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~ INTRODUCTION |

As a more thorough understanding of RNA éecondary.and tertiaryv'
structure has developed over the last several yeafs,-so has an appreciation
of its importance in the function of the various RNP particlgs of which it
is a part. For example, N1 RNA has‘been-linked to mRNA splicing (Lerner et
al., 1980; Rogers & Wall, 1980) while the RNA moiety of RNase P has been
shown to be absolutely required for its activity (Kole et al., 1980). RNA
has even been shown to be capable of makinz and breaking phosphodiester
bonds in the complete absence of protein (Xrugéf et al., 1982).',Along with _
these developments; the concépt of ribosomal RNA being merely a framework
on which ribosomal proteins can carry'out'fheir functions has beeh dis-
carded. Indeed, speculations on the evolution of the protein synthesizing
system have generally concluded that the RNA must have predated the protéin
components. The similaritz in structuré of protein-free 16S RNA in solution
and 16S RNA in the 30S subunit (observed with psoralen crosslinking.by Wol-
lenzein et al, 1979; Thammana et al;, 1979; Thompson & Hearst, 1983 and
with electron microscopy) suggests that at least vestigés of the original
catalytic structure remain. While E. coli rRNA may no longer be able to
carry out protein-frée translation, it is now generally accepted thaﬁ it
plays an active role in ribosomal functiong: Unfortunately, the dearth of
structural iqfqrmation has allowed formulation of only simple hodels for

how RNA operates. ‘ . ]

Even though the sequence of 16S RNA is known (Brosius et al., 1978;
' Carbon et al., 1979) and much of its secondéry structure is agreed on
(Noller and Woese, 1981; Stiegler et al., 1981; Zwieb et al., 1981), 1little
progress ﬁas been made towards linking specific structures with function.

Recent work with psoralen crosslinking of 10S RNA (Thompscn & Hearst, 1983)
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has confirmed parts of the secondary structuré and also provided evidence for
new interactions which appear to be functionally important. In the following,
we will discuss how these strugtural features may be related to specific ribo-
somal mechanisms. We will concentrate on E.vcoli 16S RNA but eukaryotie

18S RNA will also be presented when its function appears to be substantially
different. Reference to most ribosomal proteins will be tastefully omitted,
primarily because their interactions with the RNA are poorly understodd but
also because we have approached the problem with the bias that they modulate
the activity of the RNA rather than being the principai driving force behind

it.

mRNA Bindingf The role of 16S RNA in recognizing and binding mRNA in
the initiation complex is well-established (Shine & Dalgarno, 1975; Steitz &
Jakes, 1975); but, in eukafyotes, the sequence which has been implicated in
mRNA binding hﬁs been deleted. Because both eukaryotic and prokaryotic
small subunits perform essentially the same functions, there should be some
compensating interaction between 18S RﬁA and mANA. There ére no apparent
similarities in»either the priﬁary or secondary structure of eukaryotic
mRNAs that would provide a basis for this.

The interacticn‘9505956/1507-1513, loéated by.the psoralen crosslink
GPs 956 x 1566‘(see Thompson & Héarst (1983) for nomenclature), brings
tégether two highly conserved regions in E. coli 16S RNA. In prbkaryotes and

eukaryotes, there is a number‘Of modified bases located in both these parts of

the RNA. In E. coli, there are a mZG and a mSC present in the region 550
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bases from the 3’ end. In eukaryotes, these have beén replaced by the hyper-'
modified base amy (Youvan and Hearst, 1981). 950-956/1507-1513 is conservéd
~ in eukaryotes thus placing agm spatially near what corresponds to the Shine-
Dalgarno sequence af prokaryote: and suggestiﬁg that it may have a role in
'mBNA recognition. The modifications presént on amy allow it to'make specific
1nteracti§ns with the QTG cap structure found at the 5' end of all eukaryotic
mRNAs. The negative charge delocalized on the carboxyliec acid group of amy
can stabilize the positive charge delocalized on the imidizole nitrogens. |
Simultaneouély, the amino group of amy cén interact with one of the negatively
charged phosphate groups. Additional, indirecet evidence for this interaction
was presented by Thompson (1982). Efforts‘to obtain a more direct, experim-
ental basis for the amy -ﬁ7G interaction a}e now underway.

The equilibrium between 950-956/1507-1513 and 1506-1515/1520-1529 may
also be involved in more complex intersubunit coﬁtacts. Azad (1979) has |
proposed an interaction beiween 5S RNA and the same regién of‘16§ RNA

SC. There is no firm

(1509-1517) that pairs with the regién near mZGm
evidence for this interaction and it was suggested by Schnare and Gray
(1981) that it is ;nt'universal. However, stable base pairing of 5S and

' 18S RNA in solutianm has been observed (Oakden et al., 1977). The in vitro

complex formed between D. rmelanogaster 188_and 5S RNAS can be crosslinked

by HMT and large amounts of 5S co-purify with D. - melanogaster 183 RNA even

-

after two rounds of sucrose gradient centrifuzation using standard
“purification protacols (Thompson, 1982). The fact that 30S subunits which
' contain EPs 956 x 1506 are less able to form 70S ribosomes than other cross-

linked subunits (Thammana et al., 1979) further suggests that 5S pairs with 4



16S through this interaction.-

How these interaétions might alternate through the ribosomal cycle is
not>clear. For instance, 6ne interaction might only occur during initia-
tion while the others might sﬁitch during elohgation. Only crosslinking
results from ribosomes irradiated at specific points in tfanslation will
clarify tﬁis situation.

Proofréading,and tRNA Binding: The total error rate in translation is

simply a sum of the‘error rates of its component reactions. The theoretical
and practical problems involved in the analysis of translational fidelity are.
reviewed by Kurland (1980) and Yarus (1979). Best estimates place the total
error rate from all factors at one misincorporatioﬁ per 16“ amino acids. The
only step in translation which cannot be expected to easily yield this level
of discrimination is‘tﬂNA_binding via the codon-anticodon interaction. The
difference in‘binding energies of two tRNAs which contain partially degenerate
aﬂticodons for a single céaon is far too small to expect such accurate read-
ing. To account for this, a number of models‘have been presented, all of
which involve reading theAanticodon twice to multiply small differences in
 b1nding.v The lack of experimentél-data has, up until now, prevented formulé-
tion of a detéiled physical model of this process which Satisfactorily ac-
coﬁnts for what little is known.

No part of 16S RNA hés beén associatea with a proofreading function.
Several protéins, howeVer,vare known to be involved in regulating transla-
ﬁional fidelity. 'Elongation factor Tu, S4, S11, S12, and_S17 have all been
shown to profoundly affect the error rate (Gavrilova et al., 1981, and referf

ences therein). The characteristics of one of the long range crosslinks
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observed, GPs 625 x 1420, suggest that it might have a role in proofreading
‘and tRNA binding. The region near 1420 has been implicated in binding of tRNA
to the P site (Taylor et al.l‘1981) and the region near 625 is part of the S8
binding site. S8, while not necessarily binding tRNA directly, has an effect
on the amount bound (Nomura et al., 1969). Both regions are highly variable
- as would be expected for a proofreading function. The proofreading érocess
reduiresvénergy and .each speciés will have different requirements for
optimizing the advantages of increased accuracy with the disadvantages of
energy loss. Thus, the details of proofreading should be different even among
closely related species wiﬁh larger differences upon going from mitochondria
to prokaryotes to eukaryotes. The region of E. coli 16S RNA around 580-660
varies considerably among prokaryotes and has been deleted entirely by
mi tochondria. Yirtually all of the nucleotidés which have been inserted inté
eukaryotic 18S RNA are found in this region. A similar behavior is‘seen
around 1420. Mitochondri# have shortened that helical stem while eukaryotes
have expanded it. o

Intuitively, one might expect eukaryotes to require the lowest error rate
‘and hence devote more of the 18S RNA to that task. Eukaryotes synthesize many
more proteins than prokaryotes and are thus more sensitive to errorinduced
| damage. Mitochondria, on the other hand, are almost free of proofreading
‘constraints. _All proteins synthesized are multiple copy and only a few dif-
ferent ones are made. Indeed, éil proteins which could propazate errors,
,ribosoﬁal proteins (with a coupleigxceptions) and polymerases, are synthesized
outside the mitochondria. In some cases, mitochondria only read two of the

anticodon nuclebtides (Heckman et -al., 1980), so that itvwould not be

- 4
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surﬁrising if they were to delete all or part of the proofreading apparatus.
We are unable to rely on experimental results because measures of in vivo
translational fidelity are extremely difficult to do and have been resatricted
to studies which detect only one or a few different misincorporated amino
acids in a protein (Edelman & Gallant, 1977). Even these studies have to be
viewed critically because E. coli ribosomes can reject nascent peptides which
contain aﬁ error (Caplan & Menninger, 1979). These oligo-peptides are broken
down rapidly in the cell and thus are diffiéult to measure Quantitatively.

Lake (1979) has proposed a detailed model for what he terms the R (fe-
cognition) site of tRNA binding. The anticodon is read once in the R site. A
conformational change in the tRNA occurs to bring it to the A site where the
anticodon is read again. A primary reason for placing the R site on the
exterior of the 30S sub-unit is the location of several tRNA'binding and
proofreading proteins there (including S8). Fér the reasons mentioned earl-
ier, the cyclic interaction ot"612-617/623-628<-\'—620-626/1&20-1'426 appears to
be ideally suited for involvement in the processléf.moving a tRNA from thé'R .
site to the A site. | |

Lake (1981) proposéa that the conformational change which brings the tRNA
to the A site would occur solely in the tRNA.with the only contact to the
ribosomal complex being at the anticodon. . This seems unlikely not only beca-
use of the weakness of some codog-anticodon interactions, but also because of
the ease with which the process could be short-circuited. If the tRNA in the
process of switching were to come off the mRNA, there would be nothing to
prevent a new tRNA which had not undergone the initial screening at the R site

from taking its place and moving into the A site. It is more likely that



there are multiple tRNA-protein and tRNA-rRNA contact points which ensure that
the bound tRNA has all the important features of the coghaté aminoécfl tRNA.
In this Hay,‘other conformational changes in thevribosome could be tightlyv
coupled to tRNA movement.

| EF-Tu; which haé been shown to recdgnize the 3' end of aminoacyi tRNA
before binding the ribosome (reviewed by ﬁeissbach, 1980), and the tRNA
Sindihg proteins on the exterior of thé 30S subunit would make contact with
LRNA bound to the R site. It would not be surprising if rRNA were also
“involved. The high variability of the 588-617/623-651 region suggests that it
would not be QIrectly invélved'in ﬁRNA binding. There are, however, tyo |
nearby sequences of C-G-A-A that are highly conserved. Both of these
stretches, located at 726-729 and 76#-767 in E. coli, are present in all
_prokaryotes and eukaryotes and at least one is present in all mitochondria.
C-G-A-A i3 complementary tb the highly conserved TVYCG present in tRNA. While
this sequence is not available for inter-RNA bindiﬁg in soiution, there is
strong evidence that binding of a codon to tRNA makes this region more acces-
sible (reviewed by Kim, 1978) and thus able to bind to 16S RNA or 58 RNA.
Such an interaction would destroy contact between the D and TV loops of tRNA,
also freeing other sequences for interaction. The cohserved YGG sequence in
tﬁe D loop couldvalso be involved in intefactions'in the R site or it might
, reqain free io allow specific biﬁding to the A site uponvswitching.

There is a strongly conserved sequence in 16S ﬁNA which woﬁld allow

pairing of thg Y-G-G sequence in the A site énd‘subséquently in the P site.‘
The sequence CCGmquCCG (1399-1405 in E. coli) is pfeéent in all prokaryotes |

and eukaryotes and some mitochondria. In the A site, 1399-1401 would pair



with the exposed Y-G-G while the P site tRNA Y-G-G could pair with1403-1405.
This hypothesis is based partly on the data of Ofengand'et al.- (1982).
They found that a médified base in the anticodon loop of a P site tRNA could
. erosslink to C-1400. This crosslinking was done with an empty A site so
C-1400 would be available. When the proper codon was supplied for the tRNA
(Ofengand & Liou, 1981), crosslinking was abolished. This indicates that the
interaction between the anticodon and C-1400 is probably not functionally
important. It dbeé, however,.establiah that the P site 1svin very close
proximity. The A sité must also be very close because thnson et al. (1982)
found that the distancelbetween the an position in tRNAs bound to the A and
P sites is only.2-10 A greater than the tRNA diameter. This implies that the
A and P site tRNAs are in very close contact throughout their entire lengths
‘because the anticodon'lcops and 3° énds also have to_be quite glose.'

In order for the D loobs to pair with 16S RNA'as described, the tRNA
would have to undergo a conformational change. Thé D and Ty loops would have
already separated in the R site. The D locp and stem would also have to
twist Slightly.and move toward the anticodon loop. In such a conformation.,
the bases in thg antiéqdon ahd b-loops are in an antiparallel configuration.
The A site is on the 3’ side of of the mRNA; thus it is on the 5' side of the
16S RNA. A diagram of how this might happéﬁ is shcwn in Figure 1. The mRNA ‘
is hecessaril&‘kinked so‘the anticodon loops can base pair to adjacent codons
on the mRNA. There is a larger distance allqwable between the D loops beca-
use the base-paired regiohs are separated by an unpaired, modified nucleot-
ide. The base aﬁd sugar methylations might Somehow stabilize this kink.

Except for a few mitochondrial tRNAs and tRNAs involved in cell wall
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synthesis, the sequence G=G is present in the same location in the D ioop.
The base 5' to this is usually a C, D, or U but occasionally an A. The
pairing of G-1401 or G-1BOS with this variable base holds additional poten-
tial for distinguishing between differgnt tRNAs. The structures of G-C, G-U,
G-D, and G-A pairs are all different and may change the orientation of a tRNA
enough tnat,-depending on the remainder’of the structure, it could stabilize

cognate and destabilize non-cognate tRNAs.

Translocation and Elongation: Very little is known about the mechanism

of translocation and which parts of the ribosome are 1nvolved. The following
model for translocation and movement of tRNAs through the ribosome is pre-
sented not as a definitive statement on how the ribosome works but as a"way
of accounting for our observations and those of»dther workers in the field.
There is clearly much work to be done and this model should help point ocut
weaknesses in our knowledge. | |

The role of tRNAs in translocation appears to be paramount. The dis-
tance which mRNA moves is determined by the tBNA'(Thach & Thach, 1971; Gﬁpta
et al., 1971). Johnson et al. (1982) have also proposedithat the energy for
translocation comes from enérgy stored wnen the A site tRNA is tightly packed
adjacent to tne P site tRNA. 1In nrder fon‘the tRNAs to be in such close
contact, there,munt be other parts of the ribosome which prevent tne tRNAs |

from escaping. Since this would necessarily have to be a cyeclic interaction,

RNA-RNA interactions seem likely to be involved. While intersub-unit inter-

" actions could play a role in tnis, we have no information which relates to

this. A large part of the tRNA binding sites are localized on the 30S sub-

]
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units so 16S RNA could certainiy play a major role.

Brimacombe (1980), while not setting forth a specific model, proposed
that 39-47/393-402 + 1055-1065/1186-1195 3= 385-399/1052-1067 might somehow be
involved in translocation. There is no direct evidence for Brimacombe's
proposal but this seems to be exactly the type of cyélie, long rangevinter-
action necessary if translocation is to proceedvas described above. The 5
interactions shown in Figure 2 are certainly intricate enough to lock the P
site tRNA in place. At the opposite end of the 30S sub-unit, similar inter-
interactions would have to-occur to lock the A site tRNA in place. These
could include 950-956/1507-1513 and other interactions such as ﬁPs 450 x 1540,
EPs 510 x 15“0; or EPs 0 x 1540 which have been mapped by electron microscopy
(Wollenzein et al., 1979; Wollenzein & Cantor, 1982) but not khown to suf-
ficiently high resolution to describe in detail. ‘

A chart showing our p;oposed model for the elongation process is shown
in Pigure 3. The key features and abbreviations used are explained in the
figure legend. The role of elongation factors and conformational changes is
shown, with the occupancy of the tREA binding'sites after éach event listed.

When EF-G°GTP binds to the pretranslocation ribosome, it destabilizes
the lbng range interactions and causes the short range base pairing of Figure
2B to occur. Thié provides an escape rouﬁé‘for the P site tRNA. This tRNA
-is rapidly expélled from the P site because of electrostatic repulsion from
theAA site tRNA. The A site tRNA moves to the P site simultaneouslf because
of the much greater affinity 6f peptidyl tRNAs for the P site. After tRNA | .
movement, EF-G'GbP dissociates from the ribosome, catalyzed by GTP hydrolys-

is. The stabilizatibn by EF°G of short range interactions is no longer a
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factor as to which conformation is favored; thus the interdomain interactions

shown in Figure 2 are re-established.
Evidence for an additional binding site for deacylated tRNA after the

P site was found by Wettstein & Noll (1965). Additional support for this
site, as well as a functional rationale for it, was proQided by Nierhaus et
al. (1980) and Rheinberger et al. (1981) on the basis of filter binding

studies. Velocity sedimentation, however, has yielded ambiguous results on

~ this point (Schmitt et al., 1982; Grajevskaja et al., 1982). Whether this

is caused.simply by differences in ribosomal preparations or by more ser-
ious 1nconsisténgies is not clear. Inbanj case, the D site (the E site -has
been renamed the D site for acronymic reasons) has been inclﬁded in our
model becauSe, at present, the weight of evidence suggests it is real. The
magnitude of the dissociation constant may be strﬁngly dependent on the
method of ribosome ﬁreparation but eﬁen‘azgfgsociation rate might enhance
accuracy in vivo. The presence of the deacylated tRNA in the D site ac-
celerates the binding ofvthe aminocacyl tRNA'EF-Tﬁ'GTP ternary complex to

the ribosome. This occurs after'an initial reading of the anticodon'of the
incoming tRNA. Oﬁce the anticodon has been 1ntefpreted as correct, EF-
Tu‘GTP binds with high affinity to the short rahge interactions near the A
site (946-955/1225-1235 + 1506-1515/1520-1529) znd allcws the R site tRNA

to move into the 4 site. In the presence of EF-Tu, this movement is ir-
reversible and providés the non-equilibrium situation-necessary for true
proofreading to occur (Yarus, 1979; Kurlaﬁd, 1980). Once in place, the tRNA
anticodon is reread. If still deemed correct, EfTu’GDP dissociates from the

ribosome with hydrolysis of GTP. This allows the long range interactions to

+
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reform (950-956/1507-1513) and locks the two tRNAs in place, correctly
positioned for peptidyl transfer.

This model is neceséarily incdmplete but does account for all the data
available on elongation at present. For instance, while four tRNA Einding
sités are propecsed, only 2 or 3 are occupied at any one timé. This agrees
with the data of Rheinberger et al. (1981) who found 2 to 2.5 tRNAs bound
during translation. It also includes the R and D sites which increase the
' fidélity of translaticn (Lake, 1931; Yier=aus et al., 1580)., The preperties
of non-cleavable GTP analogs in factor binding can be accounted for because the
eﬁergy input is used solely to faver one direction in a conforﬁatibnal equi-
librium. Non-enzymatic translation is possible because the same conforma=-
tional equilibrium would be present in the absence of factors but would simply-
occur at a slower rate. In this case, the only energy input would be from

peptide bond formation.
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FIGURE LEGENDS

Figure 1. Possible structure of two tRMAs interacting with both mRNA

~and 16S RNA in the A and P sites of the ribosome.

Pigure 2. Possible conformational changes in 16S RNA. A) Long
range interactions shown are supported by ﬁhreg different psoraien
crosslinks (boxed) and one interaction found by Glotz et al (1981),
387-400/1053-1067. 1131-1144/1301-1317 is not present in any of the
currenﬁ models butvaimilar structures éan be drawn for other species.
B) Short range interactions shown are from the neﬁest version of the

Noller & Woese (1981) model (H. Nollér, personal communication).

Figure 3. Model for elongation and translocation. The model in-
volves six steps, three of which involved structural transitions

in the RNA. These transitions are described below.

1) Gate 1 is a steric barrier to LRNA ﬁovement at one end of
the cleft in the 30S subunit. Iﬁ separates the R and A sites énd
is associated with the follow}ng, and pbssibly other,ktransitions
in secondary structure: |

Gate 1 (closed) €~> Gate 1 (open)

950-956/1507-1513 €—»9U46-955/1225-1235 + 1506-1515/1520-1529

2) Gate 2 1s a similar barrier at the other end of the cleft

between the P and D sites. 'It'is associated with the transition



described in Figure 2. '
Gate 2 (closed) «—> Gate 2 (open)
Figure 2A 4—-—-—9 Figure 2B
3) The movement of the aminocacyl tRNA from the R site to the
A site:
| AA-tRNA (R site)'6—> AA-tRNA (A site) 
612-617/623-628 <> 620-626/1420-1426
"During the de#t step (tRNA expulsion), the réveréal ofvthis
structural change in the 16S RNA occurs, leaving the aminoacyl

tRNA in the A site and genéréting an empty R site.

‘In the above figure, four sites of tRNA binding are pbsf
tulated. The ﬁ (recognition) site corresponds, in prineiple,
to that described by Lake (1981). The physical attributes and
position are not necessarily the same, houe&er. .The A and P
sites are as usually proposed. The D (discharge) site corresponds
to the E site of Rheinberger et al (1981). The name has been changed
for aéronymié reasons. AA refers to the aminocacyl tRNA, and D to the
deacylated tBNA. The symbol -~ refers t? the positions of the olole 38
sequences in the 168 RNA which base pair ;ith the D loop of the

=

tRNA (see Discussion).
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