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1. Introduction

The primary sequence at the 3'-end of SSU RNA is
highly conserved in both prokaryotes and eukaryotes
[1-9]. In all cases a stable ‘hairpin’ structure can be
formed by intramolecular base pairing starting
~10-15 residues from the 3"-terminus [3 4,6,8]. The
single-strand loop of this hairpin contains 2 adjacent
N N°dimethyladenosine (m$A) residues, situated at
an identical position in both prokaryotic and eukary-
otic SSU RNA [1,3,8]. This remarkable preservation
of primary sequence, secondary structure, and post-
transcriptional modification argues that the 3"-end of
SSU RNA has a crucial (and probably universal) role
in protein biosynthesis.

It has been suggested that interaction between SSU
RNA and mRNA may serve in positioning the latter
correctly for initiation of translation [10], as well as
in determining the intrinsic capacity of ribosomes to
translate a particular cistron [11], while interaction
between SSU RNA and 5 S rRNA may be involved in
the association of large and small subunits during pro-
tein synthesis [12,13]. In fact, specific complexes
between prokaryotic 16 S tTRNA and mRNA [14,15],
eukaryotic 18 S rRNA and mRNA [16], and eukary-
otic 18 STRNA and 5 SrRNA [12,17] have been
observed, and possible sites of interaction in these
complexes have been inferred from sequence data
[29-11,13—16,18]. However, with the exception of
the mRNA binding site in Escherichia coli 16 S TIRNA
[19,20] and the 18 S rRINA binding site in wheat 5 S
rRNA [21], there is as yet little direct evidence sup-
porting the particular sequences which are supposed

Abbreviation: SSU RNA, small ribosomal subunit RNA (16 S
rRNA in prokaryotes, 18 S rRNA in eukaryotes)
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to interact in the various proposed complexes between
SSU RNA and other RNAs.

In the absence of such information, comparative
sequence analysis of SSU RNA can be helpful in eval-
uating how generally applicable the proposed interac-
tions between it and other RNAs may be (e.g., [9]).
This approach can also provide valuable insights into
the evolution of rRNA, although at the present time
sequence information about eukaryotic 18 S RNA is
limited to a few representatives of the animal [4,79],
plant {6,9], and fungal [5] kingdoms. In order to gain
amore comprehensive view of the function and evolu-
tion of the 3'-terminal region of SSU RNA, we have
determined the sequence of the first 91 nucleotides at
the 3'-end of SSU RNA from the protist Crithidia fas-
ciculata, a trypanosomatid protozoan. We compare
here the homology between this and other known
SSU RNA sequences, and use this sequence informa-
tion to evaluate proposed interactions between eukar-
yotic 18 SrRNA and other RNAs.

2. Experimental

Ribosomal subunits were prepared by centrifuging
freshly-isolated C. fasciculata ribosomes through
sucrose density gradients containing 0.1 mM Mg%*
[22]. RNA extracted from the small subunit peak was
homogeneous andintact by polyacrylamide gel electro-
phoresis [23]. We designate this rRNA species ‘18 8’
to emphasize that it appears to have a higher molecu-
lar mass than typical eukaryotic 18 S rIRNAs [24].

Crithidia ‘18 §’ TRNA was radiolabeled at the
3'-terminus [25] using [5"-3*P}pCp synthesized [26]
to a specific activity of 5000 Ci/mmol. The donor/
acceptor/ATP molar ratio was 1:0.3:12 and RNA

Elsevier [North-Holland Biomedical Press



Volume 128, number 2

ligase (P-L Biochemicals) was 500 units/ml, in a total
reaction volume of 20 ul. After 24 h at 4°C, the reac-
tion mix was diluted with 80 yl 1 mM EDTA—10 mM
Tris—HCl (pH 7 .4) +10 ul 3 M NaOOCHj; and the
RNA was then precipitated by addition of 2 vol. 95%
ethanol. The recovered RNA was solubilized, repre-
cipitated, and then washed once with 80% ethanol.
After drying in vacuo, the precipitate was dissolved in
10 ul water and then 10 ul loading buffer [25] were
added. The 3'end-labeled RNA was resolved on a
2.5% polyacrylamide slab gel (20 X 20 X 0.15 c¢cm)
containing TBE buffer {50 mM Tris—50 mM boric
acid—1 mM EDTA (final pH 8.3)] and 7 M urea; elec-
trophoresis was carried out for 2 h at 500 V. Radio-
activity was visualized by autoradiography and the
band corresponding to intact 3'end-labeled ‘18 S’
rRNA was recovered by electrophoretic elution {27],
asin [28].

To determine the 3'-terminal nucleoside residue,
[5"-32P]pCp-labeled ‘18 S’ IRNA was hydrolyzed with
alkali and the resulting 2'(3)-nucleotides were resolved
by two-dimensional thin-layer chromatography [28].

Nucleotide sequence analysis was carried out by
the partial chemical degradation method [25], as
detailed in [28]. End-abeled products were resolved
on thin (33 X 40 X 0.05 cm) 20% or 10.5% polyacryl-
amide gels (19:1, w/w, acrylamide:bis-acrylamide) in
the presence of 7 M urea.

3. Results and discussion

3.1. Derivation of the 3'-terminal sequence

The sequence of the first 91 residues at the 3"-end
of Crithidia ‘18 S’ tRNA can be read from the repre-
sentative autoradiograms shown in fig.1A (20%
sequencing gel) and 1B (10.5% gel). The identity of
the 3'-terminal U residue was independently deter-
mined by alkaline hydrolysis of [5'-32P]pCp-labeled
‘18 S’ rRNA, which released most (96%) of the radio-
activity as Up.

The band spacings in fig.1 provide evidence of
modified residues at positions 3, 20, 21, 54 and 65.
While these remain to be definitely characterized,
some deductions about their identities can be made.
Residue 3 appears to be a base-modified U probably
¥, as judged by the fact that it gives a very weak
Usspecific band in chemical sequencing gels but a
strong band in enzyme (Physarum, B. cereus) gels.
Pseudouridine, a known constituent of Crithidia TRNA
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[24], has been shown to be refractory to the U-spe-
cific chemical cleavage reaction [25]. Residues 20 and
21 did not give bands in the sequencing gels, suggest-
ing, as in the case of residue 3, that the ‘18 S’ rRNA
is not efficiently cleaved at these positions. The anal-
ogous positions are occupied by 2 adjacent N® N°®
dimethyladenosine (m$A) residues in other SSURNAs
[1,3,8,29] and by adjacent A residues in the IDNA
sequences corresponding to the gene for SSU RNA
[4,5,7,30]. N®-Dimethylation is expected to block the
A-specific chemical cleavage reaction, and blanks in
chemical sequencing gels have been observed for the
same residues in other SSU RNAs [6,9]. Since the
dinucleotide m$A-m$Ap has in fact been isolated from
Crithidia rRNA [24], we infer the presence of m3A at
positions 20 and 21 of the Crithidia ‘18 S’ TRNA
sequence. The absence of a band corresponding to
position 20 in the alkaline ladder is consistent with
the known alkaline resistance of the phosphodiester
bond joining the two m$A residues [31]. Residues 54
and 65 appear as G and C, respectively, in sequencing
gels (fig.1B), but there are no corresponding bands in
the alkaline ladder, suggesting that these are alkaline-
stable residues, most likely O%methylnucleosides (Gm
and Cm, respectively).

Specific, spontaneous breakdown of 3'endabeled
Crithidia ‘18 S’ rRNA occurred at positions 38 and 41
(see control lane, fig.1B), and we have observed the
same phenomenon with wheat 18 S rRNA labeled
and analyzed in the same way. The origin of this
breakdown is unclear, but one possibility is that it is
due to specific radiolytic cleavage at these positions,
as aresult of intermolecular complex formation during
the electrophoretic elution and concentration step
used to recover 3'-end-labeled 18 S rRNA from poly-
acrylamide gels. With both the Crithidia and wheat
18 S rRNAs, it is possible to base-pair the 3'-terminal
sequences of 2 molecules so that the [5'-32P]pCp ter-
minus of one molecule is positioned close to (and can
therefore irradiate) either C37(38) or U40(41) in the
other. Evidence for the analogous intramolecular base-
pairing in wheat 18 S rRNA appeared in [6].

As with other SSU RNA sequences, a stable
(AG = —13.8 kcal [32]) m$SA stem and loop structure
can be formed close to the 3'-terminus (residues
10-33) of Crithidia ‘18 S’ tRNA (fig.2). The exis-
tence of such a hairpin structure in Crithidia is sup-
ported by the fact that its constituent residues are not
susceptible to enzymatic hydrolysis [33] even in the
presence of 7 M urea (not shown).
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Fig.1. Autoradiograms of polyacrylamide sequencing gels
showing the resolution of partial chemical degradation prod-
ucts of [5'-*’P]pCp-labeled Crithidia fasciculata *18 S’ rRNA.
Reactions [ 25] were carried out for 1 min at 80° C (G-specif-
ic), 4 min at 80°C (A-specific), or 10 min at 0°C (C-specific
/ and U-specific); alkaline hydrolysis [ 33] was for 105 min at
80°C. (A) 20% gel run for 1.5 h at 3000 V; (B) 10.5% gel run
for 2.5 hat 2000 V. Autoradiograms were prepared asin [ 28].
Numbering beginsat the 3'-terminus. Asterisks mark probable
modified nucleoside constituents, as described in the text,
while underlined residues denote the positions of specific,
spontaneous breakdown products (see control lane).

- u-
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Fig.2. Sequence of the first 91 nucleotide residues at the 3'-end of Crithidia fasciculata ‘18 S’ IRNA, indicating the m$A hairpin
structure encompassing residues 10—33. The sequence is divided into 6 sections, defined as follows: (i) the extreme 3'-terminal
sequence (residues 1-9); (ii) the 3*-half of the m{ A stem (residues 10-19); (iii) the single-strand loop of the m; A hairpin (residues
20-23);(iv) the 5"-half of the m$ A stem (residues 24 -33); (v) homologous to a single-strand region which connects the m§ A helix
to the next double-stranded region in the secondary structure model of £. coli 16 S rRNA [40] (residues 34—47); (vi) homologous
to the 3'-half of the latter helix (residues 48—91). Asterisks and underlines denote the positions of probable modified residues
and spontaneous breakdown products, respectively, as noted in the text,

3.2. Evolutionary implications

Fig.3 shows the extent of homology between the
3'-terminal sequence of Crithidia ‘18 S’ TRNA and
those of other eukaryotic 18 StIRNAsand E. coli 16 S
rRNA. To facilitate this comparison, each SSU RNA
sequence has been divided into 6 sections, as defined
in fig.2. Like other eukaryotic SSU RNAs, Crithidia
18 S’ rRNA lacks the prokaryotic ‘Shine-Dalgarno’
[10,11] sequence (CCUCCin E. coli 16 STRNA: posi-
tions 4—8) and has a U instead of the prokaryotic G
at position 23. However, Crithidia ‘18 S’ TRNA differs
from other eukaryotic 18 STRNAs at 6 of the 20 posi-
tions (invariant in these other 18 S rRNAs) which
constitute the m$ A stem. It is striking that the 3 sub-
stitutions in section (ii) of the Crithidia sequence are
accompanied by reciprocal changes in section (iv), so
that base-pairing (and therefore overall secondary
structure) is strictly conserved throughout the m$A
stem (fig.2), in spite of the divergence in primary
sequence. Overall, the Crithidia ‘18 S’ TRNA sequence
is not as closely related to the other 18 S IRNA
sequences (64 —-74% homology in pairwise compari-
sons) as these are to each other (>84% homology
between pairs), consistent with the view that the
kingdom Protista is evolutionarily the most ancient of
the eukaryotic kingdoms [34]. At the same time,
Crithidia ‘18 S’ TRNA appears no more or less diver-
gent from £, coli 16 STRNA than are other eukaryotic
18 S 1RNAs. Crithidia ‘18 S’ tRNA differs from most
other eukaryotic 18 S rRNAs and from E. coli 16 S

rRNA in its immediate 3'-terminal sequence, which is
...UUUUQgy rather than .. .UUAgy or ... UUGqy.
Of the eukaryotic 18 STRNA sequences shown in fig.3,
that of Dictyostelium discoideum bears the closest
resemblance to Crithidia ‘18 S’ TRNA.: it appears to
have an identical or very similar sequence at the imme-
diate 3'-terminus and it probably differs from Crithidia
‘18 S’rRNAin only 2 rather than 3 of the constituent
base-pairs of the m$A stem. These data also indicate
that additional sequences which might account for
the apparent size difference between Crithidia ‘18 S’
rRNA (0.83—0.84 X 10° [24,35-37]) and other
eukaryotic 18 S TRNAs (0.7 X 10° [38]) are not
located within the first 100 nucleotides from the 3'-
terminus of Crithidia ‘18 S’ IRNA.

It is evident from fig.3 that the primary sequence
of sections (i)—(v) at the 3'-end of SSU RNA is very
highly conserved, not only among eukaryotes but
between eukaryotes and prokaryotes as well. Particu-
larly notable is the apparent absolute conservation of
the primary sequence of section (v), which in second-
ary structure models of £. coli 16 S rRNA is largely
[39] orentirely [40] a single-strand region connecting
two base-paired helices. This suggests that it is primary
structure per se in section (v) that participates in and
indeed is crucial for the same specific function(s) in
both eukaryotic and prokaryotic SSU RNAs. Homol-
ogy between prokaryotic and eukaryotic SSU RNAs
is abruptly and greatly reduced in section (vi), which
constitutes the 3 -half of a long double-stranded region
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Fig.3. Homology between the 3'-terminal nucleotide sequence of Crithidia fasciculata ‘18 S’ rRNA and those of: Dictyostelium
discoideum [2]; Drosophila melanogaster [7]; Bombyx mori [4]; Saccharomyces cerevisiae [5); Triticum vulgare [6]; and verte-
brate animal [3,9] 18 STRNAsand E. coli 16 S rRNA [29,30]. Positions occupied by the same residue as in Crithidia 18 TRNA

are marked by *. Alignment between E. coli 16 STRNA and the 18 StRNAsisbased on [4]. In [9] a G(U) substitution was noted

at position 37 of vertebrate animal and barley embryo 18 S rRNA but wheat embryo 18 S rRNA has the expected C at this posi-
tion [6]. Position 73 is U in hen reticulocyte and rat liver 18 S rRNA, but C in mouse sarcoma 18 S rRNA [9]. To facilitate com-
parison, the sequences have been divided into 6 sections [(i)—(vi)] as defined in fig.2. Degree of homology (bottom line) is indi-
cated as follows: (w) residue the same in all SSU RNAs, both prokaryotic and eukaryotic; (#)* residue the same in all eukaryotic
18 S IRNAs but different in £. coli 16 S tRNA; (®)* residue the same in all eukaryotic 18 S rRNAs except that of Crithidia; (o)
residue variable among 18 S TRNAs. The position of the prokaryotic ‘Shine-Dalgarno’ [10,11] sequence in E. coli 16 S TRNA is

denoted by @*.

in the secondary structure models of £. coli 16 S
rRNA [39,40]. This region may also be largely double-
stranded in eukaryotic 18 S rRNA [41]. Our data
further illustrate a phenomenon noted by others [40]
with regard to rRNA sequence evolution, namely, that
there has been a very high degree of primary sequence
conservation in regions that are single-stranded, where-
as double-stranded regions have diverged in sequence
to a greater event. Nevertheless, the latter regions
show a pronounced tendency toward reciprocal base
changes which maintain overall secondary structure.

3.3. Functional implications

Knowledge of the 3'-terminal sequence of Crithidia
‘18 S’ tRNA allows us to ask whether this molecule
could participate in specific base-paired interactions
which have been postulated to involve the 3"-end of
other eukaryotic 18 S rRNAs. One proposal [2] is
that a conserved purine-rich sequence (GCGGAAGG)
near the 3'-terminus of eukaryotic 18 S rRNA inter-
acts with a complementary sequence within the 5'-
leader region of eukaryotic mRNA during the initia-
tion of protein synthesis. In the position of this puta-
tive mRNA binding site, Crithidia ‘18 S’ TRNA has
the sequence GCAGCUGG (residues 9—16), a differ-
ence of 3 out of 8 residues. Divergence to this extent
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would not be expected if this sequence had a universal
function in binding eukaryotic mRNAs. In fact, we
find that the base changes in the Crithidia sequence
either entirely preclude pairing between it and postu-
lated 18 S rRNA binding sites in eukaryotic mRNAs
[2,9,13,16,18] or render such paring much less likely,
since the hybrid structures which can be written have
substantially reduced thermodynamic stability. Thus,
the mRNA-—18 S rRNA binding model [2], which has
been criticized [42,43], does not appear to be appli-
cable to Crithidia. For eukaryotes, an alternative
‘scanning’ model has been proposed [44,45] in which
the 5'-terminus per se, rather than a specific sequence
of nucleotides in the 5'leader region, is the primary
determinant for binding eukaryotic mRNAs to small
ribosomal subunits.

It hasalso been postulated that interaction between
5 StRNA and the 3'-end of eukaryotic 18 S rRNA
may play a role in the association of large and small
subunits during initiation of protein synthesis [12,13].
Formation of a specific complex in vitro has been
demonstrated between wheat 18 Sand 5 S rRNAs
[12,17], and the 18 S rRNA binding site in wheat 5 S
rRNA has been identified and sequenced {21]. The
complementary 5 S rRNA binding site in 18 SrRNA
has not been directly determined, but it may encom-
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Fig.4. Potential base-paired complexes between 18 S and 5 S rRNAs from wheat and Crithidia. The 18 S rRNA binding site in
wheat 5 S rRNA has been identified by sequence analysis [21], whereas the 5 S TRNA binding site in wheat 18 S rRNA is inferred
[9,13]. The wheat 5 STRNA sequence shown in fig.4 is the corrected version determined in our laboratory [ 28], so that the wheat

5 S—18 S complex as written is slightly, but not significantly, different from that postulated in [9,13]. The Crithidia 5 S—°18 §’
complex has been constructed using the strictly-homologous sections of Crithidia 5 S tTRNA [46] and Crithidia ‘18 S’ tRNA (fig.3).
Residues whmh differ between Crithidia and wheat are overlined (18 StRNA) and underlined (5 SrRNA) in the Crithidia rnmnlpy

passe all of section (iv) and much of section (v) [13],
as shown in fig.4. The base-paired structure which can
be written between the known binding site in 5 S
rRNA and the postulated one in 18 S rRNA is ther-

uluuy'ua.uuudu_y’ Very stable in the case of whca.l. in
agreement with the observed thermal stability of the
complex formed in vitro [17]. The proposed 5 STRNA
binding site is totally conserved in the 18 S rRNA of
various vertebrate animals and of barley embryos [9],
as would be expected if this sequence is generally
important for interaction with a conserved sequence
in 5 STRNA.

Since the sequence of Crithidia 5 S rTRNA has

ecently hean determined 1461 we examined the rele-
recently oeen aeternuned {50 j, we eXaminea ine réif

vant regions of Crithidia 5 S and ‘18 $’ T1RNAs to
ascertain whether a stable complex, analogous to that
between wheat 18 Sand 5 STRNAs, could be formed.
As shown in fig.4, base changes occur in both the

‘18 S’rRNA and 5 S rRNA of Crithidia in the regions
homologous to the proposed sites of interaction in
wheat 18 S and 5 S IRNAs. These sequence ulangcb
are nonreciprocal in the sense that a change in the
‘18 S’ sequence is not accompanied by a corresponding
change in the 5 S sequence which would allow reten-
tion of base-pairing, and the same is true for changes
in the 5 S sequence. As a result, the possibilities for
base-pairing between Crithidia ‘18 S’ and 5 S rRNAs
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which can be formed is much less stable thermody-
namically than the wheat complex. In addition, base-
pairing cannot extend into region (iv) of Crithidia
‘18 S’ 1RNA, so that dlSl‘upthIl of the m$A stem, an

Tmnarton + Fantriea ~F & e

important feature of the model in |_7 1.)], is not pos-
sible. In examining the sequence of Crithidia 5 STRNA,
we have noted another region (residues 57—74) which
could potentially form a stable duplex (AG = —17.6
kcal [32]) with the 3"-end of Crithidia ‘18 S’ TRNA
(residues 22—41), effectively disrupting the m§A stem
in the process. However, since we have not been able
to observe a compiex between Crithidia 5 Sand ‘18 §’
rRNAs in vitro, under conditions [17] where a con-
trol comnlex hetwean wheat § Sand 12 SrRNAg

trol complex between wheat 5 S and 18 SrRNAs
readily forms, the significance of this alternative
potential interaction is unclear.

The sequence we have obtained for the 3'end of
Crithidia ‘18 S’ tRNA does not lend support to func-
tional models which involve complementary base-
pairing between eukaryotic 18 S tRNA and either
mRNA [2] or 5 S rRNA [13]. However, the ribosome
of Crithidia has some unusual structural characteristics,
not the least of which is the presence of 3 or 4 low
M, rRNAs (in addition to 5 S and 5.8 S IRNAs) in
the large ribosomal subunit [23]. This opens the pos-
sibility that functional interactions between Crithidia
‘18 S’ rRNA and other RNAs might differ in certain

raanants Frooma nee menctiiladad Faw mtlan avloonc 4

+h A vy
ICSpLU s 1IN those yuatuxatcu 101 U UIC]L \:u;\anyuwb

303



Volume 128, number 2
Acknowledgements

This work was supported by a grant from the

AAAAAA L Navinnil «aF Conada Wa ara gratafinl

1‘{ i bdl I\chdlbll LOUuncCu O1 Laiiaga. ywe arc 3 attiui
to D. F. Spencer for advice and assistance with the
equencing techniques.

Lzl

References

[1) De Jonge, P., Klootwijk, J. and Planta, R. 1. (1977)
Nucleic Acids Res. 4, 3655-3663.

[2] Hagenbiichle, O., Santer, M., Steitz, J. A. and Mans,
R.J.(1978) Cell 13,551-563.

(3] Alberty, H., Raba, M. and Gross, H. J. (1978) Nucleic
Acids Res, 5,425-434,

[4] Samols, D. R., Hagenbiichle, O. and Gage, L. P. (1979)
Nucleic Acids Res. 7, 1109-1119.

[5] Skryabin, K. G., Kraev, A. S., Rubtsov, P. M. and Baev,
A.A.(1979) Dokl. Acad. Nauk. SSSR 247, 761-76S5.

[6] Darzynkiewicz, E., Nakashima, K. and Shatkin, A. J.
71020 T Rinl r*hnm 25549734975,

(170U 0. DICL LKL 455,57

[7] Jordan,B. R, Latil-Damotte, M. and Jourdan, R. (1980)
FEBS Lett. 117, 227-231.

{8] Santer, M., Chung, 8.-C., Harmon, G., Estner, M.,
Hendrick, J P., Hopper, J , Brecht, C. and Pandhi, P.
(1979) J. Bacteriol. 140, 131~140.

[9] Azad, A. A. and Deacon, N. J. (1980) Nucleic Acids
Res. 8,4365-4376.

[10] Shine, J. and Dalgarno, L. (1974) Proc. Natl. Acad. Sci.

USA 71, 1342-1346.
Shine, J. and Dalgarno, L. (1975) Nature 254, 34 -38.
12

~1 P | A ~am PTy.Y
2] Azad, A. A. and Lane, B. G. (1973) Can. J. Biochem.

51,1669-1672.

[13] Azad, A. A. (1979) Nucleic Acids Res. 7, 1913—-1929.

[14] Steitz,J. A. and Jakes, K. (1975) Proc. Natl. Acad. Sci.
USA 72,4734-4738.

[15] Steitz,J. A. and Steege, D. A. (1977) J. Mol. Biol. 114,
545-558.

{16] Azad,A. A.and Deacon,N. J. (1979) Biochem. Biophys.
Res. Commun, RK 3685176,

[17] Azad, A. A, and Lane B. G.(1975) Can. J. Biochem.
53,320-327.

{18] Ziff, E.B.and Evans, R. M. (1

[19] Taniguchi, T. and Weissman,
770-772.

(201 Eckhardt, H. and Lithrmann, R. (1978) J. Biol. Chem.
254,11185-11188.

M1EL TALND 1AL
1H15,14065—-14/0.

<
78) Nature 275,

8)C
. (19

)
1

304

FEBS LETTERS

June 1981

[21] Nichols, J.

O\[—‘
[=-J =1
=
o
o
2
5
[+ic]
=
o
=
—~
—
o
-~
o
A
@]
&
=
H

Biochem, 5 764.
[22] Cross, G. A. M. (1970
470-477.
[23] Gray, M. W. (1981) Mol. Cell Biol. in press.
{24] Gray, M. W. (1979) Can. J. Biochem, 57, 914--926.
[25] Peattie, D. A. (1979) Proc. Natl. Acad. Sci. USA 76,
1760-1764.

[26] Walseth, T. F. and Johnson, R. A. (1979) Biochim.
er\n'hvc Acta 562.11-31.

DI0pr Hlld 204, 241

[27] Allington, W. B., Cordry, A L., McCullough, G. A.,
Mitchell, D. E. and Nelson, J. W. (1978) Anal. Biochem.
85,188-196.

[28] MacKay, R. M., Spencer, D. F., Doolittle, W. F. and
Gray, M. W. (1980) Eur. J. Biochem. 112, 561-576.

[29] Carbon, P,, Ehresmann, C., Ehresmann, B. and Ebel,
J.-P. (1979) Eur. J. Biochem, 100, 399 -410.

[30] Brosius, J., Palmer, M. L., Kennedy, P. J. and Noller,
H.F.(1978) Proc. Natl. Acad. Sci. USA 75,4801 -4805.

{31] Nichols, J. L. and Lane, B. G. (1966) Biochim. Biophys.
Acta 119, 649-651.

[32] Tinoco, L. jr, Borer, P. N., Dengler, B., Levine, M. D.,
Uhlenbeck, O. C., Crothers, D. M. and Gralla, J. (1973)
Nature New Biol. 246, 40-41.

[33] DonisKeller, H., Maxam, A. M. and Gilbert, W. (1977)
Nucleic Acids Res. 4, 2527—-2538.

[34] Whittaker, R. H. (1969) Science 163, 150—160.

[35] Spencer, R. and Cross,G. A. M. (1976) J. Gen. Microbiol.
93,82-88.

[36] Morales, N. M. and Roberts, J. F. (1978) J. Protozool.
25,140-144,

I271 amrin T
1371 Garvin,R. T., Hill, R. C. and Weber, M. M. (1

Biochem, Biophys. 191, 774-781.

[38] Attardi, G. and Amaldi, F. (1970) Annu. Rev. Biochem.
39, 183-226.

[39] Glotz, C. and Brimacombe, R. (1980) Nucleic Acids
Res. 8,2377-2395.

[40] Woese, C. R., Magrum, L. J., Gupta, R. Siegel, R. B,
Stahl, D. A., Kop, J., Crawford, N., Brosius, J., Gutell,
R., Hogan, I. I. and Noller, H. F. (1980) Nucleic Acids
Res. 8, 2275-2293.

Biochim. Biophys. Acta 204,

[41] Brimacombe, R. (1980) Biochem. Intl. 1, 162-171.
{42] Baralle, F. E. and Brownlee, G. G. (1978) Naturc 274,

84-87.
{43] DeWachter, R. (1979) Nucleic Acids Res. 7,2045-2054.
[44] Kozak, M. (1978) Celi 15, 1109-1123.
[45] Kozak, M. (1980) Cell 22, 7-8.
[46] MacKay, R. M., Gray, M. W. and Doolittle (1980)
Nucleic Acids Res. 8,4911-4917.



