











with nascent chains has come from studies of in vitro
synthesized S-lactamase and chloramphenicol acetyltrans-
ferase (Bochkareva, Lissin, and Girshovich, 1988). These
authors employed modified initiator tRNA molecules that
had been covalently linked to a photoactivatabie cross-
linker and an E. coli extract that had been depleted of
groEL protein. They added groEL protein to the extracts
after the initiation of in vitro protein synthesis in the pres-
ence of the modified tRNA, and then illuminated the sam-
ple. This led to cross-inking of the in vitro initiated chains
to groEL protein. When re-addition of groEL protein was
delayed for various intervals after the initiation of protein
synthesis, photochemical cross-linking of the nascent
chains to groEL protein gradually declined. The authors
inferred that the groEL protein interacts transiently with
newly synthesized proteins. Based on results of experi-
ments on the assembly properties of large subunits syn-
thesized in chloroplasts under alternative osmotic condi-
tions, Chaudhari and Roy (1989) suggest that the pea
binding protein interacts with nascent Rubisco large sub-
units in intact chloroplasts. Further studies are needed to
confirm the proposed interactions between nascent chains
and chaperonins.

It is of interest to know whether chaperonins function
while in their characteristic high molecular weight form, or
in the dissociated state. Cheng et al. (1989) propose that
the mitochondrial chaperonin might act as a workbench
upon which folding and assembly of polypeptide chains
can occur. Consistent with this hypothesis, intact groEL
protein particles have been seen attached to bacterio-
phage proheads (Hohn et al., 1979). In contrast to this, it
is clear that assembly of Rubisco can take place when the
high molecular weight complex containing the Rubisco
subunit binding protein has been dissociated in the pres-
ence of ATP (Milos and Roy, 1984; Cannon et al., 1986).
In this case, the binding protein interacts with the large
subunits in low molecular weight complexes prior to as-
sembly (Cannon et al., 1986). Thus, the reaction mecha-
nisms of chaperonins may differ, depending on the orga-
nism. It is also of interest to know at what stage of the
assembly process the chaperonin functions. For example,
it is possible, even likely, that plant and bacterial chape-
ronins interact with Rubisco at several stages of the as-
sembly process (Cannon et al., 1986; Goloubinoff et al.,
1989).

Using small subunit precursor molecules, radiolabeled
to a high specific activity and supplied to intact chloroplasts
in vitro, it has been discovered recently that smail subunits
can associate with Rubisco large subunit binding protein
(Gatenby et al.,, 1988; Elis and Van der Vies, 1988).
However, the kinetics of the association are not suggestive
of a precursor-product relationship with Rubisco holoen-
zyme (Gatenby et al., 1988). Moreover, there is evidence
that the proportion of small subunits that are associated
with the binding protein in vivo is below levels of routine
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detection by fluorography (Roy et al., 1982).

The groES protein of E. coli is known to interact with
the groEL protein in the presence of ATP, but not in the
absence of ATP (Chandrasekar et al., 1986; Fayet et al.,
1989). Although the data of Goloubinoff et al. (1989)
suggest that a groES-ike protein should be present in
chloroplasts, there is no evidence that such a protein is
actually present in plants. The groES-like protein would be
expected to turn up as an ATP-dependent factor required
in higher plant Rubisco assembly (see legend to Figure 1).

What biochemical properties are shared by the many
proteins that interact with chaperonins? It seems unlikely
that all these proteins share a common amino acid se-
quence, although this remains to be shown. They could
have sets of related sequences or sets of amino acids with
similar chemical properties. On the other hand, incom-
pletely folded polypeptide chains might have some struc-
tural regularity despite their partially denatured condition.
For example, they might possess elements of secondary
structure but lack tertiary structure. Perhaps all forms of
chaperonins can recognize such sets of related amino
acids or other structural regularities; it seems more likely
that variations in sequence or aggregation state may tailor
the chaperonins to the systems in which they function.
This might explain, for example, why higher plant Rubisco
cannot assemble in E. coli, whereas cyanobacterial Rub-
isco can (Gurevitz et al., 1985; Bradley et al., 1986; Van
der Vies, Bradley, and Gatenby, 1986; Eliis et al., 1989).

Recent experiments with other molecular chaperones
(the bovine microsomal binding protein and the cytosolic
uncoating ATPase for clathrin-coated vesicles) have shown
that several different short peptides can interact stably
with these proteins (Flynn, Chappell, and Rothman, 1989).
The interactions are stable to 1 M NaCl, but can be
disrupted by low concentrations of ATP. Peptide-depend-
ent ATP hydrolysis catalyzed by these chaperones was
measured to calculate a K,, for each peptide-chaperone
complex. The K,, values range over 3 orders of magnitude,
but generally occur between 12 uM and 990 M. Binding
constants in this range would be consistent with the re-
quirements for transient binding of newly made proteins in
both the endoplasmic reticulum and cytosol. Based on the
structural diversity of the peptides that can bind, Flynn et
al. (1989) propose that steric accessibility is the main factor
governing the ability to associate with a molecular chap-
erone. Apparently, if a peptide is folded into a tertiary
structure, the chaperone will not associate with it (Flynn
et al., 1989). This suggests that the peptide binding site
of the chaperone has to be abie effectively to “surround”
a peptide in order to bind stably. It remains to be seen
whether these speculations are correct; however, it is
interesting in this context that antibody to Rubisco large
subunits cannot precipitate large subunits that are asso-
ciated with the high molecular weight binding protein com-
plex (Barraclough and Eliis, 1980).
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CONCLUSION

The principle of self-assembly of proteins already has been
modified by the discovery of routine post-translational
processing and by the discovery of extensive and complex
protein transport mechanisms. To this list of modifications
it now appears that we should add a third set of processes
mediated by molecular chaperones (Ellis et al., 1989). The
evidence for this is persuasive for the assembly of cyano-
bacterial Rubisco in E. coli (Goloubinoff et al., 1989), and
for the assembly of several other oligomeric proteins in
yeast mitochondria (Cheng et al., 1989). However, the
mechanisms by which the chaperonins assist the assembly
processes in these in vivo systems are not understood.

Based on in vitro studies of Rubisco assembly in chlo-
roplast extracts, we do understand in broad outline the
interaction of large subunits with the binding protein during
assembly. However, we still do not have definite experi-
mental evidence that the binding protein is obligatory for
higher plant Rubisco assembly. To obtain this evidence
may require cloning and expression in E. coli of genes for
both of the higher plant binding protein subunits and a
higher plant version of the groES protein (if it exists), in
addition to higher plant large and small subunit genes. The
success of a similar approach to the problem of cyanobac-
terial Rubisco assembly in E. coli is encouraging in this
context (Goloubinoff et al., 1989). An alternative strategy
is to develop from chloroplast extracts a fully in vitro
protein synthesis and assembly system that can be manip-
ulated to delete the binding protein. This approach requires
careful control of in vitro protein synthesis conditions and
the development of techniques that permit protein synthe-
sis to continue despite manipulation.

Are genetic approaches to test the role of the binding
protein feasible in algae or higher plants? It is not clear
whether the copy number of the binding protein genes is
low enough to permit easy recovery of missense muta-
tions. Deletion of the binding protein genes is likely to be
lethal, if E. coli behavior is any guide. Even missense
mutations might be pleiotropic, interfering not only with
Rubisco assembly but also with the assembly of other
macromolecular complexes in the chloroplast. However,
assuming these potential problems can be overcome, there
is some hope for a genetic approach: It is possible to
obtain temperature-sensitive conditional mutants deficient
in photosynthesis in Chlamydomonas. Some of these mu-
tants are deficient in Rubisco (e.g., Spreitzer, 1988). If the
binding protein exists in Chlamydomonas, new Rubisco-
deficient mutants might emerge in which the binding pro-
tein is specifically affected. Because it is possible to trans-
form chloroplast DNA with tungsten microprojectiles fired
at the cells (Boynton et al., 1988), Chlamydomonas might
then become an especially useful organism for studying
the binding protein. This technique would aillow the intro-
duction and expression of altered binding protein genes in

the chloroplast, thus circumventing the nucleocytoplasmic
pathway of expression. Mutations of Rubisco in higher
plants are rare (Somerville, 1984), but there are Rubisco-
deficient mutants in primrose (Winter and Herrmann, 1988)
and tobacco (Avni et al., 1989), so genetic studies of the
binding protein in higher plants may be possible. In this
case, however, nuclear-based transformation mechanisms
would have to be used (White, 1989), and one would have
to rely on the nucleocytoplasmic expression of the binding
protein genes.

Rubisco has served for many years as an important
model system for studying chloroplast biogenesis. Major
contributions to the literature regarding chloroplast gene
expression, uptake and processing of proteins, and regu-
lation of photosynthesis began with studies on Rubisco.
Because of both the apparent role of chaperoninin Rubisco
assembly and the occurrence of other types of molecular
chaperones in animal systems, it seems likely that many
processes in plants will turn out to be directly dependent
on the action of molecular chaperones. Several of the
molecular chaperones described so far are either heat
shock proteins themselves, or are related to them by
homology. Because of this, | suggest that some of the
plant heat shock proteins or their cognates are also mo-
lecular chaperones.

In summary, the Rubisco subunit binding protein is
closely related to the E. coli groEL protein and a mitochon-
drial protein, both of which have been shown to function
as molecular chaperones. The Rubisco subunit binding
protein has been implicated independently in the assembly
of higher plant Rubisco. The Rubisco subunit binding
protein in higher plants is a particularly favorable model for
studying the biochemical and biophysical mechanisms of
molecular chaperone action.
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