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Natural RNAs often contain terminal loops consisting of GNRA (N=A, G, C, U; R=A, G)
and their receptors, which bind to the loops via long-range RNA-RNA interactions.
Among several known receptors, two characteristic structural elements have been iden-
tified that are termed the 11-nt motif (CCUAAG-UAUGG) and IC3 motif (CCCUAAC-
GAGGG). These two motifs that share a similar secondary structure have been shown to
exhibit distinctively different binding specificities. The 11-nt motif recognizes a GAAA
loop with highest specificity among the known receptors, whereas the IC3 motif distin-
guishes GAAA from other GNRA loops less stringently than any other receptors. To iden-
tify the elements in the receptors that determine the binding specificity, a series of
chimeric receptors derived from the two motifs were prepared and their properties
were examined. We identified characteristic base-pairs and a particular U residue in the
receptors as such elements by means of a gel mobility shift assay that evaluates the
degree of the tetraloop-receptor interaction. The relationship between the elements and
the specificity is discussed together with a model that describes a possible evolutional
linkage between the two receptors.
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The long-range tertiary interactions between GNRA (N=A,
G, C, U; R=A, G) tetraloops and their receptors are often
found in the three-dimensional structures of catalytic
RNAs (1-3). It has been shown that GUAA, GUGA, and
GAAA loops have receptors that are CC-GG pairs, CU-AG
pairs and a characteristic motif consisting of an 11 nucle-
otdde sequence (CCUAAG-UAUGG, termed the 11-nt motif;
Fig. 1, right), respectively (1, 2). Recently, a new GNRA
receptor motif was identified that consists of a 12 nucle-
otide sequence (CCCUAAC-GAGGG, termed the IC3 motif;
Fig. 1, left) (4).

The stability of the binding between a loop and its recep-
tor has been elucidated as follows. The binding between the
11-nt motif and a GAAA loop is strongest among the
known loop-receptor interactions (2, 4, 5). The IC3 motif
discriminates four tetraloops, GAAA, GUAA, GUGA, and
GAGA, less stringently than other known GNRA loop re-
ceptors (4). The interaction between the IC3 motif and its
corresponding tetraloop is weaker than that of the 11-nt/
GAAA set, but stronger than that between the CC-GG/
GUAA set or CU-AG/GUGA set (2,4).

As shown in Fig. 1, the 11-nt and IC3 receptors share
two CC-GG base-pairs (termed bp-2 and bp-3), a U-A pair
(termed bp-4), and bulged AA nucleotides as highly con-
served elements (4, 5). However, there are three distinctive
differences between the two receptors, as follows, (i) The
IC3 motif possesses an additional C-G pair (termed bp-1),
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(ii) the IC3 motif lacks an unpaired uridine in the 11-nt
motif (termed U-3/4), and (iii) the base-pair (termed bp-5)
following the AA bulge is G-U in the 11-nt motif but C-G in
the IC3 motif (Fig. 1). The elements) that determine the
binding specificity have not been elucidated yet.

The relationship between the' structures of the receptors
and their binding specificities is interesting from the view-
point of molecular evolution. Group IC3 introns generally
possess an IC3 motif m their P8 regions, which interacts
with a GAAA loop in their P2 regions (6^). However, an
exception is an intron from the purple bacterium Azoarcus
sp. HB72 (the Azoarcus ribozyme) (6). The Azoarcus ribo-
zyme, which is distinctly more thermostable than the stan-
dard IC3 intron ribozymes, possesses an 11-nt motif in-
stead of an IC3 motif in its P8 region (9). This suggests a
possible scenario, i e. that the Azoarcus ribozyme diverged
from the standard IC3 introns by exchanging its IC3 motif
for the 11-nt motif and acquired thermostability.

hi the present study, we designed and analyzed a series
of chimeric receptors based on the 11-nt and IC3 motifs to
investigate the relationship of and difference in the mecha-
nisms of the recognition of GNRA tetraloops by the two
motifs. A possible scenario for the evolutional linkage be-
tween the two receptors is also discussed.

MATERIALS AND METHODS

Mutant Tktrahymena IC1 Ribozyme and P5abc RNA
Constructs—Plasmids encoding derivatives of the L-21
form of AP5abc mutant ribozyme or P5abc RNAs were pre-
pared from pI^21AP5abc (10) or pP5abc (11) by PCR (12),
and verified by sequencing. As templates for in vitro tran-
scription, derivatives of pL-21AP5abc or pP5abc were
digested with Seal or Smal, respectively.
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Preparation ofBNAs—All RNAs employed in this study
were prepared by transcription in vitro with T7 RNA poly-
merase and purified by electrophoresis on 5% polyacryl-
amide denaturing gels as described {13). For the prepara-
tion of uniformly ^-labeled or unlabeled RNAs, in vitro
transcription was performed in either the presence or ab-
sence of [a-^JGTP, respectively.

Gel Mobility-Shift Assay—Gel mobility-shift assays with
mutants of L-21AP5abc ribozyme and P5abc RNA were
performed as described (10, 14) on 5% polyacrylamide
native gels comprising 50 mM Tris-OAc (pH 7.5) and 7.5,
10 or 12.5 mM Mg(OAc)2, with uniformly ^-labeled P5abc
RNA (<10 nM), or its mutants (<10 nM), and 1 uM unla-
beled AP5abc intron, or its mutants.

RESULTS

Design of Chimeric Receptor Motifs—To investigate the
relationship between the 11-nt and IC3 motifs, we designed
chimeric receptors based on three distinctive differences.
The latter are (i) an additional C-G pair (bp-1) in the IC3
motif, (li) an unpaired undine in the 11-nt motif that is
missing in the IC3 motif, and (iii) the identity of a base-pair
following the AA-bulge (bp-5), which is G-U and C-G m the
11-nt and IC3 motifs, respectively. On the basis of these dif-
ferences, we designed six chimeric derivatives as intermedi-
ary motifs (Fig. 1).

To compare the affinity and specificity of these receptors
for GNRA tetraloops, we employed four loops, i.e. GUAA,
GAAA,GUGA, and GAGA (these four loops can be repre-
sented as GWRA loops where W and R stand for A or U,
and A or G, respectively)

Comparison of GNRA-Receptor Interactions by RNA-
RNA Gel-Mobility Shift Assay Using the Derivatives of the
Tetrahymena IC1 Ribozyme—To compare the tetraloop-
receptor affinity, we have developed an assay system based
on the gel-shift assay involving a bimolecular ribozyme
derived from the Tetrahymena ribozyme (Refe. 4 and 10
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motif

11-nt
motif

mut-D mut-E
Fig. 1 Sequences of the IC3 motif, the 11-nt motif and their
chimeric motifs. Schematically, the IC3 motif can be converted to
the 11-nt motif via three mutations as follows [1] deletion of a C-G
pair at bp-1, [2] insertion of a undine at position-3/4, and [3] replace-
ment of a C-G pair at bp-5 with a G-U pate

and Fig 2). The Tetrahymena ribozyme has a large P5 ex-
tension (P5abc) consisting of P5a, P5b, and P5c regions
(Fig. 2, center). A GAAA loop in its P5b region (L5b loop)
binds to the 11-nt receptor motif in the P6 domain via a
long-range interaction that plays a significant role in the
constitution of the active form of the ribozyme (gray box in
Fig. 2, right) (10, 15). It was demonstrated that a sepa-
rately prepared P5abc domain RNA and the mutant intron
lacking the P5abc domain (AP5abc intron, abbreviated as
AE, Fig. 2, left) can form a stable RNA-RNA complex that
functions as a catalytically active ribozyme (Fig. 2, right).

The stability of the P5abc RNA-AE complex depends on
the GNRA-receptor interaction that involves the loop in the
L5b region and the receptor in the P6a region (4). Previ-
ously we showed that, although complete disruption of the
GNRA-receptor interaction inhibits the formation of the
RNA-RNA complex in the presence of a low concentration
of magnesium ions (5-7.5 mM), a defective or weak interac-
tion replacing the original one can be employed for fixing
the complex by increasing the concentration of magnesium
ions (Refe. 4 and 10 and see also Fig. 3, A, E, and I). In
other words, we found that the minimal concentration of
magnesium ions required for the formation of a stable
RNA-RNA complex is in inverse proportion to the binding
affinity between the loop and the receptor. To evaluate the
stability of the tetraloop-receptor interaction, we performed
RNA-RNA gel-mobility shift assaying of the derivatives of
the bimolecular ribozyme by varying the concentration of
magnesium ions.

The gel-shift assays were performed with derivatives of
AE and P5abc RNA (Fig. 3). The 11-nt motif in the AP5abc
intron was replaced with the IC3 motif, or the chimeric
motife (Fig. 2, left) A GAAA loop in P5abc RNA was re-
placed with GUAA, GUGA, or GAGA (Fig. 2, center). We
prepared 32 possible combinations of the P5abc RNA-AE

AP5abc
intron
(AE)

OmmLhnmiO

replaced with IC3 motH
or chlmedc motif

replaced wfth GUAA
GUGA, or GAGA loop

Fig 2 The secondary structure of the bimolecular ribozyme
employed for the gel-shift assay. L-21 ribozyme derived from the
group IC1 intron from Tktrahymena thermophda was dissected into
two pieces, the AP5abc intron (left) and P5abc RNA (center) The two
RNAs from a stable complex via multiple tertiary interactions
(right) A bold line with two black arrowheads indicates the interac-
tion between the L5b region m the P5abc RNA and the P6a region in
the AP5abc nitron (10) Gray boxes indicate the 11-nt receptor motif
in the P6a region (left), a GAAA loop in the L5b region (center), or
then" complex (right). The L5b or P6a region was replaced with three
tetraloops (GUAA, GUGA, or GAGA) or their receptors, respectively,
as shown in Fig. 1
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complex that are represented as a matrix of eight AEs and
four P5abc RNAs.

In the presence of 5 mM Mg2"1", no complex formation was
observed except for the combination of GAAA m P5b [rep-
resented as P5CGAAA)] and the 11-nt motif [represented as
AE(llnt)] (data not shown). This indicates that the affinity
between the GAAA loop and the 11-nt motif is strongest
among the combinations employed in this study. In the
presence of 10 mM Mg2*, the 11-nt motif also formed a
complex with GAGA or GUAA in P5b (Fig. 3, H and F).
When the relative amount of unbound P5abc RNA was
compared with that contained in the bimolecular complex,
it was found that the 11-nt motif binds to a GAGA loop
more strongly than a GUAA loop (Fig. 3, H and F). On the
other hand, it formed no complex with GUGA in P5b even

in the presence of 12.5 mM Mg2"1" (Fig- 3K) Consistent with
the previous results of kinetic analysis, the present results
show that the 11-nt motif recognizes the tetraloops in the
order GAAA>GAGA>GUAA, but it cannot recognize a
GUGA loop under the same conditions (5,16, IT)

A mutant AE having the IC3 motif [AE(IC3)] forms a sta-
ble RNA-RNA complex with P5(GAAA) or P5(GUAA) in the
presence of 7.5 mM Mg2+ (Fig. 3, A and B). AFXIC3) also
forms a complex with P5(GUGA) or P5(GAGA) in the pres-
ence of 10 mM Mg2* (Fig. 3, G and H).The results indicate
that the IC3 motif discriminates these four GWRA loops
less stringently than the 11-nt motif, as previously reported
(4).

Among the mutant AEs bearing six chimeric motifs, two
variants having the mut-F motif [AE(m-F)] and the mut-D
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Fig. 3 RNA-RNA gel-mobility shift assaying of "P-labeled of P5abc RNA and the AP5abc intron, respectively. A-D Gel-mobility
P5abc RNAs « 1 0 nM, abbreviated as P5) and the iinlabeled L- shift assay in the presence of 7.5 mM Mg*+ E-H: Gel-mobility shift
21 form of APSabc intron ribozymes (1 (iM, abbreviated as assay in the presence of 10 mM Mg2*. I-L: Gel-mobility shift assay in
AE). In the figure, "free P5" and "AE-P5" indicate P5abc RNA not as- the presence of 12 5 mM Mg2*
sociated to the AP5abc intron and the bimolecular complex consisting
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motif [AE(m-D)] exhibited considerable affinity to a GAAA
or GWAA loop, respectively. AE(m-F) formed a complex
with P5(GAAA) in the presence of 7.5 mM Mg2*, albeit that
the complex formation was somewhat less than that of
AFXIC3) or AE(ll-nt) (Fig. 3A). On the other hand, AE(m-F)
formed a very small amount of complex or no complex with
P5(GUAA) or P5(GAGA), respectively, even in the presence
of 10 mM Mg2+, with which the 11-nt motif can form a com-
plex with P5(GUAA) or P5(GAGA) (Fig. 3, F and H). More-
over, even m the presence of 12.5 mM Mg2*, AE(m-F) forms
a complex with P5(GUAA) only modestly (Fig. 3J), or no
complex with P5(GUGA) or P5(GAGA) (Fig. 3, K and L).
The results suggest that the mut-F motif recognizes a
GAAA loop in a highly specific manner. The strong prefer-
ence for a GAAA loop is similar to the feature of the 11-nt
receptor motif, but the mut-F motif is unable to recognize a
GAGA loop, which can be done moderately by the 11-nt
motif (Fig. 3,HandL).

AE(m-D) formed a complex with P5(GAAA) or P5(GUAA)
in the presence of 7.5 mM Mg2* (Fig. 3, A and B), indicating
that the mut-D/GAAA combination is as efficient as the
mut-F/GAAA one (Fig. 3A), and the mut-D/GUAA one was
also as efficient as the IC3/GUAA one (Fig. 3B). A complex
of AE(m-D) with P5(GUGA) or P5(GAGA) became detect-
able with 10 mM Mg2* (Fig. 3, G and H), and became stable
on an increase in the concentration of Mg2"1" to 12.5 mM
(Fig. 3, K and L). This indicates that the mut-D motif acts
as a receptor for GUGA and GAGA loops more effectively
than other chimeric motifs. This is similar to the specificity
of the IC3 motif, which discriminates the four GWRA tetra-
loops weakly, although the affinity of the mut-D motif to
the four tetraloops is slightly weaker than that of the IC3
motif

The remaining four chimeric motifs (the mut-A, mut-B,
mut-C, or, mut-E motifs) were less efficient tetraloop recep-
tors than the mut-F or mut-D motif They are incapable of
forming stable complexes in the presence of 7.5 mM Mg2*,
with which mut-D motifGWAA or mut-F motiCGAAA can
form a stable complex (Fig. 3, A-D). Among the four ineffec-
tive motifs, mut-E functions moderately better than the
rest. The mut-E motiCGAAA combination forms a complex
in the presence of 10 mM Mg2* (Fig. 3E). However, the
affinity of mut-E motif7GAAA is weaker than that of mut-F/
GAAA, mut-D/GAAA or mut-D/GUAA (Fig. 3, A and B).

DISCUSSION

The Nucleotides That Determine the Nature of the 11-nt
and IC3 Motifs—The RNA-RNA gel-mobiLty shift assay
showed that, among the six chimeric variants, only two
(mut-F and mut-D) exhibited considerable affinity to GAAA
or GWAA loops, respectively (Fig. 3, A and B). In general,
the natures of the mut-F and mut-D motifs resemble those
of the 11-nt and IC3 motifs, respectively, indicating that
alternation of bp-5 (C-G or G-U) does not significantly mod-
ify the nature of the parental motifs (Fig. 1).

However, alternation for the binding specificity was ob-
served for mut-F with a mutation at bp-5. The 11-nt motif,
which is known to prefer a GAAA loop, can also bind to a
GUAA or GAGA loop with modest affinity (5). However, the
mut-F motif clearly prefers to bind to a GAAA loop com-
pared with a GUAA, GUGA, or GAGA loop. The motif rec-
ognizes the loop with strong affinity comparable to that of

the IC3 motif, although it is weaker than that between the
11-nt motif and GAAA.

The secondary structure of the mut-F motif is closely
related to that of the 11-nt motif The difference between
the two motifs is attributed to a fifth base-pair (bp-5),
which is a G-U and C-G pair in the 11-nt motif and mut-F,
respectively (Fig. 1). Previous analysis indicated that bp-5
in the 11-nt motif should preferably be a non Watson-Crick
base-pair such as G-U, A-C, or Y-Y (where Y indicates a
pyrimidine nucleotide) for recognizing the GAAA loop (5).
This suggests that the local rearrangement caused by the
replacement of a G-U to C-G pair at bp-5 is responsible for
the specificity of mut-F and also for weakening of the affin-
ity between the receptor and the loop.

In contrast to bp-5, the first base-pair (bp-1) in the IC3
motif and the unpaired U at position-3/4 in the 11-nt motif
play critical roles in determining the nature of the recep-
tors. Deletion of bp-1 from the IC3 motif (the resulting mu-
tant being the mut-A motif) reduces the capability of the
receptor (Fig. 3). This result indicates that the base-moi-
eties and/or the ribose-phosphate backbones of bp-1 are
important for the function of the IC3 motif

A mutant with a C-G to G-C base-substitution at bp-1
was examined previously to investigate the role of the base-
moieties of bp-1 in the IC3 motif (4). The mutant modestly
lost the affinity to the GUGA loop (ca. 60% activity com-
pared to that of the IC3 motif) but was still capable of inter-
acting with either a GAAA or GUAA loop with affinity
comparable to that of IC3, suggesting that the identity of
the base-moiety of bp-1 is not critical for the IC3 motif (4).
Compared with the result for mut-A in this study, the data
suggest that the ribose-phosphate backbones of bp-1 are
more important, although it remains to be determined
whether the backbones act passively as a spacer, or posi-
tively as an element interacting directly with the tetraloop.

Likewise, deletion of unpaired U-3/4 from the 11-nt motif
(the resulting mutant being the mut-B motif) significantly
abolished the receptor function of the 11-nt motif (Fig. 3).
In the 11-nt motif, bp-2, -3, and -4 form a helical structure,
whose conformation is slightly distorted from a canonical
A-type RNA duplex because the U-A pair at bp-4 is of a non
Watson-Crick type due to a U inserted between bp-3 and
bp-4 (3). Such a distorted duplex having a non-Watson-
Crick U-A pair appears to force the bulged AA nucleotides
to form a A-A platform structure, which is a critical ele-
ment for specific and strong recognition of a GAAA loop (3).
We think that the deletion of U-3/4 could reduce the ability
of the receptor due to this effect.

In the crystal structure of the 11-nt motif complexed
with a GAAA loop, U-3/4 is nipped out from the stem struc-
ture consisting of bp-2, -3, and -4 (3). U-3/4 appears not to
participate in a direct interaction between the motif and
the GAAA loop, suggesting that the base identity of U-3/4
is not critical. The base substitution at U-3/4 has no signifi-
cant influence on the nature of the receptor, according to
the results of a mutagenic and phylogenetic study (5), sug-
gesting that a ribose-phosphate backbone at U-3/4 affects
the local conformation at the stem structure.

It is interesting to build a molecular model of the IC3
motif complexed with a GWRA loop. However, such con-
struction is difficult because the conformation of the recep-
tor motif presumably changes on binding of the tetraloop in
an unpredictable manner (18)

J Biochem.

 at Islam
ic A

zad U
niversity on Septem

ber 30, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


A Comparative Study on Two GNRA-Tetraloop Receptors 255

5' 3'

]z\ substitution
C-G atbp-5

3 °. deletion
1 f (or insertion)
1 = 1 of
C-G a single C

IC3 motif

3 '5 '

mut-D motif

5' 3'

t=t
C-G
C-G

3/4 I G
U-A

substitution
at

position 3/4

5' 3'

t=t
C-<c-<
i U 3/4

3' 5'

mut-G motif

3' 5'

11 -nt motif

Fig 4 The structure of the mut-G motif, and
a possible relationship between the IC3 mo-
tif and the 11-nt motif as to molecular evolu-
tion.

To elucidate the three-dimensional structure of the IC3
motif complexed with GAAA or other tetraloops, we are
currently attempting the crystallization of the loop-IC3 re-
ceptor complex as a part of P4-P6 RNA. The P4-P6 RNA,
which is a portion of the Tetrahymena intron, has been
crystalized and is known to form a denned tertiary struc-
ture including the GAAA loop X 11-nt motif interaction (3,
19,20). We have now prepared a variant P4-P6 RNA whose
11-nt motif is replaced with the IC3 motif

A Hypothetical Evolutional Pathway—The structural re-
semblance between the IC3 and 11-nt motifs implies their
evolutional relationship. If the IC3 motif was converted to
the 11-nt motif (or vise versa) during the evolution of a
functional RNA, it seems reasonable to assume that its
intermediate receptors possess similar affinity when com-
pared with the original receptor. mut-F and mut-D can be
regarded as such candidates for the intermediates.

The structures of mut-F and mut-D, however, are not
closely related enough for their conversion into each other
with a single mutation (see Fig. 1), suggesting that another
intermediate motif is needed to explain the evolutionary
pathway. As a candidate of such an intermediate, we found
a variant form of the 11-nt motif (termed the mut-G motif)
based on the results of phylogenetdcal and structural analy-
sis of the 11-nt motif (Ref 5, Fig. 4) The X-ray crystal
structure of the 11-nt motif suggests that the base-moiety
of U-3/4 does not play a critical role (3). Consistent with
this observation, phylogenetic comparison indicated the
presence of at least seven examples of variant 11-nt motifs
whose U-3/4 is substituted by a guanosine (5), suggesting
that the nature of mut-G is similar to that of the 11-nt
motif Because a single deletion of cytidine at bp-3 can con-
vert the mut-D motif into the mut-G motif in this model
(Fig. 4), it is tempting to propose that the two motifs were
converted via mut-D and mut-G, as shown in Fig 4.

We wish to thank members of Tan Inoue Laboratory for critical
reading of the manuscript.
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