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INTRODUCTION

Translation physically links the genotype and
the phenotype and thereby defines them. The
process is a necessary precondition to the evolu-
tion of all macromolecular structure. The size of
enzymes, their complexity, and their specificity
reflect an underlying accuracy in the translation
process. Is it not true, therefore, that translation
embodies the essence of the cell?

Translation occurs in the framework of the
ribosome, an enormous and complex molecular
aggregate that comprises two ribonucleoprotein
subunits (12). The smaller of these (in bacteria)
contains about 20 separate protein components,
positioned around a large ribonucleic acid
(RNA) some 1,500 nucleotides in length. The
larger subunit comprises an RNA of about twice
that size (2,900 nucleotides), in addition to a
much smaller 5S RNA (120 nucleotides) and
about 30 distinct proteins (26, 40).

For almost three decades, biologists have
sought to understand the molecular mechanics
of translation, but with little beyond descriptive
success. In approaching translation, we have
tended to focus on the protein components as
the elements that define ribosome function—the
ribosomal RNAs (rRNAs) were seen as basically
structural. With the advent of nucleic acid se-
quencing technology, however, has come an
interest in the possible functional roles for
rRNAs. If we can transform their linear molecu-
lar sequence into a detailed and dynamic three-
dimensional form, we will almost certainly un-
derstand the all-important translation process.

The earliest speculations concerning rRNA
secondary structure were based upon a partial
(and, it turns out, incorrect) sequence from one
organism (20) and therefore need not be consid-
ered here. Studies of transfer RNA (tRNA) and
of 5S RNA (25) have forcefully demonstrated
that the only reliable way to determine second-
ary structure presently available (outside of X-
ray crystallography) is through comparative
analysis of primary structure. A comparative
approach to the 16S rRNA sequence, based
upon the Escherichia coli sequence (9, 11), the
nearly complete 16S rRNA sequence from Bacil-
lus brevis, and T, ribonuclease (RNAse) oligo-
nucleotide catalogs from over 150 other bacte-
ria, gave us a first look at the true secondary
structure of the molecule (51, 98). The subse-
quent publication of 16S RNA sequences from
Zea mays chloroplasts (69) and mammalian mi-
tochondria (1, 21) permitted some refinement of
the original structure and provided further com-
parative proof for a number of helical elements
(54).

There now exist in the literature a number of
proposed secondary structures for 16S (and 23S)
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rRNA (6-8, 30, 54, 79, 98, 105). All agree to a
first approximation (for all have used to some
extent a comparative approach). However,
there are differences in detail among them. Since
it is virtually impossible for interested biologists
to assess the relative merits of the various
models—indeed, it even requires considerable
effort to intercompare them—and since new
sequences add complexity as well as information
to the picture, it is of considerable value to
review the topic of the constraints in rRNA
sequence. The purpose of the present review are
to bring up-to-date and discuss in detail the
status of 16S rRNA secondary structure and to
present an overview on this rapidly developing
field.

The first part of the review concerns the
evidence for the individual helical elements. In
each case, extensive comparative evidence sup-
porting the double-helical stalk will be given,
and the structure will be further described in
terms of the susceptibility of various residues
therein to chemical modification and so on.
Also, the entire locale will, whenever possible,
be characterized in phylogenetic terms (conser-
vation of sequence, patterns of variabi[ity, etc.).

The data base used herein contains. the com-
plete sequences for the 16S-like rRNAs frqm E.
coli (9), Z. mays (69) and tobacco chloroplasts
(86), and various mitochondria (1. 21, 39, 42, 74,
89: J.J. Seilhammer, G. M Olsen, and D. J.
Cummings. unpublished data); the unpublished
partial sequences from B. brevis (C. R. Woese
and H. F. Noller, unpublished data) and Bacillus
stearothermophilus (R. Gupta et al., unpub-
lished data); the 16S rRNA sequence from the
archaebacterium Halobacterium volcanii (33);
the 18S rRNA sequences from Saccharomyces
cerevisiae (64); Xenopus laevis (65), and Dic-
tyostelium discoideum (R. McCarroll, G. J. Ol-
sen, Y. D. Stahl, C. R. Woese, and M. L. Sogin,
Biochemistry, in press) and the T; RNase cata-
logs for 16S rRNAs of over 200 organisms
(mostly eubacteria) (24 and references cited
therein; C. Woese et al., unpublished data).
Also, the susceptibility of various residues to
chemical modification has been measured by T,
and pancreatic RNase cataloging assays, using
bisulfite modification of C’s (E. coli and B.
brevis 16S rRNAs), glyoxal substitution of G’s
(E. coli 16S rRNA), m-chloroperbenzoic acid
modification of A’s (E. coli 16S rRNA) (C. R.
Woese and L. J. Magrum, unpublished data),
and kethoxal substitution of G’s (in E. coli active
[50] and inactive [36] 30S subunits and certain
ribonucleoprotein fragments), all reagents that
are known to respect secondary structure. Also
used to some extent are the relative sensitivity
of residues to enzymatic cleavage by T, and
pancreatic nucleases (which would detect un-
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structured residues) or by cobra venom nuclease
(which attacks residues in double-helical confor-
mation) acting on the 30S subunit (90, 91).

PART 1. DETAILED CONSIDERATION OF
THE VARIOUS HELICAL ELEMENTS

In discussing 16S rRNA structure, we will
consider a double-helical element as definitely
existing only when it is supported by sufficient
comparative data. Specifically, a putative helix
is considered to exist when (i) it can be formed in
at least two different 16S rRNAs (involving
homologous segments in the molecule in all
cases), and (ii) a canonical base pairing covari-
ance can be demonstrated (i.e., a Watson-Crick
pairing in one case being replaced by a different
Watson-Crick pairing in some other case) for at
least two pairs in the helix. Although it is not a
necessary condition, bases in helical array
should be relatively unreactive to chemical re-
agents that respect secondary structure and to
nuclease attack, or sensitive to cobra venom
endonuclease.

Figure 1 is an overview of eubacterial 16S
rRNA secondary structure as it is now known,
to which the reader can refer in the detailed
discussion that follows. The molecule readily
structures into several major domains, each
comprising a number of helical elements and
subdomains. The 5' domain is defined by the
helix linking positions 30 and 550, the central
domain by that linking 565 and 885, the 3’ major
domain by that linking 930 to 1390, whereas the
3’ minor domain comprises the sequence beyond
the 1390 region. These domains and their subdo-
mains are also to some extent defined in terms of
certain of the ribosomal proteins, which stabilize
various parts of the structure and so protect
them from nuclease attack. For example, pro-
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tein S4 in this way protects most of the 16S
rRNA domain enclosed by the helix linking
positions 30 and 550 (18, 19, 68, 102, 103) (Fig.
1). That this truly reflects structural organization
of the RNA is evident from the fact that under
carefully controlled conditions, the same do-
main is protected in the absence of protein (102,
103).

In the detailed discussion of the various heli-
cal regions, the numbering of residues will be
that of the E. coli 16S rRNA sequence (i.e., that
used for the rrnB operon from strain K) (8, 9).

In the analysis that follows, we will be using
the following terms and symbols. (i) An apex
loop is the (short) stretch of sequences that
connects one chain of a double helix with the
other, e.g., the anticodon loop in tRNA. (ii) A
bulge loop comprises one or more (nonpaired)
residues that protrude from one of the chains
of an otherwise simple double-stranded helix.
(iii) An interior loop can be considered adjacent
bulge loops in opposite strands of a double helix.
(iv) An inner helix is one whose sequence lies
entirely within the loop defined by an outer
helix. (v) An irregular helix is one that, in
addition to canonical pairs and (a few) G- U
pairs, contains single residue bulge loops, non-
canonical ‘‘pairs,”” or excessive numbers of
G - U pairs. (In the text, canonical pairs and
G - U pairs are denoted by a dot [-], whereas
noncanonical pairs are denoted by a hyphen
[e.g., A-G].) (vi) A catalog is the set of oligonu-
cleotides produced by complete digestion of a
(16S ribosomal) RNA with RNase T,. (vii) The
three primary lines of descent (24, 97) are re-
ferred to as eubacteria (e.g., E. coli, Bacillus
species, etc.), archaebacteria (e.g., methano-
gens, extreme halophiles), and eucaryotes. (viii)
Post-transcriptionally modified nucleotides are
designated by a superscript asterisk, e.g., A,
when not otherwise identified. (ix) Residues

TABLE 1. Helix 9-13/21-25¢

Oorganisl?:/ Sequence
10 20
‘E.coli ... GAAIGAGUUUGAUCAUI[GGCUdA......
H. volcanii PAUUCCGGUUGAUCCUIGC CGGA......
X. laevis PUACKUGGUIUGAUCCU[GCCAGQU......
Human mitochondria PAAURGGUUUGGUCCURAGCCUU......

@ Secondary structural element(s) for region are boxed. (Breaks in boxes indicate either non-canonical pairs or
a bulged base; see, for example, Table 3.) Symbols are as follows: superscript *, nucleotide is modified;
superscript o, nucleotide is relatively resistant to chemical modification in free 16S rRNA; superscript e,
nucleotide is relatively sensitive to chemical modification in free 16S rRNA (or in the case of a few G residues in
the 30S subunit). Numbers indicate the position in the sequence. Chemical modification data involving C’s
(bisulfite), A’s (m-chloroperbenzoic acid), and G’s (glyoxal) are from tlie unpublished study of C. Woese and
L. Magrum. References 10, 13, 35, 36, and 50 cover the interaction of G’s in the 30S subunit with kethoxal. (The
information in this footnote applies to Tables 1 through 38.)
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sensitive (resistant) to chemical modification are
indicated by a closed (open) circle superscript or
subscript. (x) The four normal nucleotides have
their usual designations, whereas R, Y, and N
refer respectively to purine, pyrimidine, and
unspecified nucleotides.

Helix 9-13/21-25 (Table 1)

The first helix in the molecule (helix 9-13/21-
25; Table 1) starts two to three residues from the
5’ end in archaebacteria and eucaryotes. It has
the familiar form of the anticodon and T¥C arms
in tRNA, i.e., a stalk of five to six pairs enclos-
ing a loop of seven residues. Sequence in the
structure is nearly constant for the three known
eubacterial examples, and the occurrence of the
T, oligonucleotides AUCAUG,, and CUCAG,,
in almost all eubacterial catalogs strengthens
this claim. In eucaryotes and archaebacteria, the
sequence in the helix is different, but in each
kingdom it appears to be nearly constant, as
judged from complete sequences and catalog
information; i.e., . . . .CYG;, covers all archae-
bacteria and eucaryotes so far characterized, as
does GAUCCUG,, (except for one archaebac-
terial example). Although the eubacterial exam-
ples contain five pairs, the archaebacterial ex-
amples and one eucaryotic example appear to
extend to a sixth pair (distal to the loop).

Helix 17-20/915-918 (Table 2)

One of the strands of helix 17-20/915-918
(Table 2) exists within the loop of the previous
helix, a situation somewhat analogous to the
codon-anticodon interaction within the antico-
don loop. This is the only documented example
of such a structure in the rRNAs thus far.
Whether this and the previous helix coexist in
the ribosome is not known. Both sides of the
helix are covered by T, oligonucleotides, and its
four canonical pairs can be formed in 99% of
catalogs. Variation in sequence in the helix
occurs but rarely, and even so is highly con-
strained. (Three of the four eubacterial oligonu-
cleotide examples shown in Table 2 are of multi-
ple phylogenetic occurrence.) In human

920

CUGAAIAUCAUUAGACCG

CUCAA[AUGAAUUG
CUCAAAACAAUAG
CUCAARAGGACCUG
CUCAAAGGAIAUUG
CUCAAAUGAIAUUG
CUCAAAGAAAUUG
CUUAAAGGAJAUUG

910

.CUCAAAAGAIAUUG

Sequence
25

UUGA[UCAUGGCUC.........

TABLE 2. Helix 17-20/915-918

GA[UCCUG . ......eeeveeenn...
GA[UCAUG.......coeveennn..
GA[UUCUG.......evevvennn..

15

UUIGGUCC AGCCuU.......

Aspergillus mitochondia G A[GU U UG AUGAUGGCUC.........

AUGAUGUUGGUUC.........

§ mitochondria, the helix may extend to 6 pairs,
®  ie., 15-20/915-920, and in Aspergillus mito-
S chondria to 10. These examples suggest that this
- R and the previous helix do not simultaneously

2 o 8 58 €  exist in 16S rRNA. .

g £ ‘g B '§ ~§ §_§ 'g In B. brevis, CCy is refractory to bisulfite.
H Q O = = O

$ £ 3 §3ises 3 Helix 27-37/547-556 (Table 3)
2 £ E 23333558 Helix 27-37/547-556 (Table 3) is the first ex-
§ 8 =5 8 B8 o0 eg|2 ampleofan irregular helix. The structure occurs
$ S§E5 g 828 § 8s & i all three primary kingdoms, It is somewhat
§ N> T 8 e o s variable in sequence. Examples of bulged resi-

dues (e.g., G;; in eubacteria) are common, as
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TABLE 3. Helix 27-37/547-556

Organism/ Sequence
organelle

30 550
E. coli AGAUUGMAACGCUG......... AAGCGUUAAUCG
Paramecium [TGAUUUAACGCUA......... UAGCGUUAAUCG
mitochondria
Yeast A[GAUUAAGICGCUA......... GIAGCGUUAAUC (A
mitochondria
Human
mitochondia U U C UA —-UUAGCUC......... A[AGUCAAUAGAA|
Chloroplasts A[GGAUGAACGCUG......... A[AGCGUUAUCCIG
H. volcanii AGGUC —AUUGCUA......... AIAGUGAUGACCIG

* *

X. laevis WWAGCA—-—UAUGCUU......... U[AGCGUAUAUUA

are A-C ‘“‘pairs’’ (e.g., mitochondria and some
eucaryotes) and modified residues (in eucary-
otes). The archaebacterial version of the helix is
not irregular.

The structure is one of several protected from
nuclease attack by ribosomal protein S4 (18, 19,
68, 103), and electron microscopic evidence
suggests that this may be a major binding site for
this protein (14). Chemical reactivity in and
around the helix is consistent with this structure.
Residues 557 and 558 are reactive with glyoxal,
as is bulged G;; with kethoxal (50). However,
residues 553 and 554 are relatively unreactive, as
would be predicted. Csse, in the terminal base
pair of the helix, reacts with bisulfite, which is
consistent with the mechanism of bisulfite attack
Q3).

Eucaryotes modify As; (2’ O-methyl [2'
OMe)); X. laevis modifies Gss3 (2'0OMe) (65).
Usss (2'0OMe) is modified in the Lemna catalog
(unpublished data), whereas S. cerevisiae modi-
fies Ass;. This density of modification is remark-
able, as is its variability (among eucaryotes) and,
indeed, its occurrence within a helix in the first
place.

The eucaryotic version of the structure ap-

pears to be one pair longer than the bacterial
versions, i.e., the pair at positions 26 and 557.
However, an A-G ‘‘pair’’ at these positions is
possible in E. coli and other organisms. (See
discussion of A-G pairs below.)

The unpaired sequence beyond the helix on
the 3’ side is quite constant. The generalized
oligonucleotide GAYUUAYUGse covers 96%
of the eubacterial catalogs.

Helix 39-47/394-403 (Table 4)

The eubacterial and archaebacterial structures
of helix 39-47/394-403 (Table 4) are the same,
with the exception of a bulged Asy; residue
present only in the eubacterial (and mitochondri-
al) examples. (Note that the archaebacterial
version could also be made to conform strictly to
its eubacterial counterpart, i.e., with a bulged
Asg7, Without any loss of pairing.) Although the
5’ strand in eucaryotes seems analogous to the
procaryotic examples, a complementary (3')
strand has not been located with certainty. The
possibility shown in Table 4 is from a nonhomol-
ogous section of the sequence (covering position
520 in yeast 18S numbers). Therefore, the eu-
caryotic version of this structure cannot be

TABLE 4. Helix 39-47/394-403

Organism/organelle

Sequence

E. coli
Chloroplasts

Yeast mitochondria
H. volcanii

td]

G
G
Human mitochondria C
A
A
U

X. laevis |

> a> 0000

;
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TABLE 5. Helix 52-58/354-359
Organism/organelle Sequence
50 60 360

E. coli CCUAAA-AAG ...... ACCAGUQGGG

B. brevis CCUAA[UACIAUGCAA ... AGCAGY AGG
Human AUU—A[CACTATGOAAG...... AGCAGUgAU
mitochondria

X. laevis AUUAA[GCCATGJACG...... A[ECAGGQgcGc

H. volcanii AvuuvvuAfgcdacduac...... A[GCAGGJGC

considered proven. A possible (unproven) alter-
native is the pairing of (UYUGUC,; with GA-
CR(A)400, producing a shortened version of the
helix seen in procaryotes. Sequence is nearly
constant among the eubacterial examples. Cata-
logs show it to be at least somewhat variable in
the archaebacteria.

C’s at position 47 and 48 are unreactive with
bisulfite.

Helix 52-58/354-359 (Table 5)

Because of its near constancy of sequence,
helix 52-58/354-359 (Table 5) is difficult to dem-
onstrate by comparative evidence. The three
pairs beyond bulged Ass are not considered
proven for this reason. Indeed the entire se-
quence from position 48 to 68 is rather con-
served. For example, only one base replacement
separates the E. coli and chloroplast versions,
and 92% of the eubacterial catalogs are covered
by the general sequence GCYUSAYACAUGs;.
Even the eucaryotic and archaebacterial ver-
sions are remarkably like their E. coli counter-
part. The general formula AYUNASCCAUGs;
covers all sequences and catalogs for both king-
doms. The mitochondrial examples show con-
siderable sequence variety in the region, and the
distal three pairs in the helix are not formed in
several such examples.

Cs,4 is unreactive with bisulfite. Cs, is reactive,
as might be expected, since it is a terminal pair.

Helix 73-82/87-97 (Table 6)

Structure in region 60 to 110 is not completely
clear and is to some extent idiosyncratic. E. coli

and Proteus vulgaris have a helix, 73-82/87-97
(Table 6), which includes a bulged Go4, Which
appears proven except for the three pairs out-
side the bulge. Also, residues 71 to 81 are known
to be unreactive with modifying reagents. Ggs
and Gg4 (in the apex loop and bulge loop,
respectively) are reactive with kethoxal in active
30S subunits, however (50). Cobra venom
RNase cuts after positions 72, 74, 78, 89, and 95
(90). Chloroplasts delete most of this structure,
and the archaebacteria and eucaryotes appear to
as well. However, archaebacteria may have a
somewhat different, seven-pair helix in the area
(65-71/98-104), which may have a counterpart
in D. discoideum, but we consider these as yet
unproven.

Helix 113-115/312-314

The small helix 113-115/312-314 occurs in two
versions: GUG;;5/CAC;;4 in eubacteria and all
of the mitochondria, and CUC,;5/GAG3;;4 in
archaebacteria and eucaryotes. The sequences
are in entirely analogous positions in all cases,
i.e., they are defined by surrounding homolo-
gous sequence or secondary structure or both.
Conservation of sequence in the helix is further
implied by the eubacterial catalogs, 92% of
which contain an oligonucleotide of the form
.. .YCACAYUGs3;3. In yeast mitochondria, the
pairing can be extended, i.e., AACGUG;s/
CACGUUs3, 7, creating two adjacent A - U pairs
that ostensibly conflict with another helix (see
Table 12); however, see discussion of coaxial
helices in part 2 below.

TABLE 6. Helix 73-82/87-97

Organism/organelle

Sequence

80

E.coliB
E. coli K-12

AACUUG <!
AAJC AGGAAGAAGICUUGIC
CUUG

Proteus vulgaris A AlcAG G AGAAAG

o
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Helices 122-128/233-239 and 136-142/221-227
(Table 7)

Helices 122-128/233-239 and 136-142/221-227
(Table 7) occur in all three kingdoms. However,
in all eucaryotes except for Dictyostelium, the
structures are irregular, especially the inner he-
lix. (A slight irregularity is noted also in the two
chloroplast examples of the outer helix, i.e., the
pairing A426-Cz3s.)

The interior loop defined by the two helices
appears to be structured, as Table 7 shows; a
canonical pairing covariance exists for positions
131 versus 231. Note also the (A,G);39 versus
(G,A),3; covariance, suggesting additional struc-
ture. Sequence in the interior loop seems con-
strained, as does that preceding the helices (i.e.,
positions 116 to 121). However, within the heli-
ces themselves, some positions are readily vari-
able. (Note that the catalog examples and one
sequence are all taken from within the same
[phylogenetically defined] genus.)

Many residues within each of the helices have
been shown to be resistant to chemical modifica-
tion, whereas the flanking sequences, at posi-
tions 119 or 120, 129 to 131, 132, and 134, are
reactive with the modifying reagents.

In the mitochondria, only the fungal and pro-
tist examples clearly demonstrate both helices.
For future reference, note that the archaebacte-
rial sequence inserts an A residue after position
121 and a G after position 239.

Helices 144-147/175-178 and 153-158/163-168
(Table 8)

Helix 144-147/175-178 (Table 8) is not con-
vincingly present in E. coli or most eucaryotes;
however, it does form in B. brevis, chloroplasts,
Aspergillus mitochondria, and the archaebacter-
ium H. volcanii. Its extension by two pairs plus
a G-A juxtaposition, i.e., GAU;5¢/AUA,;74, is
possible in all but chloroplasts, but remains
unproven.

The second helix, 153-158/163-168 (Table 8),
is quite variable in sequence except for the
terminal C+ G and G- C pairs; in the genus
Bacillus alone at least six versions exist. Varia-
tion may be under (complex) constraint, howev-
er, for position 157 versus 164 is rarely a canoni-
cal pairing (it is U-G, G- U, or, in
D. discoideum, A - C). Moreover, all eucaryotic
sequences exhibit a G - Gy¢¢ ‘‘pair.’”” Sequence
within the apex loop seems constant between
eubacteria and archaebacteria, whereas most
eucaryotes vary it somewhat and insert a residue
therein.

All mitochondrial examples have an abbrevi-
ated form of this composit helix (and the mam-
malian versions delete it completely).

The resistance of residues 175 to 178 to chemi-
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TABLE 8. Helices 144-147/175-178 and 153-158/163-168

Sequence

Organism/organelle

WOESE ET AL.

170

150

Sequence

o o

o

o

o

AGGGGIGAUAAICUACUGIGAAA—-—ECGGUAGCUAAUA

E. coli

cGcda

AGCGGGAACAA[CAACUGIGAAA—ECGGUUGICUAAUA[CCCUG

Chloroplasts
H. volcanii

ABCAACGAUAAKECUCGGGAAA—CUGAGGICUAAUAGUUJA

ACUUGIGAUAA[CUGUGGUAAUUFEUAGAGCUAAUA[CAUTC

X. laevis

o

3 o

o

o

ACCGGIGAUAAEAUAGGIGAAA—-_CUUAUGCUAAUAICCGGGA

B. brevis

Catalog

GAUAACACCUGGAAA—-CAGNNGCUAAUACCG

Lactobacillus plantarum

B. subtilis
B. alvei

GAUAACUCCGNGAAA—-CCGNNGCUAAUACCG

GAUAACCCACGGAAA—-_CGNNNGCUAAUACCG

MICROBIOL. REvV.

cal modification is consistent with the first of
these two helices. Residues in helix 153-158/
163-168 are also protected against chemical
modification, whereas those immediately flank-
ing the helix, i.e., A’s at positions 151 and 152,
and C,¢y, are readily modified. The A residues in
the apex loop are only moderately reactive (with
m-chloroperbenzoic acid). Cobra venom nucle-
ase cleaves after residues 155 and 156 of the
inner helix (90).

The 180-220 Region (Table 9)

Structure in the 180 to 220 region (Table 9) is
somewhat variable, as is the number of residues.
The eucaryotic versions are the largest, all being
over 100 residues in length. The version in B.
brevis is also slightly larger (50 residues) than its
E. coli counterpart. The two helices shown in
Table 9 both have a reasonable amount of com-
parative data to support them. However, the
first is not formed convincingly in E. coli (al-
though the three-pair version indicated is possi-
ble), and the second is not formed convincingly
in the archaebacterium H. volcanii (although,
again, a three-pair version seems possible). B.
brevis and all eucaryotes will form both, and the
latter may have additional structure in the region
not included in Table 9. The second helix is well
defined by the sequence or structures (or both)
surrounding it. In most cases, the helix is imme-
diately preceded by a stretch of three A residues
(or three purines in eucaryotes), and in all cases,
the helix ends with position 219 (which can be
defined not by this helix but by the following one
[see Table 7] which begins at, and so defines,
residue 221).

A number of positions in this region (184, 191,
193, 194, 214, 215, 217, 220) are known to be
protected against chemical modification, where-
as others (181, 182, 183, 196, 198, 204, 206, 207,
210) are reactive. The region is striking for its
high ratio of purines to pyrimidines. E. coli
contains a stretch of 11 contiguous purines, B.
brevis 12, and chloroplasts 11 in approximately
the same area (positions 190 to 205 in E. coli).

Helix 240-259/267-286 (Table 10)

Helix 240-259/267-286 (Table 10) has three
sections separated by bulge loops. The two
procaryotic versions resemble one another more
than they do the eucaryotic version. The inner-
most helix (252-259/267-274) is highly con-
strained in sequence, as is the apex loop. The
generalized oligonucleotide CYYACCZ{G;7s
covers at least 95% of eubacterial and the eu-
caryotic examples. Most archaebacterial exam-
ples are also covered by the same general se-
quence if a Gj;; possibility is included. The
oligonucleotide AUCCCUAG,g9, Which would
measure variability in the outermost helix, is not
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TABLE 9. Region 180 to 220

Organism Sequence
. col CAUAARTTCGC - - oo oo A BT A BEETTES 4 e U b & o 6 o TRTT
P. vulgaris CAUGACGUCUA------ - - -~ ==~ CGGACCAAA[GCAGGGIGUUCUUCGGA[CCUUGCIG
B. brevis o>a>moﬂ§-om>i§o>>>>goll||ccmo--§>
H. volcanii CAUAC[GCGGAGUCIAUGCUGGAAUGCC[GACUCCCICGAAACGC -~ - -~ - - ==~ UCAGGCG
D. discoideum ACAAGCGA[UGGGUIGACTUGGCAACGGAAGCUCAIG..AGA[UCGAGGA|----UUUA[CUUCGAIC

TABLE 10. Helix 240-259/267-286

Organism/

organelle Sequence
NMC. ® O e o O 0 _ 0 0o o o O Ng o O
E. coli [GGGAUUA {GCU——AGUAGGUGGGGUAACGG[CUCACCUAGG(GAC[GAUC cqu
Chloroplasts [CUGAUUA—{GCU——AG[UUGGUGAGGCAAUAGICUUACCAAGGOGA[UGAUTAGU
H.volcanii [CCGAUUA{GGU——AGIACGGUGGGIGuAAcCGG[cCcaAccGcUGCcdGcA[UaAAUCGGU

D. discoideum

f[ccduaul[caacduucclauGGcuacaGuavucelccuaccaucGuUUGUAACGGGU
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conserved over any substantial phylogenetic dis-
tances, nor can relatives be recognized—imply-
ing a variable sequence.

The tested residues in the helices are not
reactive to the modifying reagents, whereas four
of the five tested residues in the apex loop are
reactive, the exception is Cys. Cobra venom
nuclease cuts after residue 272 in the innermost
helix (90).

The outermost, but not the innermost, helix is
retained in the RNA fragment protected from
nuclease digestion by ribosomal protein S4 (18,
19, 68, 103). The latter helix (252-259/267-274) is
protected, however, by the addition of protein
S20 (18, 19, 102-104) and so appears to be (part
of) the binding site for this protein; consistent
with this is the observed photochemical cross-
linking of S20 to this region of 16S RNA (18).

Helix 289-292/308-311 (Table 11)

The four-pair helix 289-292/308-311 shown
boxed in Table 11 has ample comparative sup-
port. The region, however, has further, seeming-
ly complex structure. All examples will form the
helix of four pairs indicated by overlining (if an
A-G pair is admitted in Paramecium mitochon-
dria). The seven examples shown all have differ-
ent sequences in this helix. However, another
helix, which is an uninterrupted extension of the
boxed helix (shown by underlining), also seems
possible in four of the examples (E. coli, chloro-
plasts, H. volcanii, and Paramecium mitochon-
dria). Note also that some of the bases that
would be (exclusively) in this latter helix are
relatively unreactive with the modifying re-
agents. Since this and the previous helix are
mutually exclusive, we do not consider the
comparative evidence sufficiently compelling to
consider it (the smaller helix) proven. It is
possible, of course, that these two helices each

MICROBIOL. REV.

exist at different stages in the translation cycle,
i.e., together they constitute a switch.

Sequence in the apex loop tends to be con-
served (see E. coli versus H. volcanii), and the
bases therein are strongly reactive with modify-
ing reagents (unpublished experiments).

Helices 316-322/331-337 and 339-342/347-350
(Table 12)

Although its apex loop seems almost constant
in sequence among the three kingdoms, there is
some variation in sequence in helix 316-322/
331-337 proper, enough to demonstrate its exis-
tence by sequence and oligonucleotide compari-
sons (Table 12). The eubacterial and eucaryotic
versions of the structure each contain an A-G
pair (at different positions), whereas their ar-
chaebacterial counterpart seems to add an
eighth pair, Usjp; © A33. Residues flanking the
helix and in the apex loop (seven) that can be
tested are quite sensitive to chemical modifica-
tion. The three or four tested C residues in the
stalk were resistant. A cobra venom nuclease
cut at position 337 is prevented upon 30S-50S
subunit association (90).

Helix 339-342/347-350 and its apex loop are
invariant in sequence among eubacteria and
among archaebacteria, although the sequence in
the helix proper is not the same in the two
kingdoms. Their eucaryotic counterpart would
contain an abnormal pairing As4-Asg9, €Xcept
for D. discoideum (not shown), which has four
canonical pairs. The C residues in the helix (E.
coli) are surprisingly sensitive to bisulfite modi-
fication in the free RNA, and the area is sensi-
tive to nuclease attack. Yet cobra venom cuts
have been reported for the region, which sug-
gests secondary structure (90).

The residues flanking and between the two
helices tend to be highly conserved within a

TABLE 11. Helix 289-292/308-311

Organism/organelle Sequence

300
E. coli UAIGCUG - GUCUGAGAGGAUGAC[CAGA(
Chloroplasts UAGCUG—-GUCCGAGAGGAUGAU[CAGA(
H. volcanii UAICGGG—-UUGUGAGAGCAAGAG[CCCQG
Paramecium UA[GCUGI—AUUUGUGAGAAGAAU[CAG((
mitochondria
Aspergillus UA[GUCGUGACUGAGAGGUCGAU[CG A C]
mitochondria
Yeast UA[AUCGAUAAUGAAAGUUAGAA|CGAT
mitochondria
X. laevis AA[CGGG—-GAAUCAGGGUUCGAU[UCCZG]
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TABLE 12. Helices 316-322/331-337 and 339-342/347-350

Organism/organelle Sequence
Sequence
320 340
E. coli m>m>§.>@cmwmwm»m@o§>ocooc>moE
B. brevis m>m>§>uco>o>m>mﬁo§>ﬂ|¢.ﬂw_c>oQE
Yeast mitochondria CACGEUGACUCUGAAAUAU-[AGUCAA-[TAUCUAUAA[GAUA
H. volcanii GAaGA[cGGaauUCUYGAGACAAGAUUCCGGIGCCCluACG[GGGd
X. laevis GAGA[GGGAGCCUGAGAAAC[GGCUACCIA[CATUC|ICAAG[GAAG
Catalog
Most eubacteria CACACUG GACUCCUACG
Many eubacteria CACAUUG CCCAAACUCCUACG
Lactobacillus fermentum CACAAUG CCCAUACUCCUACG
Spiroplasma citri CACAUCG GAACUCCUACG
Deinococcus species CACAG UCCCACUCCUACG
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Table 13. Helices 368-371/390-393 and 375-379/384-388

2:5::’;;:/ Sequence
Sequence
370 390
E. coli GAAUADUGCAC A'AGGGUGC A AGCTUGAINGTATIC C A
B.brevis  GAAUUDUCCACAAGGATGAAAGUCUGAGGATGCAA
Human mit- UAACCUUUAGCAAUAAACGAAAIGUUUAACUAAGICUA
chondria
H.volcanii GAAA[CCUUUAICAC[UGCACIGCAAGUGCGA[UAAGGG|GA
X. laevis GCAAAUUACCCAC[UCCCGACG-CGGGGA[GGUAGUIG A
Catalog
Variouses- GAAUAUUGGACAAUG GAUCCAG
bacteria
Certainpur GAAUCUUAGACAAUG GAUCUAG

ple bacteria

given kingdom, but vary to some extent among
kingdoms.

Helices 368-371/390-393 and 375-379/384-388
(Table 13)

The composite structure of helices 368-371/
390-393 and 375-379/384-388 (Table 13) is per-
haps best considered a single irregular helix
containing an interior loop. The bulged residues
are largely conserved in sequence among the
three kingdoms, whereas sequence in the cap-
ping loop is conserved between archaebacteria
and eubacteria. Both helices vary somewhat in
sequence, but variation seems constrained. Cat-
alog data show that when G occurs at position
370, C always occurs at position 391 (in the
oligonucleotide AUCCAG). In the same way,
Ajeg covaries with Usg,. Bulged C;7, and the A’s
at 373 and 374 are reactive in chemical modifica-
tion tests.

Although the pair between positions 367 and
394 will potentially form in all cases, Ggq in

eubacteria is taken to pair with C4; instead
(Table 4). Archaebacteria and eucaryotes can
form a sixth pair between positions 366 and 395,
again overlapping the helix of Table 4 in the
archaebacterial case. (See discussion of coaxial
helices in part 2.)

The flanking sequence covering position 365
seems highly conserved among eubacteria; the
T; oligonucleotide covering the region contains
the general sequence GAAU%$UUs¢g in 97% of
cases. The fungal, protist, and murine mitochon-
dria, but not those of humans and cows, main-
tain the sequence as well. Its eucaryotic equiva-
lent, GCAAAUU;¢, seems universal in that
kingdom, although the modification is not al-
ways present.

Helices 406-409/433—-436 and 416—-419/424-427
(Table 14)

Although both eubacteria and archaebacteria
can form helices in the region 406-409/433-436
and 416-419/424-427 (Table 14), the two ver-

TABLE 14. Helices 406-409/433-436 and 416-419/424-427

Organism/ Sequence
organelle
410 430
E. coli GUGUAUGAAGAAIGGCCIUUCG|IGGUUGUAAAGUAC
B. brevis GUGAACGAUGAA|IGGUCluuCG[GAUUGUAAAI[GUUC

GUGGAG|GUGGAA|IGGCC|UACG|IGGUC/|GUCAA[CUUC
GUGCGAGGGCAUAUA - - - - — — — — - [GUCCUCG

Chloroplasts

H. volcanii
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sions are not much alike, the former having the
rather large interior loop, and the latter having a
smaller structure, a single helix with no bulged
residues. Comparative evidence for the eubac-
terial version is weak enough that only the outer
of the two helices can be considered phylogenet-
ically proven. Whether eucaryotes possess a
true counterpart of these structures is uncertain
(see discussion re Table 15).

Helices 437-446/488-497 and 455-462/470-477
(Table 15)

Again, the various kingdoms tend to structure
the areas 437-446/488—497 and 455-462/470-477
somewhat differently. Even within the eubac-
teria there is some variation. For example, the
chloroplast version deletes the inner helix en-
tirely. However, note the sequence similarity in
the outer helix between H. volcanii and chloro-
plasts. Although the archaebacterial and eubac-
terial versions of this structure seem to be truly
homologous, as judged by sequence homology
and position in the molecule (the position of
AAGsy can be defined by the succeeding helix
[Table 16]), their ostensible eucaryotic counter-
part does not occupy a strictly homologous
portion of the sequence, and may be idiosyncrat-
ic rather than homologous. (The eucaryotic helix
in Table 15 precedes the 3’ strand of that of
Table 4. This is the reverse of the order in
procaryotes.) The eucaryotic structure is sup-
ported by some comparative evidence.

Cobra venom cuts have been reported for
positions 461, 476, and 477 (90). A psoralen
cross-link is reported between U,sg and Uyy; (83,
88).

It is remarkable that human mitochondria
specifically and precisely delete this whole re-
gion and the preceding one, i.e., 406 to 477
(replacing them by a stretch of four C residues),
whereas fungal mitochondria precisely replace
both by a large idiosyncratic structure of high
A+U content.

Helix 500-517/534-545 (Table 16)

Helix 500-517/534-545 (Table 16) is a com-
pound helix containing a bulge loop. The eubac-
teria (as evidenced by both sequences and oligo-
nucleotide covariance) seem always to bulge six
bases starting with residue 505. Archaebacteria
and eucaryotes, on the other hand, seem to
bulge seven bases starting with residue 506. The
bulge loop in all cases [including catalogs] con-
tains adjacent A residues—in E. coli, AAsqo.
Given this invariance, one wonders whether the
placement of these A’s in the loop is also invari-
ant, i.e., all examples of the bulge loop begin at
the same residue, 505, and contain six residues
only. To accomplish this, the archaebacterial,
eucaryotic, and some mitochondrial versions
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need to bulge an additional residue in the inner
helix at position 510; Table 16. The mitochondri-
al examples all seem abnormal and idiosyncratic
with respect to the bulge loop.

The entire 500 to 545 structure seems ex-
tremely important to ribosome function. It is
present in all organisms and organelles, and
sequence is highly conserved, being very nearly
universal in the apex loop.

GCCm’GCGs; (m’G is 7-methylguanine) is
found in all but one of the eubacterial catalogs.
The generalized sequence GCUAACU&YGs;s,
which covers the bulge loop and part of the
upper stalk, is found in 91% of the eubacterial
catalogs, whereas GUAAUACRs3;;, which
crosses the apex loop and stalk, is found in 93%
of them. In all cases, a pairing relationship holds
between the latter two oligonucleotides, e.g.,
CUAA and UAAUA [CAUAG (mi’
nor variants of both oligonucleotides found in
mycoplasmas; Table 16).

The chemical reactivity of various residues in
this region is consistent with the structures
given. Cso7, Cszs, Csz6, and Csyg are highly
reactive with bisulfite, as is Gsyo With glyoxal.
Note that Gs;3 is reactive with kethoxal in active
30S subunits and 70S ribosomes (13, 50), but
becomes shielded in polysomes (10), underscor-
ing the probable functional importance of this
region. Residues 501, 503, 504, 511, 513, 514,
536, and 537, all in helical conformation, are not
reactive with the modifying reagents.

The patterns of post-transcriptional modifica-
tion in this region are notable. m’Gs,; is found in
all eubacteria and in two of the archaebacterial
examples. Moreover, it is the first modification
introduced into eubacterial 16S rRNA (73).
2'0OMeUs;, is found in a few eubacteria and in
all eucaryotic examples. Gse is modified in X.
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laevis 18S rRNA (at least). One eubacterial
example modifies Gs;5 (Table 16).

A potential helix can form between positions
564 to 570 and 880 to 886. Sequence in the area is
too conserved to provide convincing phyloge-
netic support for the structure. Moreover, mito-
chondrial, archaebacterial, and eucaryotic ex-
amples contain at least one mispair. Although
the existence of this helix is therefore doubtful,
it is mentioned here for the following reason.
When prepared under the proper conditions, the
16S rRNA fragment protected from nuclease
attack by protein S4 terminates at position 575
rather than at position 557 (19). In that case, the
protected fragment also includes residues 819 to
858 and 870 to 898 (see Table 21). This indirect
evidence is consistent with, if not suggestive of,
the proposed helix. In addition, electron micro-
graphs show that protein S4 sequesters the ends
of a loop corresponding in approximate size and
position to residues 570 through 880 (14).

Helices 576-580/761-765 and 584-587/754-757
(Table 17)

Helices 576-580/761-765 and 584-587/754-757
(Table 17) are seen in eubacteria and archaebac-
teria. Their counterpart in eucaryotes is uncer-
tain. Table 17 shows two possibilities, the first of
which is homologous with the procaryotic exam-
ples. The second, however, appears to be a
better match, forming seven to eight contiguous
canonical pairs. The second (647-653/752-759)
is in effect an extension of the outer helix shown
in Table 19. Sequence constancy in the eucary-
otes prevents there being any comparative evi-
dence to bear on the situation. This is the third
example of eucaryotes having an ostensibly
analogous helix in which one of the strands is
from a nonhomologous area in the sequence (the

TABLE 17. Helices 576-580/761-765 and 584-587/754-757

Organism/organelle

Sequence

760

.GA|CGCU]CAG|GUGC6]AAA

.GA[CACU|GAGIAGACGAAA

GA[CGGU|GAGIGGACGAAA

760

580
E. coli AAAG[CGCAC|GCAIGGCG|..
Chloroplasts AAAG|ICGUCUGUA[GGUG..
H. volcanii AAAG|ICGUCC|GUA|GCCG]...

580
AAAAAGCUCGUAGUUG..

Eucaryotes 650

AUGAUUAAYAGG..

.RUUAAUCAAGAACGAAA

760
.RUUAAUCAAGAACGAAA

I
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other two being the helices shown in Tables 4
and 15).

Helix 588-617/623—651 (Table 18)

The compound structure 588-617/623-651
(Table 18) can be considered a single irregular
helix with somewhat similar interior loops in the
various cases. The outer part (588-606/633-651)
seems. to be the binding site for ribosomal pro-
tein S8 (67, 104). E. coli protein S8 will bind to
the archaebacterial site in spite of the fact that
the two sites are quite different in sequence and
appear somewhat dissimilar in secondary struc-
ture (84).

The inner helix 612-617/623-628, which is not
protected from nuclease attack by protein S8,
appears to be regular in structure. Both its apex
loop and (innermost) terminal base pair are
highly conserved in sequence. A generalized
oligonucleotide sequence GCUYAACNg;,, fits
90% of the eubacterial catalogs and seems also
to account for almost all archaebacterial exam-
ples as well. This helix provides a particularly
good example of residues in stalks being protect-
ed against chemical modification (eight tested),
whereas residues in accompanying loops and
flanking sequences are not (at least six).

Eucaryotes have an idiosyncratic structure in
this region; the 170 extra residues they contain
account for much of the increased size of the
eucaryotic 18S rRNA.

Helices 655-672/734-751 and 677-684/706-713
(Table 19)

The outer of the two helices 655-672/734-751
and 677-684/706-713 (Table 19) is, like the pro-
tein S8 binding site, an irregular helix of variable
sequence. The position of the bulged residue
seems to be phylogenetically variable. This helix
too binds a ribosomal protein, S15 (48, 104). The
helix is found in all three kingdoms. It is notable
for the number of A-G pairings that seem to
occur in or around its interior loop. The archae-
bacterial example exhibits four of these, the
eucaryotic examples two or three. These can
replace bona fide pairs in the E. coli version,
which has two A-G juxtapositions itself.

As was the case for the structure in Table 18
(defined by ribosomal protein S8), the inner
helix is not protected from nuclease attack by
the ribosomal protein (48, 104) and is of rather
conserved sequence. This is particularly true of
the loop sequence between positions 690 and
700. The generalized sequence GAAAUSgs can
be located in 82% of eubacterial catalogs.
GAAAUCg covers most archaebacterial exam-
ples, whereas eucaryotes are described by
GAAAUUCU .

The apex loop defined by 677-684/706-713
contains further structure. The canonical covari-
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ance between positions 690 (A,G,C,U) and 697
(U,C,G,A) suggests the existence of the small
helix of three pairs shown in Table 19.

Structure in the large asymmetric interior
loop, i.e., positions 714 to 733, is uncertain. Its
sequence is somewhat conserved, and some
residues are mildly protected from chemical re-
agents. A convincing canonical covariance
involves positions 673 versus 717, and in archae-
bacteria and eucaryotes (but not eubacteria),
helices of three and five pairs, respectively, can
cover this region (Table 19). (The larger helix in
the eucaryotic example would compensate for a
shortening of the underlying helix, in this case,
i.e., 656—670/736—750.)

The possible functional importance of the
apex loop is underscored by its being highly
susceptible to chemical modification and by its
containing two to three sites (positions 703, 705
[and probably 693]) reactive with kethoxal in
active 30S ribosomal subunits (50). The first two
(and reactive Gg4) are protected in 70S ribo-
somes (13), whereas the last shows decreased
reactivity in polysomes (10). This part of the
structure is likely to be positioned, therefore, at
or near the subunit interface.

Helices 769-775/804-810 and 783-786/796-799
(Table 20)

Both helices 769-775/804-810 and 783-786/
796-799 (Table 20) are rather constant in se-
quence, but the apex loop, interior loop (except
positions 776 to 778), and flanking sequences on
both sides of the composite structure are even
more constant. The sequences GCRAACAGy g5
(87% of cases), GAUUAG,9; (99%),
GAUACCCUG9 (90%), GUCYAY Ggyo (90%),
and SUAAACGgs (96%) cover most of the
eubacterial catalogs. AUACCG7y; accounts for
six of the seven eucaryotic instances, and
AUACCCG79g accounts for 19 of 20 archae-
bacterial cases. Portions of the segment
GUCCACGCCGUAAACGAUGg;; can be
traced in over 98% of the catalogs—eubacteria,
archaebacteria, and eucaryotes. The 11 residues
in helical conformation tested are resistant to
chemical modification, whereas those tested in
the loops and flanking the helices are all reactive
with modifying reagents.

Usgg is post-transcriptionally modified (to
pseudouridine) in some eubacterial and some
eucaryotic groups. In fungi, C;g is modified
(2’0OMe).

The above facts, plus the facts (i) that the G
residues at positions 791, 803, and 818 are reac-
tive with kethoxal in active 30S ribosomal sub-
units (50) and (ii) that the entire area occurs
practically unaltered in all mitochondria, suggest
that this region is one of the more functionally
important regions in the molecule. Shielding of
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TABLE 18. Helix 588-617/623-651

Organism/organelle Sequence
Sequence
600
® O 0 O o 0O O O L[] o [e] o e
E. coli Bcccocciioco>o>coco_>>>co|ncn>>|>>|n_coo>coco>5>n_coon>>aJ
Chloroplasts GCCUUJWUUCAAGUCCGCCGUCIAAAUC[CCAGGGICUCAA[CCCUGGIAC-A[CGCGGUGGAIAACUACCRAAGC
H. volcanii [GCCACGIAAGGIUUCAUCGGGIAAAUC[CGCCAGICUCAA[CUGGCGIGGCG[UCCGGUGAAIAACCACGUGGC]
a b c c b’ a'
Catalog
Rhodopseudomonas sphaeroides GAAAUCCCAG GCUCAACCCUG
Paracoccus denitrificans GAAAUCCCG GCUCAACCCCG
Bacillus insolitus GAAAUCCCACGGCUCAACCG

TABLE 19. Helices 655-672/734-751 and 677-684/706-713

Organism/organelle Sequence
Helix 655-672/734-750

[e] o O L] 670 ° 730 0 000 o0
E. coli [AGUCUCGUAGA[GGGGGGUAGAA ....ccennnn.. moooEool>Eo

a b o
B. brevis AGUGCAGAIAGA[GGAAAGC]....oovveveeieineennnnn. oonoalolcldln_c oo_|o|.._|o..||_c>>@_o
H. volcanii [CGACCGIGAAGG[CUCGAGGIGGUA ..oevnnnnnnn. AGCA[CCUCGAGIAAGA[CGGIA[UCCCIG
D. discoideum [GGGAUGIG[AUGGG[GGUGIUUCAUA ....ovennnn... AGCAUU[CACCIAA[RATA[CUTCCCI A
Helix 677-684/706-713 00

OWQ [e] [ ] LN ] ® ® 0 0 O o] [ ] o0 0
E. coli |o>>_ccmd GGU _oc>_dmm_oco>>>Eoc>o>oEo>> UACCGGUGGCGAAG
B. stearothermophilus .. o>>|oC>Eo:o>>>loc>o>o!o>>n>oo>ocoono>>o
H. volcanii [GCUACGUCCGGGIGUAGGAIGUGAAA[CCICGUAAUCCUGGACG|GACCIACCGAUGGCGAAA
D. discoideum [UUCAUA[UUGGUGGGICGA[GAGIGUGAAA[NUCIGUUGAC[CCUAUC |_>>o_|>co>>do:cncooo>>>
a

Paramecium mitochondria UGAG[CUUGUAAACUIA[GU m_>c>>>>_c>n_>ooo_>occc>n>Oﬂ@_>>|Pcco>>|nono>>>
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TABLE 20. Helices 769-775/804-810 and 7_83-786/796-799

Sequence

Organism/organelle

WOESE ET AL.

oo oo

[ ] 00000810
GUAGCCACGCICGUAAACGAUG

e 0O
AAA[GCUAGGGIGAGCGAA[UGGGIAUUAGAUACI[CCCAIGUAGUCCUAGC|ICGUAAACGAUG

79

o_o
CAGGIAUUAGAUAC

[ N J 0730

Sequence

[CCTUg]

AAA[GCGUGGGIGAGCAAA

E. coli

Tobacco chloroplasts

AA[AGCUAGGOGJUCUCGAA[CCGGJAUUAGAUACI[CCGGIGUAG[UCCUAGCUJGUAAACGAUG
AAA[GUC GAGIGUUCGAA[GACGIAUCAGAUAC[CGUCIGUAG[UUCCGAC|ICAUAAACGAUG

H. volcanii

X. laevis

Catalog

CUAG

GAUACC

UAG

GCAAA

Some mycoplasmas

CUG

GAUACC

CAG

GCAAA

Acholeplasma sp.

GAUACCCCG

GCAAACG

Megasphaera sp.

GAUACCCG

GCAAACCG

Deinococcus radiodurans
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the three kethoxal-reactive sites in 70S ribo-
somes (13) and discrimination of the sites by 50S
subunits in modification-selection experiments
would place this region at the subunit interface
(35). This is also suggested by protection against
cobra venom nuclease cleavage of position 773
in 70S ribosomes (90).

Helices 821-828/872-879 and 829-840/846-857
(Table 21)

Helices 821-828/872-879 and 829-840/846—
857 (Table 21) could form a coaxial structure
with a bulge loop. Sequence in the outer helix

. tends to be somewhat conserved, whereas that

in the inner structure is highly variable. The
latter is also extremely variable in overall size.
By contrast, the bulge loop is of constant length
in eubacteria and archaebacteria, and in eubac-
teria at least its sequence tends to be conserved
as well.

Variability in sequence in the inner helix ex-
tends even to the species level. The structure is
notable for its high density of G - U pairs, with
both E. coli and H. volcanii showing four contin-
guous such pairs. Mammalian mitochondria de-
lete this helix. Its structure is uncertain in eu-
caryotes.

For the eubacteria, the generalized oligonu-
cleotidle GYUAACRg; (in the bulge loop) ac-
counts for 83% of the cases (GCUAACGgqr
alone accounting for 75%). The residues in the
bulge loop tested are reactive with the chemical
modifying reagents, whereas those in the helices
are not. Nevertheless, the bulge loop may con-
tain structure. Among eubacteria, there exists a
strong covariance (at least three phylogenetical-
ly independent examples) between position 862
(U versus C) and position 867 (A versus G). H.
volcanii has Ggg; and Cgg;.

Ggaq is kethoxal reactive in 30S subunits (50).
It is not significantly protected by 50S subunit
association (13), in keeping with its noncon-
served sequence. Cobra venom nuclease cleaves
after position 840, and this too, is not prevented
by 50S subunit association (90).

Helices 888—-891/909-912 and 893-897/902-906
(Table 22)

For the helices 888-891/909-912 and 893-897/
902-906 (Table 22), sequence in the outer helix
tends to be highly conserved. As judged by the
large T; oligonucleotide that covers the 3’ side of
this helix, no variation exists within each of the
three kingdoms. However, each kingdom is
characterized by a unique pair involving posi-
tions 888 and 912, i.e., G - C in eubacteria, A - U
in archaebacteria, and G - U in eucaryotes.

The inner helix has only four pairs (two of
them G+ U) in E. coli, but even among eubac-
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TABLE 21. Helices 821-828/872-879 and 829-840/846-857

Organism Sequence

awe 850 870
E. coli él-ncco>--|oo>_d||q_c>>o@occ|o
B. brevis GA muam UJAGGUGUT qmmmma TTuuca- |on>ﬁmc>>o@>>c>|n
H. volcanii GCUCGCUAGGUGUGACACAGGCUIACG[AGCCUGUGUUGUGECIGUA[GGIGAAGECTIGAGARGCGAGCTIC

TABLE 22. Helices 888-891/909-912 and 893-897/902-906

Organism/organelle Sequence
E. coli GG[GAGUAC[GGCCIGCAA[GGUUJAAA[ACUCIAAAUG
B. brevis GG[GAGUA[CGCUC|GCAA[GAGUG|A >_>mcm_>>>oo
Human mitochondria >>n>nc>oEn>n>E>>>>nco>w>oo
Yeast mitochondria AA[GAGUA[CGUUA|IGCAA[UAAUGJAA[ACUCIAAAAC
H. volcanii GG[AAGUA[CGUCCIGCAA[GGAUGIAA[ACUUAAAGG
X. laevis GG[GAGUA[UGGUUGCAAAGCUGAA[ACUUAAAGG
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TABLE 23. Helix 926-933/1384-1391

Sequence

Organism/organelle

Sequence

1390

930

G
G
G
G

A
A

C CAAG.....
U UCCA

G
G

=

guccc

GIGGGGCCC G|l—

A
S
S

All eubacteria

GIGUACUUUA—

Mouse mitochondria

H. volcanii
X. laevis

GIGGGGAGCACUACAAC......

ACGIGAAGGGCACCACCAG......

GuUCCCluGCCCUUU

Catalog

GUUCCCGNGYCUUG

GCACAAG......

GCCCACACAAG......

0.99 of eubacteria

GUUCCUGNGC

CUUG

Chlorobium vibrioforme

MicroBioL. REv.

teria a fifth pair between positions 893 and 906
seems often to occur.

The interior loop separating the two helices
seems to be of conserved sequence. The gener-
alized sequence RAAAqgy accounts for all se-
quences and catalogs.

Its sequence conservation would suggest this
structure to be one of the more functionally
important ones in 16S-like rRNAs.

Helix 926-933/1384-1391 (Table 23)

Helix 926-933/1384-1391 (Table 23) is cen-
tral to the structure if not the function of
16S-like rRNAs. It delimits and defines the 3’
major domain and occurs in all known examples
of the 16S-like rRNA. Within a primary king-
dom, the sequences in and around the helix (i.e.,
all four flanking sequences) are quite highly
conserved, but variation from kingdom to king-
dom, and in mitochondria, occurs. For example,
the generalized sequences GCACAAGyso,
GCACCACCAGy39, and GCACYACAACs ac-
count, respectively, for all but 2 eubacterial
catalogs, 6 of 7 eucaryotic catalogs, and at least
16 of 20 archaebacterial examples. Similarly,
GUUCCCG; 335 accounts for 96% of eubacterial
examples, whereas UCCCUG; 335 covers all eu-
caryotic and all but one archaebacterial exam-
ple. Finally, GUACACACCGj4; covers all eu-
caryotic and all but one eubacterial catalogs,
whereas GCACACACCG 4, is found in all ar-
chaebacteria tested. The only major exception
to these constancies occurs in the mitochondria,
particularly fungal mitochondria.

Cobra venom nuclease cuts within the helix
after position 1389, a cleavage prevented by 70S
particle formation (90).

A partial covariance involving Gep; (usually
A) and Cy39; (usually U) is seen in archaebac-
teria and in some mitochondria, suggesting fur-
ther structure on the 5’ side of the helix. Archae-
bacteria and (all but one of the) eucaryotes are
distinguished from eubacteria by a pyrimidine
insertion at about position 934.

Helix 938-943/1340-1345 (Table 24)

The structure of helix 938-943/1340-1345
(Table 24) seems conserved in sequence in eu-
bacteria. The oligonucleotide GAAUCG 343 is
present in about 70% of eubacteria. (However,
certain subgroups of eubacteria entirely lack it.)
The pattern of chemical modification for the
residues involved indicates that this structure
may not exist in isolated 16S rRNA; Gjiq; is
protected, and the preceding A’s (1339 and 1340)
are highly so, but the intervening C,34; is reac-
tive.

G335 is reactive with kethoxal in active 30S
ribosomal subunits (50), a reactivity that re-
mains in 70S ribosomes but is lost in polysomes
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(10, 13). Some eucaryotes modify this residue
(m’G); some modify Ujs4;.

Helices 946-955/1225-1235 and 984-990/1215-
1221 (Table 25)

Helices 946-955/1225-1235 and 984-990/1215-
1221 (Table 25) seem to be a major structural
feature of 16S rRNA. Sequence therein tends to
be highly constrained if not fully conserved. For
example, the generalized sequence
.. . ACCNRgg; covers over 98% of the eubac-
terial catalogs, as does CYYCACRCG2;;.
GCUACAAUG ,4; occurs in over 85% of the
eubacterial and archaebacterial catalogs.

The two-pair extension of the first helix above
bulged A;,27 is well proven. The two oligonucle-
otides in question, i.e., GUUUAAUUCGyg; and
GCUACACACGq 31, are very stable phyloge-
netically. In the few instances in which they
vary, a canonical Watson-Crick covariance
(U,C,A versus A,G,U) holds between positions
955 and 1225. The bulged A2,; appears to be a
constant feature of all three kingdoms and is
found in the mitochondria as well.

Chemical modification studies provide consid-
erable support for the second helix, all consis-
tent with the proposed structure. The eucaryotic
examples of both helices, however, contain con-
served mispairs.

Helix 960-963/972-975 (Table 26)

The small helix 960-963/972-975 (Table 26)
defines one of the more interesting regions in the
16S rRNA. The region is universal and highly
conserved in sequence. The generalized oligonu-
cleotide NUUAAUUCGyg; covers all eubacter-
ial examples. UUUAAUUGgs, covers all but

~one archaebacterial example, and eucaryotic
catalogs all contain CUUAAUUUG. Sequence
in the helix is so conserved that comparative
evidence for it is minimal, although convincing.
The generaljzed sequence in the loop for eubac-
teria is ANGCAACRy;; (m3G or m*G, and m°C
in almost all cases). Archaebacteria and eucary-
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otes conform to this also if Gogg is replaced by
a U. (This pyrimidine is uniquely hypermodi-
fied in both groups.) The same position is re-
active with kethoxal in active E. coli 30S and
70S ribosomes, but becomes protected in poly-
somes (10, 13, 50). The remaining flanking se-
quence in almost all cases fits the general form
RNAYCUY Aggs.

In eucaryotes, the first three pairs in the helix
are of the U - G type; in archaebacteria, the first
two are so. The structure is supported by the
little evidence that exists from chemical modifi-
cation experiments, i.e., Cgs; and Gog; are un-
reactive.

Helix 997-1012/1017-1044 (Table 27)

In eubacteria, helix 997-1012/1017-1044 (Ta-
ble 27) is a composite helix with a pronounced
bulge loop. The two-pair extension distal to the
single bulged A,o4 is supported by comparative
evidence from oligonucleotide catalogs. Howev-
er, this bulged base does not seem to be a
constant feature in the eubacteria. The helix is
highly variable in sequence, to the extent of
species variation within the same genus. Yet
flanking sequences are highly conserved. At
least 90% of eubacterial examples can be ac-
counted for by the sequence GACAUgy;, where-
as the general form N8NACAG;o; should ac-
count for a large fraction of the 3’ flanking
sequences. Gjg;s in the apex loop is particularly
sensitive to chemical modification (with glyoxal)
in the free 16S rRNA. Cobra venom cuts have
been reported for positions 999 to 1001, 1020,
and 1021, none of which are prevented by 70S
ribosome formation (90).

The apparent bulge loop (positions 1024 to
1036) in E. coli is of particular interest. It is
enlarged in B. stearothermophilus, and a poten-
tial helix (c-c’ in Table 27) of seven pairs is
evident. A smaller helix can be formed in the B.
brevis case, and if a noncanonical pair is permit-
ted, even the E. coli example can form a helix
(underlined in Table 27). The pyrimidine stretch

TABLE 24. Helix 938-943/1340-1345

Organism/

organelle Sequence
940 1340

All eubacterial ACAIAGCGGUGG......... GGAIAUCGCUAG
sequences

Human CCCUICUAGA|GG......... G GA|UUUA CAG
mitochondria

Yeast UUAIAGCAGUGG......... AGAIAUUGCUAG
mitochondria

H. volcanii ACAIACCGGAGG......... GGAlUUCGGUAG
S. cerevisiae ACCIAGGAGUGG......... GGAIAUUCCUAG




MICROBIOL. REV.

WOESE ET AL.

646

vonoovvyv[@poollvovvonov[banavvano s1aa] "X
vononvov[DooodlpovvoAov[@onavvnnan 1uvsjoa "
vanoovvv[ynoolvoonvvan <E< vnnn BLIDUOYOONW WnIowD.IDg
<::ww<.<o<<oomuw<.<w.w:<!<<::: no> g
086 096
9ouanbag Jjjouedio/wsiuedio
§L6-7L6/£96-096 XIIPH '9C d1dVL
DAVVOVNOD HDOVOIVOVNID HBvanno "NOVVVNOOV: no snpydourd&i8 snazos0ydad
DAVVOVAODD HOVOVIOVNOIHO HAnAvVoD "NDONVVVOOV" no siptuiapida sn22020jlydoig
ONVVYOVNOD DODVVVOD Dvanono "nNOVvVoOvVnNnoov"® ) wnoudasyps pusojdodlp
DAVVOVANODD DHDOVOVIVNOIO HAnonvan BVVOoOV" ) 1315 pwsojdonds
o:<N<o<=<o DDOVVVOVNOD DVOOV"® *No onNvoNvo nmojpio] pwsoldajoydy
DNVVOVAVVADOVOVONNIO "Nd220VNIOV” VO ©SDavannvo supinjoa wnpadg
Sorere)
oNOoVvOoOViDoOoDHODIVEDBIno9OHDHIINDINn dB3oB59H o0V 9550500230V s1490] "X
5nvVvOVvVADDDHIDIVEVINn>9BDAIDVIOIn o3 DVIIV O®H535A3535V]o nuvdjoa "y
nnavovdoDoONVVIVEVIVO-BDNDD0VoIn A5 VIIIv b3 ANDA339Vlo ELIpUOY0}W UeWNE
9nvvOVADIDADIVIIVDEVIn 2 o[B8 A3V aln NEABovoAV BOOADAVIDVIo snypydowtsayroiars g
WM<<U<E<.E:QE§%U :o_prIP.IPnWﬂ“ Snnbpo“mmanpu:o 702 °q
duInbog
duanbag Jjjauedio/wsiuediQ

YZTI-SITT/066-¥86 PUC SETT-STTI/SS6-9v6 SOWIH "ST ATAV.L



647

16S-LIKE RIBOSOMAL RIBONUCLEIC ACID STRUCTURE

VoL. 47, 1983

TABLE 27. Helix 997-1012/1017-1044

Organism Sequence
Sequence 1 1
Bt SASATEEREEG aa- - - o d 8 ArfATiADo - -voccuvcaaoan - EETThIERE ro
B. brevis o>m>&ﬁﬂﬂm>oo ||||| _ﬁogo>o>§_._|lu_c|ooddcco@ Ecln>o
B. stearothermo GACA[UCCCCUG-ACAA----[CCCAAGAGA[UUGGUGICGUUCCCCOUUC[GGGGGGACAGGGIUGAICAG
philus
H. volcanii GA--[CUACAGUGAUGAC[CGAUCAGCGUUGAU-[CACCUUAUC]--ACGA-—— = — — — - [CGCUGUAGAGAG
X. laevis o>|||E>om>cco>o>m>cco>c->oncnccco-»coo> llllllll [TUCUGU-GGGUG

Catalog
Acinetobacter sp. GACAUAG
Pseudomonas sp. G AC A UG

Lactobacillus sp. GACAUACUAUG

Peptococcussp. GACAUAAUAUUG

GAA--CUUACAUACAG
GAA--CUCAGACACAG
GAUACAG

GUAUUACAG
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capping this putative structure appears to be
somewhat conserved; about 80% of the eubac-
terial oligonucleotide catalogs contain the se-
quence . . . CCUUCG. The structure is particu-
larly interesting because (within the same genus,
Bacillus) a pronounced difference exists be-
tween a thermophile and a mesophile. (Note the
multiple adjacent G - C pairs in the case of the
thermophile.) This is the most obvious example
of the 16S rRNA apparently adjusting to a
physical parameter of the organism’s niche.
The overall 997-1012/1017-1044 structure is
highly variable. The bulge loop is absent or
abbreviated in the fungal mitochondrial example
and in the other two kingdoms. Mammalian
mitochondria seem to lack the structure com-
pletely. Although the eucaryotic sequences
seem to show specific homology with the ar-
chaebacterial sequence, the helix b-b’ is not
clearly evident in the former case. Overall length
of the composite structure is not conserved.
Moreover, the flanking sequence (position 995)
in both eucaryotes (four residues) and archae-
bacteria (three residues) is shorter than in eubac-
teria (six residues).

MICROBIOL. REV.

Helix 1046-1067/1189-1211 (Table 28)

Helix 1046-1067/1189-1211 (Table 28) is a
highly irregular structure in all organisms. How-
ever, sufficient canonical pairing covariance ex-
ists among its various examples that the struc-
ture proposed should be a reasonable
approximation to the true situation. (The various
examples of the helix are presented in Table 28
in a somewhat different format to facilitate com-
parisons of paired versus nonpaired positions.)
The possible importance of this structure is
indicated by its high degree of sequence conser-
vation and by the fact that post-transcriptional
modifications are occasionally introduced at a
number of points. In the eubacteria, multiple
scattered examples of post-transcriptional modi-
fication exist for residues Ujjo4, Ci195, A12015
Gi207, U211, and one of four C’s in the region
1207 to 1210. In eucaryotes, G;;47 is modified in
all catalogs but one; A;19¢ and Uy are also
occasionally modified. In eubacteria, the gener-
alized sequence GUCAARUCAUCAUG; 3
covers 93% of the catalogs; SCCCU 1, covers
98%.

Chemical reactivities also lend some support

Table 28. Helix 1046-1067/1189-1211¢

Organism/organelle Sequence
1050 1060
. U .C U °
ol FETTFYS T AT FOTY FOT9YTY
UccC CGGU UA CUGA C GCAGU
o o o . A C co AU
1210 * 1200 ° 1190
B. stearothermophilus - - -G-- "~ -- --U - T - - == -
[ T I Y 1 T T O
e =eC == mm m e A - — -
A volean e oS sfii
G-- -C---yg- ---6G-UG---ac
X. laevis e -G == - -——-=-C _uC._.u -
ol e Il Tl L I I
- U - —C-——_G—GU——-G_—AAU-AC
Aspergillusmitochondria T?TCTT— - - TC TTTT TTUllJTUT
-U-_-=-=--_ _-_ -=-=--_-A-A-y-
Paramecium mitochondria U—-I- A.\U—T - -l-' TTTT T'T-TTT
GU - U-—C_U-C —C - - - - A"

@ The structure is composed in a paired form to facilitate comparison. All versions are compared with the E.
coli form; when a residue is the same as in E. coli, it is replaced by a dash, and when unique, it is printed out.
Vertical lines denote canonical pairs, internal dots G - U pairs.



VoL. 47, 1983 16S-LIKE RIBOSOMAL RIBONUCLEIC ACID STRUCTURE 649
TABLE 29. Helix 1068-1073/1102-1107
Organism/organelle Sequence
1070 01105
eubacterial and archeabacterial sequences CUCGU]....... ACGAGC

Aspergillus mitochondria
Parmecium mitochondria

....... ]‘AUUAACI
........ _ECGAACI

to this large irregular helix. C’s at positions 1208
to 1210 are rather unreactive with bisulfite.
(C1207 [occurring in B. brevis] is also unreactive.)
G198 is unreactive with glyoxal. However, C, ;95
(paired in Table 28) is reactive, whereas A6
(not paired in Table 28) and A;9; are to some
extent protected from the A reagent. One of the
two C’s at positions 1200 and 1203 is more
reactive than the other; the structure would
suggest the reactive one to be Cjz3.
Interestingly, Gios3 and Gioss become more
reactive to kethoxal in 70S ribosomes (13), im-
plying a 50S subunit-induced conformational
change in the structure shown in Table 28.

Helix 1068-1073/1102-1107 (Table 29)

The sequence of helix 1068-1073/1102-1107
(Table 29) appears to be the same in all procary-
otes. Two mitochondrial examples provide some
comparative evidence for its existence. Gjjo4
was found to be unreactive with glyoxal. How-
ever, the last two pairs of the six-pair structure
shown in Table 29 are incompatible with the
structure to be discussed next.

Helices 1072-1076/1081-1085 and 1086—1089/
10961099 (Table 30)

The two contiguous helices 1072-1076/1081-
1085 and 1086-1089/1096-1099 (Table 30) appear
coaxial (see discussion in part 2) because their
combined overall length (a’ plus b in Table 30)
remains constant phylogenetically despite the
fact that their individual lengths do not. The first

helix is five pairs in length in eubacteria and
archaebacteria. It has comparative evidence to
support it within the eubacteria. (Note, howev-
er, that the archaebacterial example contains an
A-C juxtaposition.) Because of sequence con-
stancy, no comparative evidence for the second,
four-pair helix is found within the eubacteria.
However, the eubacterial version differs from
the archaebacterial version by two transversions
(and a U - G — C - G replacement). In eucary-
otes, the first helix comprises six pairs (not five);
the second three (not four), each with significant
sequence variation from the corresponding E.
coli versions. (Paramecium mitochondria, inter-
estingly, can form the first helix with only three
pairs, but the second with six.)

Sequence in the two loops GYRA g and
UUAAG, o5 tends to be universally conserved
(except for some mitochondria). The residues
tested in the b-b’ stalk, i.e., Cyg96_1008 and Ggo9,
are at least moderately resistant to chemical
modification in the free RNA, whereas Ggg4 (in
the loop) is sensitive to kethoxal substitution in
active 30S subunits (50).

The helices of Tables 29 and 30 partially
overlap and so are to that extent mutually exclu-
sive. If both exist (and evidence for those shown
in Table 30 is strong), then they may somehow
constitute alternate structures, forming at differ-
ent stages in the translation cycle. (Indeed, they
may be alternate coaxial structures; see discus-
sion in part 2.) Such a dynamic switch is consis-
tent with the observation that in the same gener-
al region of the molecule, several G residues,

TABLE 30. Helices 1072-1076/1081-1085 and 1086-1089/1096-1099

Oor&':ﬁ:/ Sequence
1070 1080 1090 1100

E. coli UC[GUGUUIGUGAAAUGUUGGGUUAAGU-CCCOCAACG
Chloroplasts UC[GUGCCIGUAAIGGUGUNNGGGIUUAAGU-ICUCGCAACG
Paramecium

mitochondia UCGUGUUJUUGAR AUNUAGAAJUUAAGUUUUATUAAIACG

a a b’

H. volcanii UCBGUACCIGUGAIGGCGUICCUGIUUAAGU-CAGGICAACG
X. laevis UGGUGGAIGCGAUUUGUCIUGGIUUAAUU-ECQAUAACG
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i.e., Gios3 and Gjees, become more reactive
toward kethoxal in 70S ribosomes (as opposed
to active 30S subunits) (13, 35, 50). (Moreover,
Gioes [in helical array] is not protected in 30S
subunits, but is in 70S particles [13].)

Helices 1113-1117/1183-1187 and 1118-1124/
1149-1155 (Table 31)

The outer helix of the adjacent pair 1113-1117/
1183-1187 and 1118-1124/1149-1155 (Table 31)
is rather conserved in sequence. The generalized
sequence GCAACCC4{YR,;,7 accounts for all
eubacterial catalogs. By contrast, the inner helix
is variable in sequence, although constrained.
Catalogs provide considerable additional com-
parative support for the inner helix. Covariances
involving (paired) positions 1119 and 1154
(C-G, G-C), 1120 and 1153 (A-U, U-A,
C-G), 1121 and 1152 (U - A, A - U), 1122 and
1151 (U - A, A - U), and 1123 and 1150 (U - A,
A - U) are observed, which (together with some
G+ U pairs) cover almost all of the catalog
examples.

C’s at positions 1119 and 1120 are resistant to
bisulfite. In B. brevis, C;49 is resistant, whereas
Ci147 (not in helix) is sensitive to the reagent.
G124 is resistant to glyoxal substitution.

The large apex loop (positions 1125 to 1148) -
defined by the inner helix appears to be struc-
tured, although only E. coli among the eubae-
teria shows a clear indication of this. It will form
CGGU,13s/GCCGy145. H. volcanii will form at
least CAGC;35/GCUG14. More extensive
structure occurs in the eucaryotes, which extend
the loop at position 1137.

Helix 1161-1165/1171-1175 (Table 32)

Helix 1161-1165/1171-1175 (Table 32) is a
small helix that appears to exist in all eubac-
teria, archaebacteria, eucaryotes, and the fungal
and protist mitochondria. Sequence in the apex
loop and stalk séems constrained among eu-
bacteria; the generalized oligonucleotide
GAYRAAYYG; 74 accounts for 65% of the eu-
bacterial catalogs.

G116 (in the apex loop) is kethoxal reactive in
30S subunits but protected in 70S ribosomes
(13). A cobra venom cut after position 1162 is
not protected by 70S ribosome formation (90).

Helix 1241-1247/1290-1296 (Tables 33 and 34)

Helix 1241-1247/1290-1296 proper is found in
all three kingdoms and most mitochondria (Ta-
bles 33 and 34). The large apex loop is of the
same length (42 residues) in eubacteria and
archaebacteria, but is of different sizes in the
other examples. Sequence in the helix proper is
variable among the eubacterial examples, and a
number of catalogs can be used to strengthen the
comparative case for the structure.

8

—
-4

GAAGUCICGAGG
GAAGULUGAGJ

GAAGGH

A
GAAGGAAICGGQE

1150

cuuclUUAGAGGIG
cuuclUUAGAGGG

AACU

Sequence

UA AlC......
CUJA[CUA AJA ......

1120

TABLE 31. Helices 1113-1117/1183-1187 and 1118-1124/1149-1155

CUUAA

KCTUa

[

1110
CAAC

%E
i
o
< <
<o
<

AG A[CCU CGJA[C CUIG

AGA

Organism
B. stearothermophilus

H. volcanii
D. discoideum

E. coli
S. cerevisiae
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TABLE 32. Helix 1161-1165/1171-1175
Organism Sequence
1170
E. coli ACUGICCAGUGAUAAACUGGIAGGAA
B. brevis ACUGICCGUCIGACAA[GACGGIAGGAA
H. volcanii ACUGICCGCUGCUAAIAGCGGJAGGAA

D. discoideum

X. laevis

ACUAICCUGCICUCAA|GCAGGICGGAA
ACAAIGUGGCIGUUCAIGCCACIACGAG

It is likely that the large apex loop contains
additional structure. A number of residues
therein are resistant to chemical modification,
and a number of small, somewhat idiosyncratic
helices can be formed in each case, e.g., 1263—
1265/1270-1272; however, none are proven. Se-
quence in the loop, if not conserved, is interest-
ingly constrained. Its most unusual feature is a
quasi repeat of the sequence 1249 to 1266 at 1267
to 1285 (Table 34). Moreover, the data strongly
suggest that this repeat is specific, i.e., ‘‘tuned’’,
for each species (Table 34).

Flanking sequences tend to be conserved. The
sequence ACAAUyy fits all eubacterial and all
but one archaebacterial examples, whereas
ACAAU ,»4 covers the eucaryotic ones.

Helix 1308-1314/1323-1329 (Table 35)

The structure shown in Table 35 (helix 1308-
1314/1323-1329) is found in all 16S-like rRNAs.
Within the eubacteria, the sequence in the stalk
appears constrained and that in the loop highly
conserved; the oligonucleotide GCAACUCG 353
is found in 88% of the eubacterial catalogs,
whereas all eubacterial and archaebacterial cas-
es are encompassed by the general sequence
GAAAYYCG;3;;5. When tested, residues in the
loop are very reactive with chemical modifying
reagents in the free 16S rRNA, whereas residues
tested in the stalk are protected.

Flanking sequences seem highly conserved.

Helix 1350-1356/1366—-1372 (Table 36)

The structure shown in Table 36 (helix 1350-
1356/1366-1372) is again found in all 16S-like
rRNAs. Oligonucleotide catalogs measure the
loop with the T; RNAse pentamer AUCAG 361,
and the flanking sequences with GUAAUCG;3s3
and GAAUACG37. (In that a significant frac-
tion of the occurrences of a pentamer [AUCAG]
may not represent the area in question, this
oligonucleotide is only an approximate measure
of the region; chloroplasts, indeed, are an exam-
ple of such an exception.) GAUCAG is found in
90% of the eubacterial catalogs (and the two
Bacillus sequences), suggesting substantial con-
servation in the loop among eubacteria.
GUAAUCGg;3s3, present in 98% of the eubacte-
rial catalogs and 95% of the archaebacterial
catalogs (but no eucaryotic catalogs) and
GAAUACG;,379, present in 88% of the eubacte-
rial catalogs and 60% of the archaebacterial
catalogs, argue for conservation of flanking se-
quences as well. (In eucaryotes, the equivalent
GABUAYG;37 accounts for all six catalogs and
the sequences.)

Residues in the loop are reactive with chemi-
cal modifying reagents. In the free RNA, G3¢, is
the most reactive G residue encountered in the
entire E. coli 16S rRNA; although this residue is
also reactive in inactive (ion-depleted) 30S sub-
units, it is not so in active subunits (50).

Both archaebacterial and eucaryotic examples

TABLE 33. Helix 1241-1247/1290-1296

Organism Sequence
1240 1250 1290
E. coli BAUGGCGCAUACAAA. .. .. AUAAA-
B. stearothermophilus AUGGGCGGUACAAA..... AAAAA- UC
H. volcanii AUGGUCGAGACAAU..... CUAAA-
X. laevis

D. discoideum
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TABLE 37. Helices 1409-1430/1470-1491 and 1435-1445/1457-1466

Sequence

Organism

L]
*

o 1410
GUCAlgACC
s 0o

1490
GGGUGIAAG

[1]

o

1470 [o] o] [e¢)
[CUUGUGAUUCAUGA

AAGGUGGGGUAGAUGA

oe
AC

[
A
]

o)
C

o

o

o

142%

U

[e]

ATGGGA
ACGGGA

.
°
GUCA

E. coli

GGGUGIAAG

(1]

C

A

AA

Uu

GUCAAAGCACCCGAGUGAGGUCIC[GGATUG .........

A

B. brevis

CAAGGGGGCUUIAAG

AUCU-CAUUGUUUAGAGGAA

[1] Uuu

G A[A U

H. volcanii

AAG

A

UACCGAUCGAAUGAUJACGGU .........

D. discoideum G U C G

1470
CAC[UT

GAGGUJAACCG----------—------c---—----------CAAGGA[GCCAGCCGCTIGAA[GG

oOo0o0o0e

® O

o
AGCUU]

UA

(2]

1430
AAGAA

E. coli

o o

1]

e
CCl AAGU

B. brevis

GET6 A ~EELCTATTIAC -~~~ ~ = === == - - - _-_-____-__-ACGOUGGUT- AT

AGUKGA[GGUCCUCGGAUCGGCC
b

H. volcanii

GCCA[CGGCCCUGGCGGIAGCG[CCGAGAAGAC[GAUC]|-AARCTU
b

[1]

X. laevis

suggest that pairing extends further into the apex
loop than may be apparent from the E. coli
version. In all eubacterial and mitochondrial
cases, there is an A-G juxtaposition on the
inside. This becomes G-A in chloroplasts, sug-
gesting an actual A-G pairing (Table 36).

Helices 1409-1430/1470-1491 and 1435-1445/
1457-1466 (Table 37)

The two irregular helices 1409-1430/1470-
1491 and 1435-1445/1457-1466 (Table 37) may
best be viewed as a single composite structure
with an interior loop. The outer helix is con-
strained if not conserved in sequence. The gen-
eralized sequence UCASACYAYE, 45 will ac-
count for almost all eubacterial examples. The
structure is remarkable for the number of G-A
juxtapositions it contains, several of which tend
to be conserved phylogenetically. For example,
A1413-G147 is found in both eubacteria and ar-
chaebacteria, while the two pairings GA43-
GA 453 are found in eubacteria, eucaryotes, and
some mitochondria. Interestingly, cobra venom
nuclease has been shown to cleave between
these two G-A pairs (in free 16S rRNA), strongly
suggesting a genuine double-stranded arrange-
ment (16a).

Archaebacteria possess an abbreviated inner
helix, whereas eucaryotes expand the structure
beyond that seen in eubacteria. In archaebac-
teria, the interior loop between the two helices is
replaced by GA143-GA 1469, Yet another example
of G-A pairing in this region.

These two helices (and parts of the interven-
ing sequence) are relatively resistant to RNases
under certain conditions. The fragments so pro-
duced run as coherent units in polyacrylamide
gel electrophoresis despite the fact that a section
of the fragment has been removed in the vicinity
of residue 1450 (i.e., the apex loop and parts of
the inner helix) (J. Kop et al., manuscript in
preparation). (In urea-containing gels, the unit
then separates into two distinct pieces.) This
fact indicates strong higher-order structure for
the region. Residues in the helices are well
protected against chemical modifying reagents
as well. However, there are reports that residues
in this structure are susceptible to various sin-
gle-strand probes (45, 82).

The flanking sequences for the structure are
very highly conserved (as seen above).
CCGCCCGUCR; 43 and AAGUCGUAA-
CAAG ¢4 would seem to account for over 95%
of all examples. Modified bases are frequent
here, t00. C,4¢ is (nearly) universally modified
(2'0OMe, and in eubacteria, a modification of the
base as well [22]), whereas the base C;3g9 (Or
Ci400) is occasionally so, as are C494, Cy497, and
C1a00- U498 is modified in almost all eubacteria,
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and A,se is modified in all archaebacteria and
almost all eucaryotes. Aj499, as well, is modified
in one group of archaebacteria. Many residues in
the flanking sequences are highly susceptible to
chemical modification. G’s at positions 1405 and
1497 are reactive with kethoxal in active 30S
subunits (50) and are protected in 70S ribo-
somes, suggesting placement of this region at the
subunit interface (13). The 5’ (wobble) base of
the anticodon of tRNA can be photochemically
cross-linked to C,40 (60). Colicin E3 inactivates
70S ribosomes by making a cleavage at the
phosphodiester bond connecting residues 1493
and 1494 (70). In mitochondria resistance to the
antibiotic paromomycin (which causes transla-
tion errors) involves a C — G transversion at
position 1409, creating a mispair (42). These
observations strongly implicate this region of
16S RNA directly in ribosome function, which is
also suggested by its extreme sequence conser-
vation.

The only 16S-like rRNAs to present signifi-
cant abnormality (i.e., nonconservation) in the
flanking regions are those of the fungal and
protist mitochondria.
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Helix 1506-1515/1520-1529 (Table 38)

Helix 1506-1515/1520-1529 (Table 38) is the
only thoroughly studied helix in the 16S-like
rRNAs (34). Nuclear magnetic resonance and
temperature-jump (T-jump) studies on the isolat-
ed colicin E3 fragment (see above) have provid-
ed direct physical evidence for the helix as well
as measurements of its thermodynamic stability
(2, 100). Although sequence in the helix can vary
somewhat, it is highly constrained. In the region
from positions 1500 to 1534, 29 of the positions
have identical residues when the E. coli, H.

- volcanii, and X. laevis sequences are compared.

The adjacent dimethyladenosine (m$A) residues
(positions 1518 and 1519) occur in all known
cases except (two) chloroplasts, in which only
Ajsy is dimethylated (C. Woese, unpublished
data). In eubacteria, all known examples of
this portion of the sequence, are accounted for
by, the T, oliggnucleotides AACCUG, AACG,
AAAQG, and AAG. Eucaryotic catalogs all pos-
sess AACCUG, whereas the archaebacterial
catalogs possess AAYCUG or (in one instance)
AACCUG.

Several modified nucleotides occur in the he-
lix proper. In eucaryotes, the sequence
UUUCCG sy; (Table 38) occurs as the T, oligo-
nucleotidle UUUCNG; ang, as_just mentioned,
in one archaebacterium AACCUG;s;; occurs.
(The sequence and electrophoretic data suggest
the C modifications to be N*-acetyl.)

Resistance to the antibiotic kasugamycin is
associated with loss of methylation of the adja-
cent A residues (positions 1518 and 1519) (34),

*
*

"ONﬂDDﬂOOVDnVDEQODDDODDHJVVDDISOVQOODDVH]D

»
*

*
*

COVVDOVOPDNNOVODODNOVIVVYVOOROVNDODNODVYVAD
*
*

OlvvoopDovnoodnVvno

o

o

asuanbag
6TST-0TST/STST-90ST XIPH 8¢ ATAVL

(1139

Wy nnpvonvoPbvvoooonoolvvonpOovnondonnano
NoOOVONVHOOANVDDODOIOND

nnoood

Hon 5 n



656 WOESE ET AL.

suggesting in turn a functional role for these
residues. (The loss of modification here plus the
creation of the above-mentioned mispair at posi-
tions 1409 and 1491 in paromomycin resistance
[42] suggest that antibiotic resistance often in-
volves ‘‘detuning’’ of the 16S rRNA.)

G’s at position 1505, 1516, and 1517 react with
kethoxal in the active 30S subunit (50). G,sos and
G516 are protected in the 70S ribosome (13);
G517 becomes strongly protected in polysomes
(10).

The sequence beyond position 1530 has been
implicated in messenger RNA (mRNA) binding
at the initiation of protein synthesis (17, 71, 72,
78); the sequence CCUCC, 539 is complementary
to a class of sequences occurring 5’ to and near
the initiation codon in most if not all bacterial
mRNAs. Ninety-five percent of the eubacterial
and all archaebacterial catalogs contain the se-
quence GAUCACCUCC,s539, whereas all eu-
caryotic examples contain GAUCAUU.

Comparison with Other Models

Experience with the much smaller 5S rRNA
has shown that given one sequence, the number
of secondary structures possible is large. For the
16S-like rRNAs, the number of possibilities is
enormous: a moderately loose program (i.e.,
canonical pairs and G - U pairs, helix length at
least four contiguous pairs) generates ca. 10,000
possible helices for any 16S rRNA sequence.
Although (in retrospect) speculations on the
existence of helices in 5S RNA served no useful
purpose, comparable speculation concerning
helices in 16S or 23S rRNAs would be nothing
short of counterproductive. All discussion of a
helical element must start from evidence strong-
ly suggesting its existence. The most reliable
evidence is in almost all cases generated from
comparative sequence analysis. (Note, for ex-
ample, that none of the original eubacterial 16S
rRNA helices taken to be proven by compara-
tive criteria were disproven by the archaebacte-
rial sequence [33, 54, 98]; in fact, additional
strong comparative support was provided for
almost all of them.)

Admittedly, the comparative approach does
not give direct (i.e., physical) evidence for a
helix. In the case of tRNA, however, all exam-
ples of base pairing covariance correspond to
true physical pairing. On the other hand, those
methods that demonstrate helices directly (30,
83) can encounter artifacts, i.e., helices that do
not exist in the functional condition. Ideally,
comparative evidence for any helix should be
supported by evidence of a direct nature.

It should also be recognized that a model for
RNA structure should progress in stages, as was
the case with 5S rRNA. The first-approximation
model contains only those structures that are
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essentially canonical, strong, and extensive heli-
ces (25). Refinements (noncanonical pairs, ter-
tiary interactions, coaxiality of helices, etc.) are
introduced later (23, 43, 77, 81). To proceed
otherwise would serve only to drown truth in a
sea of speculation.

At present, a number of somewhat different
proposals for 16S rRNA structure exist (7, 30,
54,79, 98, 105). Since it is nearly impossible for
interested scientists to distinguish among the
several models, the tendency will be to disregard
or distrust all models, at least temporarily, or to
conclude that some approaches are not as re-
vealing as they actually are.

We will not discuss the other models in detail
here. However, Table 39 should help the inter-
ested reader to compare other models with the
present one. The table lists those helices pro-
posed by others that are not included in the
present model and our reasons for not including
them.

PART 2. BEYOND SECONDARY
STRUCTURE

The comparative evidence presented in part 1
together with corroborating studies on chemical
modification and so on have provided a good
approximation to the secondary structure of the
16S RNA. Except for a few uncertainties, it
would seem that all of the major (canonical base
pairing) secondary structural elements in the
molecule have been detected. The next step is to
refine the various helices—define the structure
at their termini, provide evidence concerning
noncanonical pairs that would extend them, and
begin to relate neighboring helices structurally
to one another. Also, the molecule must be
screened for general covariances, which, to be
comprehensively done, will require more (com-
plete) sequences than now exist. (However, the
large amount of extant catalog information will
permit a beginning in this direction.) Thus, re-
construction will progress through stages, using
a variety of approaches, toward the ultimate
goal of a fully folded and detailed three-dimen-
sional structure that incorporates the interac-
tions of the RNA with ribosomal proteins and
with other parts of the translation apparatus and
reveals its molecular mechanics.

What the present study makes clear is the
subtlety of pairing (and, by implication, other
interactions) in RNA and also the interconnect-
edness of the various elements in the molecule.
Helices can be recognized and distinguished by
their pairing characteristics: by (i) the degree of
use of noncanonical pairings, (ii) the presence or
absence of bulge loops and other irregularities,
(iii) the degree of phylogenetic constancy of
sequence and overall length, and (iv) the pat-
terns of sequence and their phylogenetic varia-
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tion. Also, many, if not most, of the helices can
be precisely located merely by highly conserved
sequences that flank them, by their apex loops.
or by adjacent helices. (Particularly good ex-
amples are helices 769-775/804—810 [by preced-
ing AAA and succeeding CGUAAA] and 1241-
1247/1290-1296 [by preceding ACAAU and the
A-rich purine stretch preceding position 1290]).

The comparative approach indicates far more
than the mere existence of a secondary structur-
al element; it ultimately provides the detailed
rules for constructing the functional form of
each helix. Such rules are a transformation of
the detailed physical relationships of a helix and
perhaps even reflection of its detailed energetics
as well. (One might envision a future time when
comparative sequencing provides energetic
measurements too subtle for physical chemical
measurements to determine.)

G - U, G-A, and Other Noncanonical Base Pairs

Although G - U pairs in RNA structure are
well known, their frequency in some of the 16S
rRNA helices is unusually high. As noted, helix
829-840/846—857 in both E. coli and H. volcanii
contains four contiguous G - U pairs; in eucary-

16S-LIKE RIBOSOMAL RIBONUCLEIC ACID STRUCTFURE

657

otes, three of the four pairs in helix 960-963/972—
975 are G - U; in E. coli helix 1072-1076/1081-
1085, three of five are G - U. Furthermore, the
constancy of G - U at 942/1341 and 1512/1523 or
the exclusive replacement of G- U by U - G at
157/164 suggests specific roles for some of them.

It is known from the tRNA crystal structure
that G-A pairings can occur in the normal Wat-
son-Crick configuration; one such occurs at the
distal end of the tRNAP"! anticodon stem (38,
63), between the anticodon and dihydro U
stalks. The extent of their occurrence in RNA
structure was not apparent, however, until the
present comparative analysis. That these juxta-
positions are structurally bona fide pairs is indi-
cated by the facts (i) that (in one case) cobra
venom nuclease is known to cleave between two
of them, i.e., GA415-GA14s3 (16a) and (ii) that
they can replace known normal pairs in the
interior of helices; the pairings at positions 321/
332, 661-662/743-744, and 1425-1426/1474-1475
offer examples of this. There are, of course,
many more examples of A-G juxtapositions at
the termini of helices, which cannot be as certain
to form bona fide pairs. The concentration of A-
G pairs in helix 1409-1430/1470-1491 and the
phylogenetic invariance of some of these is

TABLE 39. Helices not included in the present model®

Proposed helix or part

thereof Sequence Reference(s) Status
61-64/103-106 GUCG/UGGC 7, 30, 105 Ins prf, 1 Tn (Aspergillus mitochondria);
ins dspr, 2 ncp
135-136/226-227 CC/GG 79 Disproven, >4 ncp (all pos)
143-148/214-219 AGGGGG/CCUCUU 7, 30, 79, Disproven, >6 ncp (all pos)
105
198-202/206-210 GAGGG/CCUUC 7, 30, 105 Disproven, 1 ncp; alt proven
322-324/330-332 CUG/CGG 79 Disproven, 4 ncp
340-345/357-362 UCCUAC/GUGGGG 7, 30, 105 Disproven, >5 ncp; alt proven
410-413/419-422 GAAG/CUUC 7, 30, 105 Ins prf, 1 Tv; ins dsp, 2 ncp
686-687/701-702 UA/UA 7, 30, 105 Disproven, >5 ncp versus 1 Tv
954-957/976-979 GUUU/GAAC 7, 30, 105 Disproven, >5 ncp
1054-1061/1200-1206 CAUGGCUG/CAUCAUG 79 Disproven, >4 ncp
1061-1066/1187-1192 GUCGUC/GAUGAC 7, 30, 105 Disproven, >5 ncp
1112-1115/1184-1187 CCCU/GGGG 79 Unlikely, >3 ncp
1179-1182/1209-1212  AAGG/CCUU 54, 98 Disproven, >5 ncp
1187-1192/1198-1203 GAUGAC/GUCAUC 54, 98 Disproven, >4 ncp
1253-1255/1282-1284 GAG/CUC 7, 30, 105 Ins prf, 1 Tn
1263-1267/1272-1276 CUCGC/GCAAG 79 Disproven, 5 ncp
1265-1267/1276-1278  CGC/GCG 7,54,79,98 Disproven, 4 ncp
1301-1305/1335-1339  UCCGG/UCGGA 7, 30, 105 Disproven, >4 ncp
1347-1349/1376-1378 GUA/UAC 7, 30, 105 Disproven, >3 ncp
1430-1432/1469-1471 AAG/CUU 7, 30, 105 Disproven, >3 ncp, all pos
1448-1449/1454-1455 CC/GG 7, 30, 105 Ins prf, 1 Tn
1503-1506/1534-1537 AGGU/ACCU 7, 30, 105 Unlikely?

¢ Those helices proposed in other models (7, 30, 54, 79, 98, 105) but not included herein are shown in the left-
hand column, and the reason for their exclusion is given in the right-hand column. Abbreviations used: Tv, base
pair transversion evidence; Tn, base pair transition evidence; ncp, noncanonical pair created; ins, insufficient;
prf, proof; dspr, disproof; all pos, all positions covered; alt, alternate.

5 Some mitochondrial 16S-like rRNAs appear to eliminate positions 1534 to 1537 without altering the sequence

1503 to 1506.
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remarkable, as is the tight cluster of A-G pairs in
the middle of the protein S15 binding site (helix
655-672/734-751), seen most dramatically in the
archaebacterial example, which has four of
them.

In the case of tRNAP', the A-G pair is
‘‘propellered,” i.e., it joins two helices whose
axes are almost, but not quite, coaxial, one
member of the A-G pair lying stacked along the
anticodon axis, the other along the dihydro U
axis (37, 38). Thus, A-G pairs could serve to
effect slight bends in helices. (However, note
that in the example cited, the G is methylated [2-
Me], which itself might cause the twist [37].)

It is apparent that still other noncanonical
pairings occur in proven helices. Mammalian
mitochondrial examples of the various helices
show a remarkable number of A-C juxtaposi-
tions. Dipyrimidine juxtapositions are a con-
served feature of helices 946-955/1225-1235 and
984-990/1215-1221 in eucaryotes, as is the G-G
juxtaposition in helix 153-158/163-168. The E.
coli version of helix 144-147/175-178 would
contain a G-G juxtaposition, too, and so on.

It is becoming increasingly obvious that non-
canonical pairings play a significant role in RNA
secondary structure. Although it seems as yet
premature to attempt any quantitative analysis
of these pairings, such will emerge ultimately
from extensive comparative analyses of 16S and
of 23S rRNAs.

Modified Residues

In all three primary kingdoms, the same re-
gions of the 16S-like rRNA tend to be modified,
although the eucaryotic versions contain, in
addition, many other regions of modification,
largely 2'OMe substitutions. For the most part,
the regions of common modification are func-
tionally important regions by three criteria: uni-
versality of structure, constancy of sequence,
and the fact that the G residues therein are
frequently kethoxal sensitive in active 30S sub-
units, but become protected in 70S couples or in
polysomes. Examples of such regions are as
follows: (i) the 520 to 535 region, in which
m’Gs,7 occurs Jin all eubacteria and two archae-
bacteria, and Usy4 (probably 2'OMe) which oc-
curs in some eubacteria and all eucaryotes; (ii)
the loop at position 790, wherein eucaryotes, a
few eubacteria, and several archaebacteria have
W.gg; (iii) the loop at position 965, in which the
base at position 966 (be it U or G) is variously
modified in all cases, whereas Cog; is modified
(m°C) in most and Ay in a few eubacteria; (iv)
the 1400 to 1410 region, in which almost all
organisms modify Ci40;; a few eubacteria also
modify (variously) position 1400 (or 1399), 1404,
1407, or 1409; one archaebacterial modification
at position 1400 (or 1399) is also noted; and (v)
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the 1495 to 1505 region, in which almost all
eubacteria modify U495, but almost all eucary-
otes and all archaebacteria modify A,sqo instead,
and some archaebacteria also modify Aj49.
Many of the regions that are modified only in the
eucaryotes tend also for the above (three) rea-
sons to be classified as important as well.

An evident characteristic of modifications in
16S-like rRNAs is their occurrence in clusters,
in the sense that if one base is modified, other
bases in the region tend to be modified in some
other, if not the same, organism.

Many of the modifications are phylogenetical-
ly stable; if they are not universal, they tend to
be kingdom specific, €.g., m’Gsy; or m°U4eg in
eubacteria and m$A;sqo in eucaryotes and ar-
chaebacteria. Others come and go phylogeneti-
cally, being characteristic of families, genera, or
only species. It is possible that some of the
modifying systems are subject to lateral, inter-
specific transfer. For example, the Cpiqp9 i
characteristic of gram-positive eubacteria, but
unaccountably also turns up in one small sub-
group (only) of the gram-negative purple bacte-
ria (24, 29, 76).

Single Unpaired Residues Within a Helix

tRNAs do not contain unpaired, bulged single
residues within helical regions. However, these
are a notable feature of all rRNAs (including 5S
RNA) (23, 30, 31, 53, 54, 58, 79, 81). In their zeal
to create secondary structure, biologists too
readily accept such bulged residues. Bulged
residues can be reliably invoked only when the
existence of the helical sections on either side of
them is supported by comparative evidence. (A
similar situation applies to noncanonical pairs
and so on.) Many helices in Fig. 1 could be
extended by bulging bases and the like. We have
resisted this temptation in those cases where it
cannot be rationalized by comparative evidence.

The E. coli 16S rRNA secondary structure as
shown in Fig. 1 contains 10 bulged residues. If
interior loops in which one side comprises a
single residue are included, this number be-
comes 14. Of these, 10 are A residues, 2 are G
residues, 1is a C residue, and 1is a U residue. A
preference for bulged A residues can be seen in
the other rRNAs also (23, 53, 77). Some bulged
residues are phylogenetically stable in both posi-
tion and composition, e.g., Asge and A;,27; oth-
ers vary in both respects (or even disappear),
e.8., G31, A7, and Ajoq2.

It is pointless to speculate on the function of
bulged residues because we can say nothing
about their physical relationship to the sur-
rounding helices, and because they are merely
one of the (more obvious) elements in tertiary
structure, about which very little is known. In a
number of cases, there is evidence to suggest
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that so-called bulged residues are actually that.
(i) Some, at least, are hyperreactive with re-
agents that do not react with stacked bases, e.g.,
Ags of the 5S rRNA (58), A4 and Ggy of 16S
rRNA (H. F. Noller, unpublished data), and (ii)
bulging is not always a phylogenetically constant
feature, and when the bulged base is eliminated,
no new pair is added to the helix, i.e., its length
appears to remain the same. Examples here are
G3; of 16S rRNA and N of SS rRNA (23, 43,
58, 77).

Coaxial Helices

Helices immediately adjacent to one another
(i.e., those between which no unpaired bases
exist) could well be .coaxial. This was first
suggested for the common and CCA arms of
tRNA (94) and proven by the tRNA crystal
structure (38, 63). (As discussed above, the
anticodon and dihydro U arms of tRNAP*_ with
an intervening A-G pair, are also almost coaxi-
al.) Determining which helices are coaxial would
add major constraints to the developing rRNA
structures, so the question of coaxiality, al-
though highly speculative for now, is well worth
consideration.

Although comparative evidence does not bear
strongly on the question of coaxiality, it may be
the only approach that presently provides any
evidence concerning it whatsoever, short of X-
ray diffraction. We would suggest that compara-
tive evidence of the following type strongly
implies coaxiality. If organism A has immediate-
ly adjacent helices of lengths m and n pairs, but
in organism B, these helices are of lengths (m +
a) and (n — a) pairs, i.e., the overall length of the
combined structure is conserved, then the two
helices are probably coaxial.

The most striking example of this rule in-
volves the helix couple 1072-1076/1081-1085
and 1086-1089/1096-1099. In eubacteria, the
first helix comprises five pairs, the second four
pairs, but in eucaryotes, the first has six pairs
and the second has three. Other candidates for
coaxiality are the following. (i) Helices 9-13/21-
25 and 27-37/547-556. In archaebacteria and
eucaryotes, the two are immediately adjacent,
for in archaebacteria, the first helix extends
‘‘forward’’ by one pair, while in eucaryotes, the
second extends ‘‘backward’’ by one. In eubac-
teria, the two are separated by an A-G pair. (ii)
Helices 9-13/21-25 and 17-20/915-918. As not-
ed, this combined structure resembles some-
what the codon-anticodon helix perched on the
anticodon stalk. (iii) Helices 39—47/394—403 and
368-371/390-393. In eubacteria, G4 seems a
part of the first helix; in archaebacteria, it would
belong to the second. (iv) Helices 113-115/312-
314 and 289-295/305-311. (v) Helices 122-128/
233-239 and 240-245/281-286. Strangely, the
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archaebacterial sequence contains two inser-
tions (A after position 121 and G after position
239), which have the effect of inserting an A-G
pair between the two helices. Their joint occur-
rence would seem to imply some relationship.
(vi) Helices 584-587/754-757 and 588-595/644—
651. (vii) Helices 673-675/715-717 and 666—672/
734-740. In eucaryotes, the first helix is two
pairs longer than in archaebacteria, i.e., five
rather than three pairs, whereas the second is
two pairs shorter. (The first of these is not
convincingly present in eubacteria; see Table 19
and related discussion.) (viii) Helices 1113-1117/
1183-1187 and 1118-1124/1149-1155.

Another characteristic of potentially coaxial
helices seems to be that one of them can be
lengthened by one or several pairs at the ex-
pense of the other, at the faces where they meet.
Two examples of this are helices 122-128/233-
239 and 240-242/284-286 in eucaryotes (which
can also be formed as 124-128/233-237 and 238-
242/284-288) and 112-115/312-315 and 316-322/
331-337 in yeast mitochondria (whose alterna-
tives are 110-115/312-317 and 318-322/331-335).
Alternative formulations such as these could
serve to strengthen the coaxial structure through
an entropic contribution to its free energy.

If the contiguity criterion is relaxed to include
those helices separated only by a single A-G
pair, then many other helices become potentially
coaxial, e.g., 316-322/331-337 with 339-342/
347-350, or 136-142/221-227 with 144-147/175-
178, or 27-37/547-556 with 39-47/394-403. As
discussed above, the A-G pairs may be a means
for introducing slight bends into coaxial struc-
tures.

By relaxing criteria this way, one can begin to
envision large coaxial RNA ‘‘struts’’ that might
crisscross the 30S subunit to give it shape and
dynamic continuity. In the absence of more
compelling evidence, however, speculation at
this level is pointless.

Energetics of Helices (from a Biological
Perspective) .

Our understanding of the energetics of heli-
ces, the strength of interaction, is based on a set
of empirical rules derived from simple model
compounds (49, 66, 85). Experience with the 16S
rRNA secondary structure teaches that (in their
present form) such rules are of little value in
deducing rRNA secondary structure. Many ‘‘en-
ergetically favored” helices have had to be
rejected in constructing the present secondary
structure because less-favored, mutually exclu-
sive structures were consistent with the compar-
ative evidence or because they were themselves
inconsistent with the comparative evidence (or
both). (What appears to be the strongest helix in
the E. coli 16S rRNA sequence, i.e., 733-739/
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925-931, ~—30 kcal, is phylogenetically dispro-
ven.) One does not discard the rules because of
this, however. One merely applies them with
less zeal, in a looser, more tentative fashion, and
as a secondary, not primary, raison d’etre for
double-stranded structure. The problem of the
true energetics of helices in large molecules is a
more complex one than we would or can now
make of it.

In any case, it does seem that the various
helices are not all energetically alike. There
definitely seem to be strong and weak ones. The
former may be less interesting than the latter.
Note, for example, a small helix that occurs in
all 16S-like rRNAs and so must be significant,
i.e., 960-963/972-975. In eucaryotes, three of
the four pairs are U - G. Similarly, in helix 894—
897/902-905 of E. coli, two of the four pairs are
G-U.

Ostensibly weak helices are known from 35S
rRNA studies. The so-called tuned helix in 5S
rRNA appears quite weak in certain marine
gram-negative bacteria (25, 99). In fact, the
apparent strength of this helix correlates with
optimum growth temperature, being strongest in
thermophilic bacteria (99). The only striking
example of such a phenomenon in 16S rRNA
was discussed above, i.e., the side bulge of the
997-1012/1017-1044 structure which is remark-
ably augmented in the thermophile B. stearo-
thermophilus.

Weak helices may be transient structures in
rRNA that open or otherwise deform at certain
stages in the translation cycle. They are in effect
energetically tuned.

Ribosomal Protein Binding Sites

Probably most of the 21 proteins that consti-
tute the 30S subunit bind directly to the rRNA.
However, only two of the binding sites, for
proteins S8 and S15 (48, 67, 102), are well-
enough localized to serve as models. S8 has
been shown to bind to the 588-606/633-651
helix, and S15 to the 655-672/734-751 helix.
Both are irregular helices; both are phylogeneti-
cally variable in sequence and in their irregular-
ities. It is thus surprising that the E. coli version
of both proteins will bind to a wide variety of
16S rRNAs (84). Zimmermann and co-workers
have sequenced a number of such binding re-
gions to determine the presumed constancies
that underlie heterologous binding (84).

Other irregular, phylogenetically variable heli-
ces are then candidates for protein binding. The
most obvious of these are 27-37/547-556, 821-
840/846—879, 997-1012/1017-1044, and 1409-
1445/1457-1491. The helix covering position 850
may bind protein S6 or S18 or both (61, 102).

Obviously, all protein-binding sites in 16S-like
rRNAs need not be of the irregular, variable
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type. S20 protects the 252-259/267-274 region
from nuclease cleavage, which protein S4 does
not (19). This is a regular helix of highly con-
strained sequence in eubacteria.

Given the central role of protein S4 in ribo-
some assembly, structure, and function, its
binding site is of especial interest. Nomura and
co-workers have shown that S4 mRNA can be
drawn in a configuration resembling helix 500-
517/534-545 (56). This helix, plus the adjacent
27-37/547-556 structure (which delimits the do-
main protected by protein S4), are the reason-
able binding site for this protein. The extent of
modification in and around the latter helix in
eucaryotes is remarkable. There is some group
specificity in this and in the irregularities in the
helix. In that alterations in protein S4 can affect
the accuracy of translation (32), it is interesting
to speculate that this helix, too, is involved
somehow controlling accuracy.

Figure 2 summarizes what is known concern-
ing the ribosomal protein binding sites on 16S-
like rRNAs.

Overall Shape of 16S-like rRNA

It is a commentary on the state of our under-
standing of 16S rRNA structure that next to
nothing can be said about the overall shape of
the molecule or its positioning in the 30S ribo-
somal subunit. A combination of approaches
(41, 47, 61, 80, 93) have provided a low-resolu-
tion picture of the position of the various ribo-
somal proteins on the subunit (as seen in the
electron microscope). Some of these, in turn,
position the regions of their binding sites in
rRNA. In addition, the 3’ and 5’ ends of the 16S-
like rRNA have been fixed in the 30S subunit
(44, 46, 57, 71), as have those of two areas that
involve modified bases, i.e., m§A;sig1s10 and
m’Gsy; (59, 87; R. Gutell, unpublished data).
Figure 3 summarizes what little is known here.

Ribosome Evolution and Essential Core 16S
rRNA Structure

As defined by molecular phenotype, there
exist three major groups or primary kingdoms of
organisms—eubacteria, archaebacteria, and eu-
caryotes (97). Although the first two are pro-
caryotes, outside of the common negative char-
acteristic of not possessing certain eucaryotic
cellular features, they resemble one another no
more than either resembles the eucaryotes.
There correspond to these three groupings three
types of 16S-like rRNA, of characteristic length,
sequence, and structure (9, 33, 65).

However, in addition to these three rRNA
types, there exist mitochondrial 16S-like rRNAs
more varied, more unique in structure, length,
and sequence, than any of the three major
organismal types (1, 21, 39, 42, 75, 89; J. J.
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FIG. 2. RNA fragments found in ribonucleoprotein complexes after nuclease digestion of ribosomal protein-
rRNA complexes (19, 48, 62, 102) or gently unfolded 30S ribosomal subunits (101). Note how the fragments
correspond closely to predicted structural domains or subdomains.

Seilhamer et al., manuscript in preparation).
Since mitochondria arose as endosymbionts, it
has become popular to interpret their most un-
usual rRNAs as signifying a mitochondrial origin
in simple entities too primitive to be procary-
otes, or otherwise removed from the three
groups of organisms. This is not the case, al-
though we will not cast the argument here.
Mitochondria have arisen from eubacterial an-
cestry, all probably from the same subgroup,
i.e., the purple bacteria and relatives (4, 24, 29;
C. R. Woese and G. E. Fox, unpublished calcu-
lations; M. Gray, personal communication). Al-
though the mitochondrial rRNAs cannot be tak-
en then to represent primitive stages in ribosome
evolution, they are nevertheless of especial
comparative value, for they appear to represent
stripped-down if not streamlined versions of the
translation apparatus, i.e., they tend to have
retained the more essential features of the mech-
anism. (It must also be recognized that mito-
chondrial versions of the mechanism are proba-
bly cruder, less finely tuned, than are the normal

versions thereof. At least, the mitochondrial
rRNAs are less regular in structure than their
normal counterparts, and so although of some
value in defining the essence of the rRNA, they
are of limited value for comparative purposes or
in defining the fine points of rRNA structure and
function.)

The three basic 16S-like rRNA types are con-
trasted in Fig. 4, an alignment of 16S-like rRNA
sequences from one representative of each of
the three primary kingdoms (E. coli, H. volcanii,
and D. discoideum), and Fig. 5, a comparison of
the three corresponding types of secondary
structure together with the essential core of the
molecule, i.e., the structure common to all ver-
sions thereof (mitochondrial type included). Of
the three major types, the eucaryotic version is
by far the most unique in both sequence and
secondary structure. In those regions of the
molecule of comparable secondary structure,
the degree of sequence homology among the
three is 63% (E. coli-H. volcanii), 56% (H.
volcanic-D. discoideum), and 53% (E. coli-D.
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FIG. 3. Location of some structural features of 16S RNA in the electron microscope model for the 30S
ribosomal subunit (41). Positions of ribosomal proteins (indicated by their respective numbers) are based on
immunoelectron microscopy (41, 80) and neutron diffraction studies (47). Positions of the dimethyladenosines
(m$A), 7-methylguanine (m’G), 5’ terminus (5’), and 3’ terminus (3’) are also from immunoelectron microscopy

(57, 59, 71, 80, 87).

discoideum). The unrooted phylogenetic tree for
these three would then have the shortest branch
for the archaebacterium, and the longest for the
eucaryote (which configuration would be the
same for any others of known eucaryotic or
eubacterial sequences). Regardless of where the
actual root of this tree occurs, the result means
that the archaebacterial version of the 16S rRNA
sequence is closer to the ancestral version com-
mon to all than at least one of the other two
versions is.

The uniqueness of the eucaryote could reflect
its having diverged from the common ancestral
line before the remaining two groups split from
one another, or alternatively, its having diverged
further from an ancestral pattern common to all
than have the others. We favor the latter alterna-
tive. It seems reasonable that the more primitive
an rRNA, the more simple its structure. The
eucaryotic version of the 16S-like rRNA is defi-
nitely more complex than those of its procary-
otic counterparts. Helices are less regular (more
noncanonical pairs appear); loops tend to be
larger on average.

The D. discoideum rRNA sequence repre-
sents the deepest known branching in the eu-
caryotic tree, branching from the common eu-
caryotic stem before the lines of animals, plants,

fungi, and (at least some) protists branched from
one another. (That this is a true deep branching,
rather than a false deep branching which reflects
a ‘‘fast clock” in the D. discoideum line of
descent, is shown by the fact that the D. discoi-
deum rRNA sequence is as close to the bacterial
sequences as are any.of the other eucaryotic
rRNA sequences (R. McCarroll, G. J. Olsen,
Y. D. Stahl, C. R. Woese, and M. L. Sogin,
Biochemistry, in press). In its secondary struc-
ture, the D. discoideum rRNA is not as irregular
as are the other eucaryotic rRNAs; if anything,
its helices (and associated structure) are more
like the bacterial versions than are those of the
other eucaryotes. For example, (i) the form of
helix 122-128/233-239, of helix 136-142/221-227
(Table 7), and of the interior loop in D. discoi-
deum is precisely the bacterial form; both heli-
ces contain only canonical pairs (except for one
G - U pair), and 9 of 11 residues in the interior
loop are identical to their H. volcanii counter-
parts. In all other eucaryotes, neither of the
helices can be constructed without one or more
noncanonical pairs (indeed, the second helix is
not convincingly present in these cases), and
sequence in the putative interior loop does not
resemble the bacterial versions. (ii)) The apex
loop at position 160 comprises four residues and
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E. coli
H. volcanii
D. disc.

E. coli
H. volcanii
D. disc.

E. coli
H. volcenis
D. disc.

E. coli
H. volcanis
D. disc.

E. coli
H. volcenii
D. disc.

E. coli
H. volcanii
D. dise.

E. coli
H. volcanii
D. disc.

E. coli
H. volcenii
D. disc.

E. coli
H. voleeanis
D. disc.

E. coli
H. volcanis
D. disc.

E. coli
H. volcanii
D. disc.

E. cohi
H. volcanis
D. disc.

E. coli
H. volcanii
D. disc.

E. coli
M. volcenii
D. disc.

E. coli
H. volcenii
D. disc.

E. coli
H. volcenss
D. dise.

AAAUUGAAGA  GUUUGAUCAU
..... AUUCC  GGUUGAUCCU
..... UAACU  GGUUGAUCCU
AGUGGCGGAC  GGGUGAGUAA
CGUGGCGAAA  AGCUCAGUAA
AACUGCAGAC  GGCUCaUUAC
GGGGACCUUC  GGGCCUCUUG
.......... - - -UCAGGCG
AGGAUUUA - -UCUUCGAC
GGAUGACCAG CCACACUGGA
GCAAGAGCCC  GGAGACGGAA
GUUCGAUSCC  GGAGAgGGAG
CGCGUGUAUG  AAGAAGGCCU
CAAGUGCGAG  GGCAUAUA - -
Use

CACC-GGCUAA CUCCGUGCCA
AGCUGGGCAAG ACCGGUGCCA

UGNAGgGCAAG UCUGGUGCCA
GAUGUGAAAU  CCCCGGGCUC
AUCGGGAAAU  CCGCCAGCUC
UAGAGAUCUG  GAGGAAUACC
GUAAUCCUGG  ACGGACCACC
UUGACCCUAU  CAAGAUGAAC
UAGUCCACGC  CGUAAACGAU
UAGUCCUAGC  UGUAAACGAU
UAGUCCAAAC  UAUAAACUAU
AGGUUAAAAC  UCAAAUGAAU
AGGAUGAAAC  UUAAAGGAAU
AGUCUGAAAC  UUAAAGGAAU
CGGAAGUUUU  CAGAGAUGAG
AGUGAUGACG  AUCAGGUUGA
AGUAAGGAWU  GACAGACUAA
AACGAGCGCA  ACCCUUAUCC
AACGAGOGAG  ACCCGCACUU
AACGGaCGAG  ACCUCGACCU

-AUCAUGECCC -UUACGACCAG
-AGUAUGCCCC - GAAUGAGCUG

UGUGAUGCCCU UAGAUACCUUG
UCCGGAUUGG  AGUCUGCAAC
UUCGGAUUGA CGGCUGAAAC
CUGGGCUUGA  UCUUUGUAAU
GcCOGUcACA  CCAUGGGAGU
GCCeGUCAAA  GCACCCGAGU
GcCCGUCGCU  CCUACCGAUC
CAAGGUAACC GUAGGGgaaC
CAAGGUAGCC GUAGGGGsaU
CAAGGUAUCC GUAGGUGasC

GGCUCAGAU-U GAACGCUGGC  GGCA-GG-CCUAACACAUGCAA GUCGAACGGU AACAGGAAGA  AGCUUGCULC  UUUGCUGACG 100
GCCGGAGGU-C -AUUGCUAUU  GGCGGUCCGAUUUAGCCAUGCUA  GUUGCACGAG UUCA------  cecccccces  ecoece- UACU
GCCAGUAGUCA -UauGCUUGU  CUCA-AAGAUUAAGCCAUGCAU GUCUAAGUAU  AAAU-----c  coeene- UCU  UGUACGAUGA
U-GUCUGGGAA ACUGCCUGAU GGAGGGGGAU AACUACUGGA AACGGUAGCU AAUACCGCAU  AACGUCG- ----e-ceocacconn- CAAGACCAAAGAG 200
CACGUGGCCAA ACUACCCUAC AGAGAACGAU AACCUCGGGA AACUGAGGCU AAUAGUUCAU  ACGGGAGUCAUGCUGGAAUGCCGACUCCCCGAAACGC
AACAGUGAUAA ACUAAWAGAC UUsUUUGGAU AACCCCAGUA  AAUCGGGGCU AAUACAUACA  AGCGAUGGGUGACUGGCAACGGAAGCUCAG*AGAUCG
CCAUCGGAUG UGCCCAGAU-G GGAUUAGCUA - - -GUAGGUGGGGUAACGGCUCA CCUAGGCGAC  GAUCCCUA-GC UGGUCUGAGA 300
CUGUAGGAUG U-GGCUGCGGC CGAUUAGGUA - - -GACGGUGGGGUAACGGCCCA CCOGUGCCGAU  AAUCGGUA -CG GGUUGUGAGA
AAGUCUACUG U-GUCACUG-C CCUAUCAACU UUCGAUGGUACGGUAUUGGCCUA CCAUGGUUGU AACGGGUAACG GGGAAUUAGG
ACUGAGACAC GGUCCAGACU CCUACGGGAG GCAGCAGUGG GGAAUAUUGC ACAAUGGGCG CAAGCCUGAU GCAGCCAUGC 400
UCUGAGACAA GAUUCCGGGC CCUACGGGGC GCAGCAGGCG OCGAAACCUUU ACACUGCACG CAAGUGCGAU  AAGGGGACCC
CCUGAGAAAU GGCUACCACU UcUACGGaAG GCAGCAGGCG CGCaAAUUAC UCAAUCCCAA UAC-GGGGAA GUaGUGAcAA
UCGGGUUGUA AAGUACULUC  AGCGGGGAGG  AAGGGAGUAA  AGUUAAUACC  UUUGCUCAUU  GACGUUACCC  GCAGAAGAAG 500
........ GU CCUCGCUUUU CUCGACCGU- AAGGCG--++ seccceccce ccceccccce cooe..-GUC  GAGGAAUAAG
AAU  UAACA-CAAU
GCAGCCGCGg UAAUACGGAG  GGUGCAAGCG  UUAAUCGGAA  UUACUGGGCG UAAAGCGCAC GCAGGCGGUU  UGLUAAGUCA 600
GCCGCCGCGG UAAUACCGGC  AGCUCAAGUG  AUGACCGAUA  UUAUUGGGCC UAAAGCGUCC  GUAGCCGGCC  ACGAAGGUUC
GCRGCCGCGG uwAAUUCCAGC UCCAAUAGCA  UAUACUAAAG UUGUUGCAGU UsAAAAGCUC GUAGUUGAAG »
AACCUGGGAA C-UGCAUCUGA UACUGGCAAG CUUGAGUCU-C GUAGAGGGGG GUAGAAUUCC AGGUGUAGCG  GUGAAAUGCG 700
AACUGGCGGG CGUCCGGUGAA AACCACGUGG CUUGGGACC-G GAAGGCUCGA GGGGUACGUC CGGGGUAGGA  GUGAAAUCCC
AUGAU  UAAUAGGGAUG GAUGGGGGUG UUCAUAUUGG UGGGCGAGAG  GUGAAAUUCG
GGUGGCGAAG GCGGCCCCCU  GGACGAAGAC UGACGCUCAG GUGCGAAAGC GUGGGGAGCA  AACAGGAUUA  GAUACCCUGG 800
GAUGGCGAAA GCACCUCGAG AAGACGGAUC CGACGGUGAG GGACGAAAGC UAGGGUCUCG  AACCGGAUUA  GAUACCCGGG
UUCUGCGAAA GCAUUCACCA AAUACUUCCC CAUUAAUCAA GAaCGAAAGU UUGGGGAUCG AAGACGAUCA GAUACCGUCG
GUCGACUUGG AGGUUGUGCC  CUUGAGGCGU  GG- - - - CLUCCGGAGCUAACGCGUUAAGUCGACC  GCCUGGGGAG  UACGGCCGCA 900
GCUCGCUAGG UGUGACACAG  GCUACGAGCC  UGUGUUGUGCCGUAGGGAAGCCGAGAAGCGAGCC  GCCUGGGAAG  UACGUCCGCA
GUCGACCAGG GAUCGGUUAA  « AGAUU CCGGGGGGAG  UAUGGUCGCA
UGACGGGGGC CCGC- ACAA-GCGGUGGAGCAU  GUGGUUUAAU  UCGAUgcAAC  GCGAAGAACC UUACCUGGUC  UUGACAUCCA 1000
UGGCGGGGGA GCACUACAA - CCGGAGGAGCCU  GCGGUUUAAU  UGGACuCAAC GCCGGACAUC UCACCAGCUC  -CGA--CUAC
UGACGGAAGG GCAC-ACAAUGGAGUGGAGCCU GCGGCUUAAU  LUGACWCAAC UCGGGAAAAC UACCAAGCU  AAGA- - -UAU
AAUGUGCCUU CGGGAACCGU  GAGACAGGUG  CUGCAUGGCU GUCGUCAGCU COGUGUUGUGA AAUGLUGGGU  UAAGLICCCGC 1100
UGACCUUAUC ACGACGCUGU  -AGAGAGGAG GUGCAUGGCC GCCGUCAGCU OGUACCGUGA GGCGUCCUGU  UAAGUCAGGC
AAGAUCUUUC  AUGAUUCUAU - -AAGuGgUG GUGCAUGGUC GUUCUWUAGUU GGUGGAGCGA UUUGUCUGGU CAAUUCCGAU
-UUUGUUGCCA GCGGUCCGGC - ---cv-- CGGGAACUCAAAGGAGACUGCCAGUGAUAAACUGGAGGAAGGUGGGGAUG  ACGUCAAGUC 1200
<CUAAUUGCCA GCAGCAGUUU  CGACUGGCUGGGUACAUUAGAAGGACUGCCGCUGCUAAAGCGGAGGAAGGAACGGGCA  ACGGUAGGUC
GCUAACUAGUA « AAUUAAAACUu CUUAGAGGGACUACCUGCCUCAAGCAGGCGGAAGUCCGAGGCA  AUAACAGGUC
GGCUACACAC GUGCUACAAU  GGCGCAUACA  AAGAGAAGCG ACCUCGCGAG  -AGCAAGCGGA CC-UCAUAAAG UGCGUCGUAG 1300
GGCUACACGC GGGCUACAAU  GGUCGAGACA AUGGGUUGCU AUCUCGAAAG  -AGAACGCUAA UC-UCCUAAAC UCGAUCGUAG
GGCCGCACGC GCGCUACAAU  GUAGGAAACA  AAAAGGCUCC UGGUCCGGAA GGAUUGGGUAA UCAULUGAAUU UCCUACGUAA
UCGACUCCAU GAAGUCGGAA UCGCUAGUAA UCGUGGAUCA GAAUGCCACG GUGAAUACGU UCCCGGGCCU  UGUACACACC 1400
UCGCCCUCAU  GAAGCUGGAU  UCGGUAGUAA  UCGCAUUUCA AUAGAGUGCG GUGAAUACGU CCCUGCUCCU UGCACACACC
UAUUGAUCAU  AAACGAGGAA UUCCUUGUAA  GCGUAAGUCA UUACCUUAUG CUGAAUaUGU CCCUGCCCUU  UGUACACACC
-GGGUUGCAAA AGAAGUAGGU AGCUUAACCU UCGGGAGGGC GCUUACCACU UUGUGAUUCA UGACUGGOGU GAAGUCGeAA 1500
-GAGGUCCGGA UGA-GGCCAC C------ce-  ccceee ACAC GGUGGUCGAA UCUGGCUUCG CAAGGGGGCU UAAGUCGUAa
GAAUGAUACGG ¢ UUALVUUAAAU  CUCAUUGUUU  AGAGGAAGGA GAAGUCGUAa
CUGCGGUUGG  AUCACCUCCU 1542

CUGCGGCUGG  AUCACCUCCU
CUGCGGAUGG  AUCA- - -UUU

FIG. 4. Alignment of 16S-like RNA

sequences from one representative of each of the three primary
kingdoms, E. coli (8), H. volcanii (33), and D. discoideum (McCarroll et al., in press). The alignment is an
empirical one based upon a ‘‘best fit”” with regard to both primary and secondary structural homologies. An
asterisk (*) denotes the start of (nonhomologous) portions of the eucaryotic sequences that are not reproduced.
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FIG. 5. Schematic comparison of secondary structure models for representative eubacterial (E. coli) (a),
archaebacterial (H. volcanii) (b), eucaryotic (S. cerevisiae) (c), and a ‘‘minimal’’ small subunit (d) RNAs. The.
minimal structure contains only the structural features that are present in all 16S-like rRNAs thus far sequenced,
including those from all three major phylogenetic lines as well as from chloroplasts and mitochondria. There is
some question as to the existence of the structure corresponding to E. coli positions 1070 to 1100 in mammalian
mitochondria. Two sections of S. cerevisiae 18S rRNA containing 25 and 226 nucleotides, after positions 520 and
634, respectively, are omitted from structure (c). Satisfactory base pairing schemes for these two sections that
are compatible with the available evidence have not yet been determined.

a common composition, NAAA, in the procary-
otic and D. discoideum examples, but five in the
remaining eucaryotes, whose sequence is
UAAUU. (iii) The small procaryotic helix 339-
342/347-350 (Table 12) can be formed only in the
D. discoideum sequence with canonical pairs
and the procaryotic sequence in the loop; in the
other eucaryotes, a noncanonical pair occurs in

the stem and the loop sequence differs in two of
the four residues from the procaryotic version.
And (iv), D. discoideum is the only eucaryote
that does not insert a residue in the vicinity of
position 934 (which none of the 200-odd eubac-
terial examples do). Although few in number,
these examples strengthen the case that the
aboriginal eucaryotic 16S-like rRNA resembled
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procaryotic 16S rRNAs more than its descen-
dants now do, and so the eucaryotic uniqueness
is derived, not aboriginal.

The essential core abstraction of 16S-like
rRNA is surprisingly not all that much smaller
than the procaryotic versions of the molecule.
Although it is defined by structures common
among the three kingdoms and mitochondria,
approximately the same structure would emerge
from an extensive characterization of eubacte-
rial sequences (i.e., as the invariant portions of
the molecule). It contains most of the sites
reactive with kethoxal in active 30S subunits.
Whether it is equivalent to a primitive version of
the ribosomal RNA is a moot point.

Molecular Mechanics of Translation

There exists an enormous amount of descrip-
tive information regarding ribosomes. Yet we
have almost no idea as to the role(s) of ribo-
somes in the translation process. We do not
even know which of the component macromol-
ecules (or parts thereof) are the more important.
Unfortunately, we often think we understand
translation, for we can speak of tRNA ‘‘adapt-
ers’’ (15) that are ‘‘translocated’’ from an ‘‘A
site”’ to a *‘P site”” (92). This view of translation
(i) is too imprecise to provide a genuine molecu-
lar understanding of the process; (ii) because it is
strong dogma, inhibits other attempts at such an
understanding; and (iii) is probably misleadingly
wrong. tRNA, the adapter, is a passive, static
entity that is processed by a ribosome whose ‘A
and P’ sites’’ somehow define the underlying
molecular mechanics of the process. Is any of
this true? No evidence so far supports it (al-
though much is consistent with this conceptually
loose formulation). In trying to see molecular
mechanism in rRNA structure (and the changes
therein), the biologist may come to perceive this
problem in a fresh, productive way.

On the simplest level, the mechanics of trans-
lation have three aspects: (i) a recognition of the
codon (matching of codon to amino acid), (ii) a
transfer of the peptide, and (iii)) a movement of
the mRNA relative to the peptide growing point.
It is conceivable that the basis for all of these
interactions resides in the tRNA molecule. (A
specific proposal for such a molecular mecha-
nism was made some time ago, but will not be
discussed in detail here {95].) In any case, one
can envision three general types of roles for the
ribosome in translation. The ribosome could (i)
define and provide the mechanical basis for
mRNA movement (and peptidyl transfer), (ii)
mechanically facilitate an mRNA movement
(and peptidyl transfer) whose basic dynamics
was inherent in the tRNA molecule, or (iii) play
no direct mechanical role in translation (whose
mechanism is solely defined by the tRNA mole-
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cule), but serve as some sort of damping system
or thermal noise buffer, in the context of which
tRNAs can function with greatly increased accu-
racy (96). The molecular mechanics of the ribo-
some would be rather different in each of the
three cases.

A large body of experimental evidence attests
to the fact that individual ribosomal proteins
probably do not define ribosome functions. (For
example, leaving one ribosomal protein out of a
ribosome reconstitution rarely prevents ribo-
some function, provided the ribosomal particle
can then form; it merely affects the quality of
translation [55].) Recently, E. coli mutants have
been isolated that lack various of the ribosomal
proteins (16). However, it is easy to perturb the
rRNA (in the ribosomal subunit) in ways that
stop translation (5, 52, 70). Then, too, so-called
nonenzymatic translation can occur in which an
in vitro system can be constructed without elon-
gation factors, without guanosine triphosphate,
and so on ¢28). Although such a system trans-
lates slowly, it does so with at least as much
accuracy as does a complete translation system
(27). These facts suggest that ribosome function
is in the main (if not solely) defined by rRNA
and that the proteins serve only to facilitate this.

As a prelude to discussing possible general
molecular mechanical movement in rRNA, it
should be asked what evidence exists suggesting
movement, deformation, etc., of the 16S rRNA
(or ribosomal particles in general). Little does.
Residues within a few helices are susceptible to
chemical modification in free 16S rRNA, which,
however, could be interpreted in other, trivial,
ways than as evidence for functional change in
structure. The most convincing evidence of this
sort is that formation of the 70S ribosome ren-
ders certain G residues in 16S rRNA more
reactive with kethoxal than they are in active
30S subunits. (Specifically, these are the G’s at
positions 1053 and 1068 in 16S rRNA [13].)

Another type of evidence suggesting move-
ment would be the existence of two (or more)
mutually exclusive helices both of which were
proven by comparative evidence. Brimacombe
(7) suggested three overlapping pairings for the
region covering position 1060 in 16S rRNA.
These are helices 386-400/1053-1068 (bulge
Ujos2), 35-45/1059-1069, and 1055-1066/1187-
1202 (bulge 1193 to 1196). However, in other
organisms (in which sequences are appreciably
different than the E. coli sequence in these
regions), these proposed structures cannot be
formed without introducing a substantial num-
ber of mispairs, and it is absurd to think that
only E. coli would possess ‘‘perfect’’ versions of
the structures. Therefore, they do not reason-
ably exist. (For example, the H. volcanii and E.
coli versions of the first proposed helix differ in
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10 of the 30 positions, which produce eight
mispairs; the one canonical pair replacement
that does occur is not statistically significant.
The chloroplast version of the structure differs
by three base replacements, which introduce
three mispairs. For the second proposed helix,
comparisons reveal a similar degree of mispair-
ing—four for H. volcanii, six for X. laevis, and
five for Aspergillus mitochondria. The third he-
lix agrees in part with that seen in Table 28;
however, its upper portion (beyond the bulge
loop) is in disagreement with the one presented
here.)

Nevertheless, there does appear to be a little
evidence for mutually exclusive helices (as dis-
cussed in connection with Tables 11, 29, and 30).

It is perhaps instructive at this point to give an
extreme example of pairing that seems not really
to exist, as a cautionary note to those who would
play matching games with large rRNA (or other)
sequences. The human mitochondrial 16S-like
rRNA sequence (21) will form a perfect helix
(684-697/711-724 in mitochondrial numbering) of
14 base pairs, only 2 of which are of the G - U
type. Yet this structure is incompatible with
another (554-563/707-717 [bulge Ase)), which
has an exact counterpart in all other organisms,
i.e., 946-955/1225-1235 (in E. coli numbers). The
former helix is found only in human mitochon-
drial rRNA.

Three types of potential molecular movement
in rRNAs and tRNAs are both sufficiently de-
fined and general enough to be worth consider-
ing at this time. One is coiling and uncoiling of
particular helices. Such a mechanism was sug-
gested by the existence of energetically weak
helices in all rRNAs, particularly the case in 5S
rRNA in which the central, or tuned, helix
seems to vary in strength according to the opti-
mum growth temperature of the organism (99).
However, the uncoiling of one helix would rea-
sonably demand concomitant formation of some
other structure, to minimize the overall change
in energy.

A second mechanism would be the type sug-
gested for the tRNA-mRNA interaction. (The
anticodon-codon helix, of three pairs, can exist
as-a helical extension of either the 5’ or the 3’
strand of the underlying double-helical antico-
don stem. A switching between the two confor-
mations would then produce movement, in this
case movement of mRNA through the transla-
tion mechanism [95].) As seen above, helix 17-
20/915-918 is formed within the loop of seven
residues defined by helix 9-13/21-25. It is also
possible to form the helix 14-17/919-922 within
this loop. The two helices that can be formed
within this loop are mutually exclusive (if the
loop exists in both cases) and are somewhat
analogous to the two postulated conformation of
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anticodon-codon helix (95). Unfortunately, no
comparative evidence exists for the second of
the two possibilities, and mammalian mitochon-
dria appear to offer, if not a disproof, a variation.

The third mechanism worth considering is
movement generated by the stacking and un-
stacking of various helices. As seen above, a
number of helices in the rRNAs may be coaxial.
The breaking of coaxiality (with possible forma-
tion of alternate coaxial structures) would create
significant deformation, movement, in rRNA. A
case has been made for such a mechanism in 5S
rRNA (77). In the present instance, the possibili-
ty for a coaxial *‘switch’ exists for helix 27-37/
547-556 either with helix 39-47/394-403 or with
helix 500-517/534-545. (An A-G pair separates
either couple in the E. coli sequence.) Another
potential switch of this sort may be the protein
S8 versus S15 binding sites with the helix that
underlies both (584-587/754-757).

CONCLUSION

At the present state of our understanding, 16S
rRNA is merely a collection of individual heli-
ces. It ultimately must come to be a three-
dimensional structure that (probably) moves,
interacts with other molecular species, and has a
certain evolutionary history that is reflected in
its function. In this development, comparative
studies will play an important role, moreso be-
cause rRNAs are so large and complex in struc-
ture. Comparative evidence should prove of
particular value in testing various hypothetical
structures, e.g., 16S-23S interactions. Phyloge-
netic constancy of sequence is an indicator of
(functionally) important areas in the molecule.
And the permissible ways in which regions of
the rRNA vary phylogenetically must measure
some structural or energetic constraints (or
both) basic to their functioning. What is not
generally appreciated is that the translation ap-
paratus is an evolutionary mechanism, and one
cannot fully understand its workings without
understanding its evolution. In this undertaking,
the comparative approach will be essential. :
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