translocon. 
Hsp93 interacts with Tic40 and stimu-
lates its ATPase activity, which indicates 
that Tic40 causes some type of structural 
change in the chaperone.18 It could be pos-
sible that the association of the chaperones 
with translocons components inhibits 
binding to ClpP and, consequently, pre-
cursor degradation.

Sequence tags. Clp/Hsp100 chaper-
ones may discriminate between precursors 
and proteins destined for degradation by 
recognizing different sequence determi-
nants in the target protein. This would 
imply that distinctive sequence character-
istics influence the association to the ClpP 
core. To explore this possibility, it is neces-
sary to determine if Clp/Hsp100 binding 
sites in precursors or in terminally-dam-
aged proteins are different. However, no 
conclusive information exists about Clp/
Hsp100 substrates, let alone about specific 
tags for protein degradation. On the other 
hand, sequence determinants in transit 
peptides for Clp/Hsp100 binding have not 
been determined.

Distinct populations of chaperones. 
It has been assumed that the populations 
of chaperones at the inner membrane and 
at the stroma are equal. However, it can-
not be ruled out that Clp/Hsp100 chap-
erones located at the inner membrane are 
structurally different than their stromal 
counterparts. Post-translational events 
may direct their final destination, sub-
strate affinity and protease interaction. 
Interestingly, a C-terminal truncated vari-
ant of ClpD interacted with a model tran-
sit peptide with greater affinity than the 
full-length protein.7

Many are Better than One

Initial efforts to elucidate the role of 
Hsp100 proteins in precursor import in 
A. thaliana were directed to ClpC1. This 
is not surprising as clpc1 knockout plants 
present a sick phenotype and import 
defects while clpc2 or clpd knockout plants 
do not. But we have recently shown that 
ClpC2 and ClpD can interact with pre-
cursor proteins.7 It can be argued that 

All this evidence established chloroplastic 
Clp/Hsp100 proteins as stromal house-
keeping chaperones.

In addition, Moore and Keegstra dis-
covered that the Clp/Hsp100 homolog 
from pea (Hsp93) could be detected at the 
inner membrane by polyclonal antibodies 
raised against envelope proteins.12 Hsp93 
was associated with the import machin-
ery, while Hsp70 was not (although this 
finding was later rebutted, see below).13,14 
This led to the conclusion that Hsp93 
was providing, at least in part, the driv-
ing force for translocation. Other lines of 
research supported the hypothesis. Our 
laboratory showed that precursors bearing 
a mutated transit peptide with diminished 
affinity for Hsp70 were still efficiently 
imported.15 Chloroplasts from A. thaliana 
knockout lines in the clpc1 gene showed 
import defects.10,16 Recently, we showed 
that ClpC1/2 and ClpD from A. thaliana 
could be found at the inner membrane 
and stably interacted with transit peptides 
in vitro and in vivo.7

It can be safely stated that chloroplastic 
Clp/Hsp100 chaperones are involved in 
protein quality control and import. But 
a unified model for their mode of action 
raises important questions. For example, 
when a Clp/Hsp100 chaperone interacts 
with a transit peptide engaged in translo-
cation, how is it regulated that the ClpP 
core does not bind to the chaperone moiety 
and degrades the precursor? How do Clp/
Hsp100 chaperones discriminate against 
polypeptides destined for import or deg-
radation? We propose several hypotheses 
that could shed some light into this gray 
area:

Regulatory protein interaction.  
(1)	 Modulator proteins. A few other 
proteins interact with the Clp complex. 
E. coli ClpS is a modulator protein that 
is involved in substrate recognition. It 
recognizes targets that follow the N-end 
rule and presents them to the ClpA chap-
erone.17 ClpS is also found in chloroplasts 
but its function is still unknown. It may 
be responsible for selecting the appropri-
ate substrates for the ClpP/R complex. 
Whether ClpS selectively binds to precur-
sors or damaged proteins is not known. 
In A. thaliana, two other proteins named 
ClpT1 and ClpT2, affect the formation of 
the Clp complex. By homology modeling, 



www.landesbioscience.com	 Plant Signaling & Behavior	 674

6.	 Peltier JB, Ripoll DR, Friso G, Rudella A, Cai Y, 
Ytterberg J, et al. Clp protease complexes from photo-
synthetic and non-photosynthetic plastids and mito-
chondria of plants, their predicted three-dimensional 
structures and functional implications. J Biol Chem 
2004; 279:4768-81; PMID:14593120; http://dx.doi.
org/10.1074/jbc.M309212200.

7.	 Rosano GL, Bruch EM, Ceccarelli EA. Insights 
into the Clp/HSP100 chaperone system from chlo-
roplasts of Arabidopsis thaliana. J Biol Chem 2011; 
286:29671-80; PMID:21737456; http://dx.doi.
org/10.1074/jbc.M110.211946.

8.	 Zheng B, Halperin T, Hruskova-Heidingsfeldova O, 
Adam Z, Clarke AK. Characterization of Chloroplast 
Clp proteins in Arabidopsis: Localization, tis-
sue specificity and stress responses. Physiol Plant 
2002; 114:92-101; PMID:11982939; http://dx.doi.
org/10.1034/j.1399-3054.2002.1140113.x.

9.	 Sjögren LL, MacDonald TM, Sutinen S, Clarke AK. 
Inactivation of the clpC1 gene encoding a chloroplast 
Hsp100 molecular chaperone causes growth retar-
dation, leaf chlorosis, lower photosynthetic activ-
ity and a specific reduction in photosystem content. 
Plant Physiol 2004; 136:4114-26; PMID:15563614; 
http://dx.doi.org/10.1104/pp.104.053835.

10.	 Kovacheva S, Bédard J, Patel R, Dudley P, Twell D, 
Ríos G, et al. In vivo studies on the roles of Tic110, 
Tic40 and Hsp93 during chloroplast protein import. 
Plant J 2005; 41:412-28; PMID:15659100; http://
dx.doi.org/10.1111/j.1365-313X.2004.02307.x.

11.	 Constan D, Froehlich JE, Rangarajan S, Keegstra 
K. A stromal Hsp100 protein is required for normal 
chloroplast development and function in Arabidopsis. 
Plant Physiol 2004; 136:3605-15; PMID:15516497; 
http://dx.doi.org/10.1104/pp.104.052928.

12.	 Moore T, Keegstra K. Characterization of a cDNA 
clone encoding a chloroplast-targeted Clp homologue. 
Plant Mol Biol 1993; 21:525-37; PMID:8443344; 
http://dx.doi.org/10.1007/BF00028809.

13.	 Akita M, Nielsen E, Keegstra K. Identification of 
protein transport complexes in the chloroplastic enve-
lope membranes via chemical cross-linking. J Cell 
Biol 1997; 136:983-94; PMID:9060464; http://
dx.doi.org/10.1083/jcb.136.5.983.

have still many unanswered questions on 
their own, researchers must also concen-
trate in the link joining them together. 
Novel insights that explain how chap-
erones regulate the fate of precursors or 
terminally damaged proteins or how the 
different chaperone systems work in uni-
son will definitely lead to a better under-
standing of chloroplast biogenesis and 
maintenance.
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