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Are synthesis and folding of proteins overlapping
functions of the ribosomal RNA?
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A general protein folding activity has been detected
in the large subunit of the ribosome. This activity
seems to be lJocated in the peptidyl transferase
domain of the large RNA of this subunit. In contrast
to the protein folding activity of the molecular chap-
erones, this activity is (a) present in the RNA and is
(b) universal, not selective for any protein. The
overlap of this active site with the peptidyl trans-
ferase centre on the ribosomal RNA suggests a func-
tional overlap between protein synthesis and folding
by ribosome in the cell. - |

RIBOSOMES synthesize protein molecules and active
protein molecules are released when we break the cells
open. Even when messages are translated in vifro with
ribosomal preparations, our experience tells that most of
the polypeptides acquire active conformations'™. This is
true even In some cases where the ribosomal extract
used for in vitro protein synthesis is freed from the
known chaperone proteins which are likely to associate
with the ribosomes®. But whereas all efforts were di-
rected towards working out in commendable detail the
mechanism of polypeptide synthesis on the ribosomes in
prokaryotic and eukaryotic cells, not much effort was
made to examine the ability of ribosomes to fold
polypeptides when they were synthesized on them™*.
The reason behind this could be the overwhelming
appeal of the Anfinsen paradigm’ that the instructions
for folding into the tertiary conformation of a protein
are written in its amino acid sequence.

Versatile roles of chaperone proteins in protein
folding

When genetic and biochemical data accumulated to de-
scribe circumstances in which a number of protein
molecules failed to attain the active form within the cell
in absence of assisting proteins, collectively called mo-
lecular chaperones®™®, attention of scientists was drawn
to the chaperones and data started pouring in on various
activities of a large number of chaperone proteins from
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wide variety of sources. In short, we now have an esti-
mate of what fraction of cellular proteins could depend
on the available chaperones to maintain their structures
and functions 1n normal and stressed conditions. But at
the same time the chaperones are selective. Not a single
chaperone protein has been shown to be able to fold
cach and every protein from its denatured state. The
selectivity, on the other hand, enables the chaperones to
play exclusive roles in cellular metabolism, e.g. in pro-
tein trafficking, cellular stress alleviation, phage mor-
phogenesis, formation of replication and transcription
initiation complexes, to name a few’.

Ribosomes as the genéral protein folding
modulators

Over the last several years, reports from this and a few
other laboratories appeared to have gone towards estab-
lishing a general role of ribosomes in protein folding. In
what follows, some facts about the role of ribosome in
protein folding and the lessons we learn about the ver-
satile role of RNA (ribosomal RNA in this discussion)
from such studies are discussed.

It was shown from this laboratory that ribosomes from
both prokaryotic and eukaryotic sources could refold a
large number of proteins from their denatured states (the
nearest to the nascent synthesized polypeptide confor-
mation that we can achieve in the test tube) to active
form. The ribosomes were taken from Escherichia coli,
methanogenic bacterium Methanosarcina barkeri, wheat
germ and rat liver and the proteins were also chosen
randomly. The only criterion for choice of enzyme was
that it should be amenable to quick and quantitative
assay, because that will give precisely the extent to
which the protein could be folded by the nbosomes. A
large number of proteins like bacterial alkaline phos-
phatase, glucose 6-phosphate dehydrogenase, glucose
oxidase, lactate dehydrogenase, horse radish peroxidase,
malate dehydrogenase, 8 lactamase, restriction endonu-
cleases like EcoR1, BamHl, Hindlll, Pstl, B-
galactosidase, carbonic anhydrase, etc. could be folded
by the ribosomes. Ribosomes did not fail to fold any
protein used in such experiments so far. Thus it appears
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that the ribosomes are general protein folding modula-
tors crossing species barrier' ™',

When the ribosomal particles were split into the larger
and smaller subunits, the protein folding activity was
found in the large subunit only'*'*'®. This was not sur-
prising, considering that the large subunit mainly consti-
tutes the workshop for polypeptide synthesis — the
formation of peptide bond and growth of the polypep-
tide chain. The small subunit basically is engaged in
mRNA recogntition.

In order to see which part(s) of the large ribosomal
subunit are necessary for protein folding, the E. coli 50S
ribosomal subunit was chosen and its proteins were
stripped off with the usual high salt wash. Increasing
concentrations of lithium chloride were used to gradu-
ally dissociate proteins from the surface of the 50S
subunit. But after each salt wash, the protein folding
activity stayed in the core particle which was resistant to
the wash. Finally the activity could be traced in the 23S
ribosomal RNA. This RNA was shown to carry out pep-
tidyl transferase reaction when the proteins were largely
or completely stripped off from the 50S subunit'®. The
23S rRNA was also found to fold denatured proteins
almost completely'>'*'*_ Since the peptidy! transferase
activity, including amino acyl and peptidyl tRNA bind-
Ing, etc. appeared to be associated with the domain V of
23S rRNA'"'® it appears attractive to think that this
domain could have some role to play in the protein
folding reaction as well.

The protein synthesis inhibitory antibiotics which are
known to bind to the large loop of domain V could also
inhibit protein folding. Also, oligonucleotides comple-
mentary to the single-stranded segments in the central
loop could inhibit protein folding when annealed to the
23S rRNA'. Similar results were reported from the

laboratory of Boyd Hardesty who worked with some
other proteins'®.

Role of ribosome in protein folding in the cell

The 23S rRNA-mediated protein folding is inhibited by
anttbiotics like chloramphenicol, lincomycin and eryth-
romycin which are known to bind to the central loop of
its domain V and stop protein synthesis'’. But it is in-
sensitive  to  the antibiotics like streptomycin,
kasugamycin, etc. which bind to the 30S subunit and
stop protein synthesis. When any of these antibiotics
was added to the growing E. coli cells in which 8 galac-
tostdase was induced, the enzyme synthesis stopped im-
mediately; but the enzyme activity continued to risc for
about 10 min before reaching a platecau in cells grown in
presence of 30S specific antibiotics whereas it did nol
g0 up 1n cells growing in presence of 508 specific anti-
biotics. The increase in enzyme activity in cells growing
in presence of 308 specific antibiotics was significant
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and this could only be due to the enzyme molecules
which took some time to fold to active form after their
synthesis was stopped with antibiotics. At any point
during this rise in activity, addition of 50S specific an-
tibiotics would arrest the process. In other words, the
enzyme molecules acquired their active state post trans-
lationally and the large ribosomal subunit directed that
process®’. This activity of ribosome had not been inves-
tigated so far, although it is coupled with protein syn-
thesis 1n as much as the peptdiyl transferase activity
overlapped with 1t and both the processes are sensitive
to the same set of antibiotics. It appears that the ribo-
somes not only synthesize the polypeptide chains, but
also work on it to see that the chains fold to meaningful
proteins to carry on cellular activities. Part of this proc-
ess takes place on 50S subunit since it is inhibited by
S0S specific antibiotics only up to several minutes after
the stoppage of protein synthesis™. Movement of the
newly-synthesized polypeptide on the 50S subunit has

also been reported by Choi and Brimacombe®' as shown
in Frgure 1,

Is domain V RNA a unique ribozyme that acts
on polypeptide chains?

The fact that the domain V of 23S rRNA is responsible
for protein folding necessitates special properties for
this RNA segment. We are familiar with many activities
of RNA of which RNA processing, RNA splicing, RNA
editing, etc. are the most important. But these are ri-
bozymes which act on RNA only in cis or in trans. A
general responsibility of the domain V RNA also ap-
pears to be to fold the polypeptides being synthesized on
the ribosome. This activity does not appear to be a sim-
ple prevention of aggregation of polypeptides since only
one polypeptide chain remains associated at a time with
the ribosome’' for several minutes during which its
folding remains sensitive to the action of domain V
RNA specific antibiotics®”. A more detailed study of the
involvement of domain V RNA in protein folding has
provided better understanding of this function.

Complementary role of two fragments of
domain V RNA in protein folding

The entire domain V of the 23S rRNA from B. subriliy
and 1ts central loop were cloned in the laboratory of
B. Wcishlum® next to SP6 promoler (o permit in vitro
transcription of the entire domain V (600 nt long RNA) or
of the central loop (337 nt RNA)Y. The 600 nt long RNA
could refold denatured proteins®. The cloned 660 nt tong
inscrt could be cut with restriction endonuclease Sma | and
transcribed in vitro to get a 425 nt long runoft RNA.
The 337 nt (RNA 1) and 425nt (RNA 2) lonyg
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Figure 1. The path of the nascent peptide chain through the 23S rRNA. The complete secondary structure of the 23S rRNA is
shown with helices in the neighbourhood of the cross link sttes numbered*!. The cross-linked nucleotides (or regions) are un-
derlined and the overall path of the peptide is indicated by the heavy arrowed lines. PTR stands for peptidyl transferase ring ™
and the blunt arrows in this area are cross link sites for amino acy! tRNA*?. The black circle under helix 74 is also a cross-link
from amino acyl tRNA>*. Photo reactivated cross-links of the peptide to 23S rRNA was used to identify the points of contact
between the RNA and the peptide labelled at N-terminal with diazirine (reproduced with permission from ref. 21).

RNA molecules cover the entire length of 600 nt long
RNA with some overlap (Figure 2). RNA 1 and RNA 2
complemented in the protein folding reaction which
went through the following steps: (1) strong non-
covalent binding of denatured enzyme to RNA 1; this
RNA bound enzyme was not active; (2) release of the
enzyme from RNA 1 by RNA 2 in a tolding competent
state and (3) slow attainment of active form by this
folding competent protein free from both RNA 1 and
RNA 2 (Pal et al.,, communicated). The last step was
rate limiting and took about ten minutes to complete.

570

This timing agreed with the slow folding of 8 galactosi-
dase present in the cell when further synthesis of the
enzyme was blocked by the 50S subunit specific anti-
biotics?®. Here also, there was slow increase in the
activity of the already-synthesized enzyme which took
about ten minutes to complete. It appears then that the
ribosome releases the newly-synthesized enzyme In a
folding competent state that completes the rest of the
process post-translationally. Since this is true for all
proteins and not selective like the chaperone-mediated
folding, the domain V RNA could have very specific
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Figure 2. Secondary structures of different segments of domain V of
B. subtilis 238 rRNA. a, 666 nt complete domain V: b, 337 nt; c,

425 nt long segments of domain V. The 337 nt long RNA was tran-
scribed from the clone in which the nucleotides mentioned in upper
stem were added to join the two arms of the stem. All the RNA mole-
cules were transcribed by SP6/T7 RNA polymerase as run off tran-

scripts  from  appropriate clones linearized by restriction
endonucleases.

reaction with all the protein molecules in the cell. It
gives a deterministic power to the domain V RNA which
would only fold proteins which can engage themselves
in this specific reaction with it. This RNA has very
similar secondary structure all over the living world and
the single-stranded region in its central loop (RNA 1) is
most conserved throughout the process of evolution
from the mitochondria, the chloroplast, the smallest pro-
karyotic cells to the higher eukaryotes'®. Thus the pro-
teins might have evolved under the strict rule of
interaction set by the central loop of the domain V RNA.
All natural proteins are then likely to have common
motif in some intermediate state of folding at which they
are recognized by the central loop of domain V., This
recognition motif could be spread over in small seg-
ments on the lincar polypeptides and may not be dis-
cernible by simply looking at the amino acid sequence
or secondary/tertiary structure of the proteins as shown
in the cartoon (Figure 3). Such a core recognition motif
could then have incorporated peptide segments which
could make local folds like small a helices without dis-
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turbing the residues interacting with the central loop.
This would lead to increase in length of the protein with
concomitant rise in its information content — the evolu-
tion of protein molecules. The central loop (RNA 1) is
the only region necessary for protein folding. Instead of
RNA 2, the denatured protein bound to RNA 1 could
also be dissociated with low concentrations of detergent
or ethanol which counteract hydrophobic interactions
that hold the protein~-RNA 1 complex together and the

freed protein could fold equally efficiently (Pal et al.,
communicated).

The central loop of domain V which has been con-
served through evolution thus presents a ‘molecular
mould’ where a specific three-dimensional motif of a
protein-folding intermediate would fit properly to give
rise to a productive-folding intermediate which can
complete the remaining steps of the process as soon as it
is released from the mould. When released from the
mould, the molecule will go through compaction without
entangling into steric and topological problems.

Recently the peptidyl transferase activity has been as-
signed to only the domain V of 23S rRNA. In in vitro
reaction, a protein free preparation of 23S rRNA could
exhibit peptidyl transferase activity*®. The contribution
of the regions of the 23S rRNA other than domain V in
this reaction could be to maintain proper conformation
of the domain V.

Could the presence of both the peptidyl transferase
and the protein-folding activities in the small domain V
RNA segment suggest that we are looking at two aspects
of the same process? Could this domain scan the
polypeptide after it adds every single amino acid to see
if it fits the folding mould®'? Would it reject the
polypeptide (fail to recognize) if the added amino acid
does not conform to the requirement of folding and the

misfolded polypeptide meets natural death by protease
degradation?

Is ribosome-mediated protein folding
co-translation or post-translational?

During protein synthesis, the growing polypeptide chain
remains fairly flexible in the tunnels and channels on the
505 ribosomal subunit. Cross linking of growing
polypeptide chain with the 50S particle showed many
contacts, especially between the nucleotides in the do-
main V and the growing polypeptide chain?'. In fact, an
unusually large number of nucleotides in this domain
remain exposed from the protein coat of the 508
subunit, presumably because the two major activities,
polypeptide synthesis and its folding inta active form,
are largely due to their contacts with the charged tRNAs
(thc A and P sites), the growing polypeptide chain,
etc.'’. The polypeptide chain can move on the 50S
subunit, making contacts with these nucleotides™, so
that wadely separated parts of it can come close together
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Figure 3. Cartoon showing a polypeptide folding intermediate
interacting with domain V RNA. The dashed fS-turn(A) and ¢-
helix(B) are regions which could possibly be inserted in the regions
of the polypeptide which would not interfere with its interaction with
the domain V RNA. |

to form the folding intermediates having large part of its
secondary structures formed and could even engage in
tertiary structure formation®. Yet, the final level of
folding takes place outside the ribosome®’?®, so the
process 1s called ‘post translational’. However, in this
case, the released polypeptide chain received the in-
structions for folding from the ribosome®’.

Similar in vivo and in virro experiments have not been
done in eukaryotic systems. These need to be done. The
existing data suggest that most part of folding takes
place on the ribosomes in eucaryotic cells?®#°, The pro-
teins which are larger on the average than those from
bacterial cells and consisting of larger number of do-
mains are folded ‘co-translationally’, that is, before they
are released from the ribosome. It is suggested that the
domains can fold independently in co-translational
process so that the chance of larger length of polypep-
tides getting wrongly entangled is reduced. In fact,
genes of H Ras and DHFR linked through an oligopep-
tide hinker were shown to make the fused protein having
both the H Ras and DHFR domains active in eucaryotic
cell whereas in E. coli, the fused construct failed to
make the protein which would fold both the domains
independently. The protein was misfolded forming ag-
gregation®®,

In this context, we have to consider a number of re-
markable differences in the process of translation in
procaryotic and eucaryotic cells. The most important
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difference is in the rate of polypeptide chain growth.
Whereas 1n bacterial cells, fiftcen amino acids are added
to the growing polypeptide chain per second, the num-
ber is as low as two to three amino acids in eucaryotic
cell. A five hundred amino acid-long polypeptide will,
therefore, be synthesized in E. coli in about thirty sec-
onds, but will take about three to four minutes in
eucaryotic cells. Obviously, even if the mechanism of
folding 1s the same in the two systems, the discrepancy
between the rate of protein synthesis and folding could
explain the above noted difference. In bacterial cell, the
protein will be released before completion of folding,
but in eucaryotic cell, folding can go on simultaneously
with polypeptide chain growth because the latter is slow.
There are other differences also, e.g. (1) transcription
and translation are coupled in procaryotes, but are
physically separated events in eucaryotes and (2) foreign
proteins in a cell could always face an element of uncer-
tainty; even when one bacterial gene is overexpressed by
cloning in another bacterial cell, it could run the risk of
misfolding and aggregate formation. The problem of
misfolding and aggregation appears to be mainly due to
the failure of the ribosome to fold the protein when it is
produced at a faster rate. It is a general practice to grow
L. coli at a low temperature (~ 22°C) when cloned genes
are expressed so that the rate of protein synthesis re-
mains lower than what would produce inclusion bodies.
To confirm that protein folding in eucaryotic cell is
co-translational, experiments on in vivo folding of a
restdent gene in eucaryotic cell, along the same line as
in vivo folding of B galactosidase in E. coli’, are re-
quired.

The RNA world and some speculations

The ‘RNA world’”® thus seems to be not mere imagina-
tion and theorization by scientists, but a reality. Not
only did RNA evolve very early in the process of bio-
logical evolution, but we still have this molecule playing
crucial enzymic role in principal biological processes. If
the large loop of domain V RNA could put the amino
acids together in the polypeptide chain and dictate the
folding pattern of the protein thus formed, the process of
translation in the central dogma of molecular biology
could be entirely controlled by such RNA and the pre-
cursors of tRNA. What we have here now ts RNA-coded
message decoded by RNA charged with amino acid and
amino actds then joined together and the polypeptide
finally folded with the help of a small RNA segment
about 300 nt long within the large loop of domamn V.
The genetic material was RNA before retrogressing into
DNA which is less reactive and more stable compared to
RNA. The elucidation of the whole process of transla-
tion with RNA leaves us with the impression that the
central dogma could have evolved in the following di-
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rection: Translation and protein folding — Transcript-
10n/RNA replication — DNA replication.

The following arguments can be put forth in support
of the above scheme. The process of translation and
protein folding could be organized by the domain V of
ribosomal RNA. The activity has been thoroughly pre-
served throughout evolution and remains fully valid to-
day. Some components of translation are involved in the
process of transcription but not the reverse. Ribosome
itself controls transcription in the process of attenuation
in tryptophan operon, etc. Ribosomal protein like S10
(NusE) is involved in transcription anti-termination in A
phage gene expression. RNA replication requires trans-
lation components like in the QB RNA replicase; EF-Tu
and EF-Ts happen to be its components. Transcription
components are required further down the line in DNA
replication and not the reverse, for example, RNA po-
lymerase synthesizes the RNA primer in DNA replica-
tion. Thus the central dogma could have evolved in a
direction opposite the way we present it. The biological

macromolecule that is at the helm of this process is
RNA.
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