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Identification of a GUAAY pentaloop sequence involved in a
novel RNA loop-helix interaction

Russell T. Chanl, Kevin S. Keating2, Michaela C. Gol, and Navtej Toorl
1Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA

2Schradinger, LLC, New York, New York

Abstract

Large RNAs often utilize GNRA tetraloops as structural elements to stabilize the overall tertiary
fold. These tetraloop-receptor (TR) interactions have a conserved geometry in which the tetraloop
docks into the receptor at an angle of ~15 degrees from the helix containing the receptor. Here we
show that the conserved GUAAY pentaloop found in domain I11 of group 11B1 introns participates
in a novel class of RNA tertiary interaction with a geometry and mode of binding that is
significantly different from that found in GNRA TR interactions. This pentaloop is highly
conserved within the 11B1 class and interacts with the minor groove of the catalytic DV. The base
planes of the loop and receptor nucleotides are not coplanar and greatly deviate from standard A-
minor motifs. The helical axis of the GUAAY stem loop diverges ~70° from the angle of insertion
found in a typical GNRA TR interaction. Therefore, the loop architecture and insertion orientation
is distinctive, with /n vitro splicing data indicating that a GNRA tetraloop is incompatible at this
position. The GUAAY pentaloop-receptor motif is also found in the structure of the eukaryotic
thiamine pyrophosphate riboswitch in the context of a hexanucleotide loop sequence. We therefore
propose, based on phylogenetic, structural, and biochemical data, that the GUAAY pentaloop-
receptor interaction represents a novel structural motif that is present in multiple structured RNAs.
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Introduction

One of the most ubiquitous RNA structures is the tetraloop [1, 2], a four nucleotide sequence
that caps an A-form double helix. While numerous tetraloop motifs have been identified,
three are the most prevalent: CUUG [3], UNCG [4], and GNRA [5], with the latter
demonstrating a robust ability to form RNA tertiary structures. GNRA tetraloops can engage
in tetraloop-receptor interactions, where the loop nucleotides insert into the minor groove of
an RNA receptor helix. In addition, different GNRA tetraloop sequences have varying
affinities for receptor sequences, allowing this tertiary structure motif to be sequence
specific [6, 7]. GNRA tetraloop-receptor interactions have a defined geometry between the
two interacting motifs, with the tetraloop docking into the minor groove of the receptor helix
at an angle of ~15°. Furthermore, the nucleobases of the tetraloop and the receptor
nucleotides are coplanar. Despite many large RNA structures being determined over the past
two decades, there are only two identified classes of tetraloop-receptor interactions (along
with the GANC tetraloop [8, 9]).

Previously, we determined the crystal structure of a eukaryotic group Il intron from the
brown algae Pylaiella littoralis (Pli.LSUI2) in which we described the conformation of the
y-u” interaction (PDB 4R0D) [10]. This interaction was first biochemically identified
through nucleotide analogue interference mapping (NAIM) and involves a GUAAY
pentaloop docking into the base of the catalytic domain V [11] (Figure 1a). This p-p’
interaction occurs directly adjacent to the x-x” interaction in the group I1B intron crystal
structure [10] and results in a quintuple adenosine base stack inserting into the minor groove
(Figure 1b). Here we present phylogenetic, structural, and biochemical evidence that
distinguishes the GUAAY pentaloop from the ubiquitous GNRA tetraloop and reveals a new
mode of interaction between an RNA loop and a receptor helix.
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The consensus secondary structure of the group 11B1 phylogenetic subclass reveals that
nucleotides 1 to 4 of the pentaloop sequence are highly conserved as GUAA [12] (Table 1).
At the fifth position, a pyrimidine residue is always observed, with a U and C representing
71% and 19% of the sequences, thus forming the GUAAY consensus sequence.
Additionally, the stem containing the loop contains a closing conserved U-G wobble pair
(85%), but there are no observed occurrences of the G-U wobble pair. This differs from
GNRA tetraloops, which tend to have a preference for C-G base pairs at this position, but
can also contain a closing G-C pair [13, 14]. In addition to the sequence conservation, the
loop is attached to the domain Illa helix, which has a highly conserved length of seven base-
pairs in group 11B1 introns (Figure 1a).

The first nucleotide of the pentaloop (G448) stacks directly on top of the capping U-G
wobble pair (Figure 2a). Interestingly, instead of stacking on the 5° adjacent base U447,
G448 instead stacks almost entirely on G453, which is paired with U447. This may explain
the preference for a U-G over G-U wohble pair, as the latter would orient the loop further
from its receptor interaction. The second pentaloop nucleotide (U449) continues the base
stack above the first nucleotide. The Watson-Crick edges of these two nucleotides are
oriented in a similar direction, which keeps the phosphate backbone in an A-form helix-like
conformation. U449 stacks on G448 and forms a base-phosphate interaction with C452
using its Watson-Crick edge. In this orientation, U449 (N3) hydrogen bonds with the non-
bridging oxygen of the phosphate of C452. This type of base-phosphate interaction is typical
of a U-turn, which was first observed in tRNA anti-codon loops [15]. Substitution of
cytosine for U449 could only be maintained if N3 were protonated, while a purine
substitution would result in a steric clash or force the backbone into a sub-optimal
configuration. Altogether, the configuration of the second nucleotide in context within the
overall loop structure provides a rationale for its conservation. The third loop nucleotide
(A450) initiates the U-turn [15] and causes its Watson-Crick edge to deviate from an A-form
helix rotation. This contrasts with the GNRA tetraloop, where the U-turn is initiated between
nucleotides one and two (G|NRA) [16]. The fourth pentaloop nucleotide (A451) stacks
beneath the previous nucleotide and also inserts its nucleobase into the minor groove of DV.
Finally, the last nucleotide of the pentaloop (C542) finishes the base stack below A451. It
makes a single hydrogen bond between O2 and N2 of G555 from the receptor. Because O2
is present in both uracil and cytosine, this provides a rationale for the conservation of a
pyrimidine at this position.

There is some commonality between the GNRA tetraloop and the GUAAY pentaloop. Both
loop structures allow the last three nucleobases to splay out in a manner that allows them to
interact with a receptor (Figure 2b). However, the base planes of the loops represent a
significant difference between the two systems. In the GNRA tetraloop, the first and last
nucleotide are on the same plane and form a trans-Watson-Crick/Hoogsteen pair between the
guanosine sugar edge and the Hoogsteen edge of the adenosine. In contrast, the guanosine of
the pentaloop is the only base in its plane. Rather, the second nucleotide (U449) is located
on the same base plane as the final nucleotide (GUAAY). Furthermore, the second and last
nucleobase are not interacting with each other. Instead, the second nucleobase interacts with
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the phosphate backbone and Watson-Crick edge of the last nucleotide is oriented in the
opposite direction. Because the first and second nucleotide stack with one another, this
allows the pentaloop to extend one base plane higher, with respect to the GNRA tetraloop
(Figure 2a).

The last three nucleotides of the GNRA and GUAAY loop are positioned so that their
nucleobases are ordered and oriented outward from the helix. This allows the nucleobases to
insert into their respective receptors, but the orientation of insertion differs greatly. The
inserting nucleotides of the GNRA tetraloop are approximately planar with respect to the
receptor base planes (Figure 2b). In contrast, the GUAAY nucleotides insert into the minor
groove of DV ~70° relative to the receptor nucleotides. While this orientation precludes the
formation of canonical A-minor motifs, it allows the possibility of more nucleotides to stack
above and below without clashing with the phosphate backbone.

A structural motif search was done to determine if similar loop structures existed in the PDB
that were not yet annotated. Using the AMIGOS Il program [17], we initiated an (n,0)
search, with the pentaloop values corresponding to (182.1, 218.3), (175.2, 256.4), (18.7,
231.2), (162.9, 223.6), and (167.8, 273.0). Based on this search, no pentaloop match was
identified. However, the RNA 3D Motif Atlas [18, 19] revealed a hexanucleotide loop
containing the sequence GUAAU from the eukaryotic thiamine pyrophosphate riboswitch
(PDB 3D2V and 2CKY) that docks into a receptor helix in a similar manner as seen in the
group I1B1 intron (Figure 2c). In this case, there is no analogous x-x” interaction found near
the inserting base stack of the GUAAY sequence, therefore suggesting that this novel loop-
receptor combination can exist as an independent functional unit. In addition, the presence
of the GUAAY sequence in a hexaloop indicates that it can function in a variety of sequence
contexts in a manner similar to that seen for GNRA tetraloops [20].

The initial discovery of u-u” indicated a strict requirement for the loop to be a pentaloop
[11]. Due to the lack of structural information at the time, only two tetraloop substitutions
were conducted: mutating the entire loop to UUCG (Ap), and deletion of the last loop
nucleotide to a GUAA sequence. With the information obtained from the crystal structure of
the group 11B1 intron [10], the latter loop mutation actually results in a significant change of
sequence register of the loop structure. Specifically, shortening the loop from five to four
nucleotides results in the substitution of a uracil at a position that usually involves an
adenosine inserting into the receptor. In the same study, a point mutation at that position
from an adenosine to uracil resulted in defects in splicing activity. Utilizing the structural
data as a guide, we aimed to characterize the sequence and spatial requirements that would
promote the formation of p-u” through mutagenesis (Figure 3). While the /in vitro splicing
assay is an indirect measure for the formation of p-i”, the only known function of this
tertiary interaction is to stabilize the active conformation of the active site. We are therefore
using splicing as an indication for the formation of the p-u” interaction. Magnesium is an
essential cation for ribozymes, both as a structural element [21-23] to stabilize the negative
phosphate backbone as well as for catalytic function [24, 25]. In the case of the group Il
intron, two catalytic metals are bound in the active site [26, 27]. One serves to activate the
nucleophile for attack at the scissile phosphate, while the other stabilizes the transition state
of the leaving group. In standard splicing conditions for 2/i.LSU/2[28], 10 mM Mg?2* is
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used to stimulate splicing /n vitro. However, at this concentration we observed no significant
difference in splicing activity for any of the D3a mutants (Figure 4). This led us to believe
that this magnesium concentration is capable of overcoming structural defects caused by
mutagenesis, as seen in Figure 4 (orange bars). This is especially apparent in the Ay mutant,
which should be incapable of forming the loop-receptor interaction (Figure 4b). To address
this, the Mg2* concentration was lowered to 2.5mM. However, it is still useful to test the
splicing at 10 mM Mg?2* in order to validate the retention of activity in the mutants assayed
in this study.

The high level of conservation of the GUAAY pentaloop is remarkable for group 11B1
introns, with the first four positions being completely conserved across all the sequences.
Despite this conservation, mutants with single base substitutions seemed to retain splicing
activity comparable to wild type (Figure 4a). By comparison, mutating the loop entirely to
adenosines leads to ~3-fold difference. This suggests that there is some level of redundancy
with related sequences having a capacity to form a similar three-dimensional structure as the
wild-type loop.

While the previous study deleted the terminal pyrimidine to test the effects of a GUAA-
tetraloop sequence, a GAAA sequence was also tested. The latter allows for a canonical
GNRA-tetraloop fold to still maintain an adenosine at the very tip of the loop to potentially
interact with the DV minor groove. Both of these mutants result in ~3-fold reduction in
splicing activity (Figure 4b), consistent with the findings of Fedorova et a/. (2005). This still
does not rule out the possibility that a tetraloop is incompatible at this position, because a
tetraloop substitution would effectively lower the loop by one base plane (vide supra).
Different helical lengths were tested (-2 to +2) to favor docking of this tetraloop and affect
splicing activity. Increasing the helix by 1 base pair had a modest reduction on the effect of
splicing, however the other helical changes (-2, -1, +2) resulted in significant defects in
splicing (Figure 4c). Therefore, the addition of a GAAA-loop with varying helical lengths
(-2 to +3) does not rescue splicing activity, rather it exacerbated the defect further to levels
comparable to Ap (Figure 4d).

Discussion

The GUAAY pentaloop-receptor interaction found in group 11B1 introns and the eukaryotic
thiamine pyrophosphate riboswitch represents a new class of loop-receptor interactions in
addition to the known GNRA and GANC [8, 9] tetraloop-receptors. Consistent with
previous studies, the GUAAY loop cannot be replaced with a GNRA tetraloop. In addition,
the defect caused by a tetraloop substitution cannot be rescued by changing the length of the
attached helix. The helix attached to the p-loop emanates from a highly conserved four-way
junction, with two other tertiary interactions in close proximity to this junction. It could be
possible to adapt a GNRA-tetraloop at this position, but would likely require the remodeling
of the aforementioned junction. It is probable, however, that a GNRA tetraloop is completely
incompatible in this position. Due to the close proximity of x-x’, the receptor must be able
to accommodate five adenosines in the minor groove. Rather than inserting planar with
respect to the receptor nucleotides, the loop nucleotides insert at an unusual angle that
allows the base stacking vector to be parallel to the direction of the minor groove. This
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orientation allows five, and potentially more, nucleotides to base stack effectively into the
minor groove without clashing with the surrounding phosphate backbone. Additionally,
there may be other stable variants of the pentaloop, similar to the GUAAY, but unable to
accommodate splicing activity in the specific context of the p-u” interaction. It should be
added that this new class of loop-helix interaction seems to tolerate insertions as seen in the
hexanucleotide sequence of the loop from the thiamine pyrophosphate riboswitch. GNRA
tetraloops behave in a similar manner with additional inserted nucleotides in the form
GNR[Xp]A[7, 29].

Materials and Methods

[1B1 intron sequences were obtained from the Group Il Intron Database [30]. Alignment was
done using Bioedit [31]. Sequence logos were generated using the WebLogo [32]. AMIGOS
I1 [17] motif search was done on the following data set: PDBs accessed on September 2015,

with a minimum of 30 RNA nucleotides, and a resolution greater than 3.5A.

The constructs used for the /n vitro self-splicing assays contained wild-type R/i.LSUIZ
sequence with a 250-nt 5" exon and 75-nt 3" exon. The domain 1V sequence in this
construct was deleted and replaced with a UUCG stem loop. This construct was inserted into
the pUC57 plasmid at the EcoRV site. Overlapping PCR was used to generate the mutant
constructs and inserted into pUC57 with EcoRV and T4 DNA ligase. Plasmid was linearized
using HindlI1l and used for /n vitro transcription with T7 RNA polymerase. Radiolabeled
transcripts were prepared using 10 pCi [a-32P] UTP (3000 Ci/mmole), 0.5 mM UTP, 1 mM
other NTPs, and 2.5mM MgCl,. Transcripts were gel purified on a 4% polyacrylamide
(19:1)/8 M urea gel, RNA was recovered by diffusion into 300 mM NacCl, 0.01% SDS, 1
mM EDTA. Self-splicing experiments were performed for 30 min at 45°C in a splicing
buffer containing, 1 M NH4CI, 40 mM Tris-HCI (pH 7.5), and 0.02% SDS, and either 2.5
mM or 10 mM MgCl,. Reactions were stopped by addition of 2.5 volumes of 95% EtOH
and 0.5 volume of 3M sodium acetate pH 5.2. This mixture was then incubated at —80° C for
30 mins to precipitate the RNA followed centrifugation. Supernatant was removed and
pellets resuspended in 5 pl of 0.5% TE, 50% formamide. Splicing products were resolved
using a denaturing 4% polyacrylamide (19:1)/8 M urea gels. The Bio-Rad PMI Imager was
used to image and quantitate gels. All splicing assays were done in triplicate.
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Research Highlights
. We have discovered a novel class of interacting loops present in a
group I1B intron and a previous structure of the thiamine
pyrophosphate riboswitch
. This pentaloop sequence interacts with a receptor helix at a 70° angle

deviation from the more common GNRA tetraloop-receptor interaction

. This work highlights the fact that there may be additional classes of
RNA tertiary interactions to be discovered in the future

J Mol Biol. Author manuscript; available in PMC 2017 December 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chan et al.

e

CCh -
>0 -

-~
Gl
| =

Figure 1. DV acts as a receptor to two tertiary interactions
A) Secondary structure shows the three tertiary interactions involving DV.  and x insert five

adenosines into the minor groove of DV. B) The tertiary structure of the minor groove of DV.
The five adenosines form an extended base stack, which is perpendicular to the direction of
the minor groove. The p-p” interaction positions three nucleotides into the minor groove of
DV. The base planes of the p loop are approximately perpendicular to that of the receptor
helix.
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Figure 2. Comparison of the GNRA tetraloop versus the GUAAY pentaloop
A) The GNRA tetraloop (left) and the GUAAY pentaloop (right) are connected to a three

base-pair helix and aligned to the bottom of the stem. Central panel shows the alignment of
the two loops. This alignment shows that the the GUAAY pentaloop extends approximately
one base pair higher and at a different orientation compared to the GNRA tetraloop.
Nucleotides of the GNRA tetraloop and GUAAY pentaloop that interact with their cognate
receptor are colored in orange and green, respectively. B) The GNRA tetraloop (left)
nucleotides insert parallel to the base planes of the receptor, while the GUAAY pentaloop
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(right) nucleotides are nearly perpendicular to the receptor base planes. This allows a greater
number of nucleotides to insert into the minor groove. The alignment of the two structures
(central panel) shows a ~70° deviation in terms of the angle of attack of the loop for the
receptor. C) The structure of the equivalent GUAAY-containing hexanucleotide loop-
receptor (left) from the thiamine pyrophosphate riboswitch (PDB 2CKY). The alignment
with the GUAAY pentaloop-receptor from the group 1B intron (right) shows an almost
identical mode of recognition between the two components of the interaction.

J Mol Biol. Author manuscript; available in PMC 2017 December 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Chan et al.

a

Fraction
Branched

b

Fraction
Branched

Fraction
Branched

Fraction
Branched

Loop Point Mutants

.

¥

wild Type U447C G448A U449A
450,
"\-’
455 e A
445

¥ 5 v v
0.54340.0449 0522:0.0872  0.568:00663  0A470:0.0509
0.75310.0075 0.719+0.0174 0.707+0.0529 0.771£0.0260

Loop Mutants
wild Type AC452 D3a-GAAA Amu
450, C
X Awy) R U-g
- 455 "
445"

o Ny o "
0.543+0.0449 0.167+0.1130 0.185:0.0852 0.088+0.0346
0.75340.0075 0.758+0.0857  0.723:0.0190  0.563+0.0348

Helical Length Mutants
wild Type D3a-2 D3a-1 D3a+1
450
_ass 4 it S
5 :
a4 ‘ %"3 L ke

v
0.543:0,0449 0.442:0.0528  0.216:0.0604  0.412:0.0890
0.763:0.0075 0.706:0.0182 0586100850 0.738:0.0268

Helical Length/Tetraloop Mutants

: D3a-2 D3a-1 D3a+1
wild Type GAAA GAAA GAAA
450 A A A A A A A A A
G G G -
_ 455 £ 3 o€
s %-\'u k-
Y g
\S"
0.54310.0449 0.061+0.0045 0.07810.0233 0.176£0.0323
0.75340.0075 0.642:0.0197 0.533:0,0188 0.615:0.0483

Figure 3. Secondary structure of P.i.LSUI2 D3a mutants
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Mutants were grouped into four categories: a) loop point mutants, b) loop mutants, c¢) helical
length mutants, and d) helical length/tetraloop mutants. Red letters indicate changes to the
wild-type sequence. Red lines indicate where helical deletions took place. Values below the
mutants correspond to Figure 4 for /n vitro splicing assays at 2.5mM (blue) and 10mM

(orange) MgCls.
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Figure 4. In vitro splicing assay of Pli.LSUI2 D3a mutants
a) Point mutants made either in the closing base pair of the stem or in the pentaloop. The

single point mutants retained activity comprable to wild-type. However, mutating the loop
entirely to adenosines resulted in a drastic reduction in activity. b) Mutagenesis of the loop
to any of the tetraloop sequences results in severe defects in splicing activity. ) Changing
the helical length from the native seven base-pairs perturbs activity. d) The defects caused by
the GAAA-tetraloop cannot be rescued with different helical length mutations. Thirty
minute time points taken for all splicing assays. *<0.05 by two-tailed Student’s t-test. **<
0.001 by two-tailed Student’s t-test.
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Intron name
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Le.pn.12
P.st.12

Pp.I2

Pp.l4

Po.sp.13

Po.sp.14

Po.sp.11
Po.sp.12
Re.sp.I1
Sh.sp.12
Th.e.l7
X.fl1
Th.e.I3
Eu.re.ll
An.pr.ll
Eu.si.l2
Fa.pr.ll
S.ce.l5
Sh.ba.l1
Sh.pi.l1
Sh.mo.11
Sh.sp.I1
Vi.ha.12
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Sh.se.l1
E.c.I8

T.e.l8

R.pi.Il

P.ae.l2

Ch.lu.11

Ch.ph.11
Pr.ae.l4
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Intron name
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S.eq.l1
Hp.au.ll
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