RNA Biology 10:12, 1761-1764; December 2013; © 2013 Landes Bioscience

Sequence, structure, and stacking
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The term riboswitch usually refers to
small molecule sensing regulatory
modules in the 5" untranslated regions of
a mRNA. They are typically comprised
of separate ligand binding and regula-
tory domains. The T box riboswitch
is unique from other identified ribo-
switches because its effector is an essen-
tial macromolecule, tRNA. It senses the
aminoacylation state of tRNA to regu-
late genes involved in a variety of func-
tions relating to amino acid metabolism
and tRNA aminoacylation. T box ribo-
switches performs an intuitively simple
process using a complex structured RNA
element and, until recently, the underly-
ing mechanisms were poorly understood.
Only two sequence-specific contacts had
been previously identified: (1) between
the specifier sequence (codon) and the
tRNA anticodon and (2) between an
anti-terminator stem loop and the tRNA
acceptor arm CCA tail. tRNA aminoac-
ylation blocks the latter interaction and
therefore serves as the switch between
termination and anti-termination. Qut-
side of these two contacts, the structure
and functions of T box riboswitches have
come to light in some recent studies.
We recently described the X-ray crystal
structure of the highly conserved T box
riboswitch distal Stem I region and dem-
onstrated that this region interacts with
the tRNA elbow to anchor it to the ribo-
switch. Independently, Lehmann et al.
used sequence homology search to arrive
at a similar model for Stem I-tRNA
The model was further
supported by two recent structures of
the Stem I-tRNA complex, determined
independently by our group and by

interactions.
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Zhang and Ferré-D’Amaré. This article
highlights some of these contributions to
synthesize an updated model for tRNA
recognition by the T box riboswitch.

RNA molecules perform diverse func-
tions in cells, from coding to catalysis.
Riboswitches are widespread structured
RNAs located in the 5' untranslated
region of some mRNAs where they bind
their target metabolites to affect expres-
sion.! Riboswitches are typically modu-
lar with a ligand-binding (or aptamer)
domain and an effector domain that alters
either transcription elongation or transla-
tion initiation. The T box mRNA leader
was discovered approximately 20 y ago in
pioneering work by Tina Henkin’s labo-
ratory.>? These studies provided some of
the first conclusive demonstrations that
structured RNA played crucial gene regu-
latory roles in biology. Since then, signifi-
cant strides have been made to understand
the T box leader mechanisms (for a recent
review, see Green et al.¥). T box mRNA
leader sequences do not fit into the classic
definition of a riboswitch because instead
of sensing a small molecule, they bind
another macromolecule, tRNA; however,
they containing both aptamer and effec-
tor domains and due to their functional
similarities, here we refer to them as T box
riboswitches.

The transcriptional regulatory T box
riboswitch is comprised of several highly
conserved motifs that typically form three
complex stems (Stems I-III, though Stem
11 is absent from some T box riboswitches)
and a fourth effector stem that is stabi-
lized as an anti-terminator or terminator
depending on the aminoacylation state
of the bound tRNA (Fig. 1).>¢ Stem I is
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Distal Loop 2

Antiterminator

Figure 1. Structure of the T box riboswitch tRNA complex. (A) Schematic of the T box riboswitch
(blue/gray)—tRNA (orange) complex with intermolecular interactions highlighted and numbered:
(1) specifier sequence-anticodon base pairs, (2) distal Stem | base stacking against the tRNA elbow,
(3) acceptor-antiterminator base pairs. Regions of the T box riboswitch shown in the crystal struc-
ture in panel B are highlighted in blue. (B) The overall 3.2 A crystal structure of the Stem I-tRNA
complex (PDB ID: 4MGN), shown as ribbons with a semi-transparent molecular surface. The two
intermolecular contacts highlighted in cyan (Stem I) and magenta (tRNA) and numbered, as in (A).

approximately 100 nucleotides (nts) long
and contains several conserved motifs.
From proximal to distal, these include:
the GA/k-turn motif; specifier loop, L3/4,
AG bulge, and the distal loop, linked by
five short helical segments (P1-5). Only
the role of the specifier loop in tRNA
binding was well established. It contains a
specifier sequence that directly recognizes
the cognate tRNA through codon-anti-
codon pairing.*”'® An NMR structure of
the base of Stem I reveals the GA motif
forms a k-turn that could be important in
orienting the 3’ region of the T box ribo-
switch, relative to the bound tRNA."!2
Otherwise, the functions of the highly
conserved distal elements were largely
unknown prior to recent structural and
biochemical analysis performed in our
group,”® by Lehmann et al.,” and by
Zhang and Ferré-D’Amaré.'* Through the
combined contribution of these studies, a
much more lucid model for tRNA binding
has taken shape.

Structure-to-Function
Discovery of tRNA Binding

It has long been established that tRNA
is recognized by the T box riboswitch
through sequence-specific base-pairing
interactions between: (1) the specifier
sequence-anticodon and (2) the anti-
terminator-acceptor arm.”’ Additional
highly conserved motifs in the T box
riboswitch have been identified, but
their roles in tRNA anchoring are largely
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unknown.” In our recent work, pre-
sented in the Proceedings of the National
Academy of Sciences, we used a structure-
to-function approach to understand the
tRNA recognition mechanism by the T
box riboswitch.!® A series of T box ribo-
switch truncations were used to identify
essential structural and sequence ele-
ments required for tRNA binding. The
tRNA binding affinity was narrowed
down to a fragment that contains 86-nts
of Stem I, excluding the GA motif/k-
turn (denoted Stem I, Fig. 1). Further
division of Stem I into the distal half
and specifier half completely abolished
tRNA binding; however, outside of the
specifier-anticodon interaction, it was
unclear how the distal half of Stem I con-
tributed to binding. An NMR structure
of the tRNA-free specifier half of Stem
I was previously determined,'™* but the
structure of ~50 nts in the Stem I tip was
unknown. We therefore began by deter-
mining the 2.65 A crystal structure of
the distal half of Stem I (57 nucleotides,
Stem [ ), including the highly conserved
L3/4, AG bulge, and distal loop motifs.
Fortuitously, the structure provided a
tremendous amount of information. For
example, the L3/4 motif (CUC bulge in
Stem 1) imparts a kink between P3 and
P4 that changes the arch of Stem I and
could foreseeably provide flexibility in
the stem by altering the helical register
or kinking between P3 and P4. Given
its conservation, it seems likely that the
main role for this mid-stem motif is to
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provide essential flexibility to the stem
for tRNA binding.
The

revealed by the structure was the exten-

most significant observation
sive tertiary interactions between the AG
bulge and distal loop. The bases from
both motifs stack together in an inter-
woven zipper-like motif, referred to as
a loop-loop interaction in our work, or
more precisely, an interlocking T-loop (or
head-to-tail double T-loop).”>*">" T-loops
are five-nucleotide motifs that form a
compact U-turn, receive an intercalating
base between its fourth and fifth nucleo-
tides, and close the motif with a base pair
between the first and fifth nucleotides (for
an excellent review, see Chan et al. 2013Y).
Interlocked T-loops have been describe in
RNase P'® and the ribosome L1 stalk?
and are comprised of two compact, pseudo-
symmetrically oriented T-loops that inter-
act across two interwoven stacked base
triples. The result is a rigid structure with
a well-formed base-stacking surface suited
to dock against RNA bases. The ability of
the motif to form an interaction surface
is clearly reflected in the prominent Stem
I, crystal lattice contacts, formed across
both ends of the interlocking T-loop,
resulting in a continuously stacked struc-
ture through the crystal.”” We constructed
a hypothetical structural model of the T
box-tRNA complex by first assembling a
T box Stem I model from the crystal struc-
ture of the distal region' and the NMR
structure of the specifier region,”? then
modeling bound tRNA by overlaying the
mRNA-petidyl site tRNA complex from
the Thermus thermophilus ribosome struc-
ture?” with the T box riboswitch specifier
sequence (Fig. 1). The theoretical models
revealed a possible second tRNA contact,
~60 A away from the specifier-anticodon
interface, where the apical interlocking
T-loop structure stacks against the tRNA
D/T loop. This observation is supported
by previous work that demonstrated alter-
ing the tRNA anticodon arm length or
D/T-loop interactions was detrimental to
T box function.?"?? Given these observa-
tions, we proposed that the tRNA antico-
don is specifically bound at the specifier
sequence with the anticodon arm extend-
ing up along Stem I to dock in a structur-
ally specific fashion against the Stem I apex
(Fig. 1B). Lehmann et al. independently
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derived and classified the distal structure
as a head to tail double T-loop module
(or interlocking T-loops) based on the
striking sequence similarity between 23S
rRNA L1 stalk. They correctly predicted
the secondary structure of the T box Stem
I and proposed a similar structure model
for the T box Stem [-tRNA complex.”

Biochemical Evidence for tRNA
Stacking against the Stem | Apex

Several predictions can be made based
on our hypothetical structural model
of the T box-tRNA complex. For exam-
ple, our model predicts that the G62-
C43+G55 base triple in the interlocking
T-loop module stacks against the D/T
loops of tRNA." This is tested using sev-
eral independent techniques. First, indi-
vidual point mutations of the distal base
triple nucleotides were analyzed for tRNA
binding by electrophoretic mobility shift
assays, revealing that a substitution of
any base in the base triple disrupts tRNA
binding, to various extent. To more accu-
rately probe nucleotides involved, selective
2-hydroxyl acylation analyzed by primer
extension (SHAPE) was used to identify
reactivity changes due to T box-tRNA
complex formation. Key complex-induced
stabilization was observed in both strands
of the specifier loop and at G55 in from
the distal base triple from Stem I and in
the anticodon and the D-loop of tRNA.
Previous in-line probing of the T box ribo-
switch—tRNA interaction revealed con-
tacts in both strands of the specifier loop
and the tRNA anticodons and D-loop;**%
however, this was the first direct obser-
vation of an induced change in the dis-
tal Stem I region. The mutagenesis and
SHAPE data provided indirect means of
assessing interactions, so to examine the
intermolecular contacts more directly, the
product of intermolecular UV cross-link-
ing was analyzed by reverse transcription.
Using this method, intermolecular cross-
links were identified at C43 and G55 in
Stem I and U19, U32, and G55 in tRNA.
Together, these biochemical analyses pro-
vide strong supporting evidence that two
contacts are formed between Stem I and
tRNA: one between the specifier sequence
and the tRNA anticodon and the second
between the apical base triple and the
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tRNA elbow. With this model in hand we
used small-angle X-ray scattering on the
Stem I-tRNA complex and demonstrated
that the hypothetical model generated by
us (and foreseeably the similar model by
Lehmann et al.®) closely resembles the
unbiased reconstructions of the complex
in solution.

A High-Resolution Snapshot
of the Stem I-tRNA Complex

Using our well-defined minimal
functional tRNA binding constructs, we
determined the co-crystal structure of
the G. kaustophilus (Gkau) glyQ Stem I -
tRNASY complex.' Independently, Zhang
and Ferré-D’Amaré determined the full-
length  Oceanobacillus  iheyensis (Oihe)
glyQ Stem I-tRNASY complex by stabi-
lizing the basal GA/Kink-turn motif by
co-crystallization with a Kink-turn bind-
ing protein, YbxE.'® Both structures were
determined at 3.2 A resolution, providing
key insights into tRNA recognition. Stem
I forms a structurally similar, ~110 A long,
arched stem in both cases. Indeed, Stem
I packs against tRNA at the specifier-
anticodon interaction, and as predicted,
at the Distal Stem I interlocking T-loop-
tRNA elbow region. The distal stacking
interface is structurally analogous, but is
a C-G*G base triple in Gkau and C-GeA
in Oibe. Despite the G/A variation in the
base triple, the purine seems to be essential
for binding as replacing it with a pyrimi-
dine disrupted binding.'>'® This require-
ment seems to be driven by optimal base
stacking of the tRNA T-loop (elbow)
base, G56. The structures beautifully
revealed the extensive tertiary contacts
throughout the specifier loop-anticodon
loop interaction. The expected base pairs
CGG/GCC base pairs provide sequence-
specificity, but the are preceded by several
conserved features for binding: An S-loop
motif sets up the interface by inducing a
sharp bend in the stem that is required for
robust tRNA binding'*'*!® and several ter-
tiary interactions between both strands of
the Stem I specifier loop and the tRNA
anticodon loop, including two Type II
A-minor motifs, stabilize docking. These
structures provide both confirmation for
the models proposed by us'® and Lehman
et al.,” but more importantly, they reveal
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high resolution molecular level details for
the interaction.

A Model for T box Riboswitch
Regulation and Perspective

Based on these experimental data, we
propose an updated model for tRNA sens-
ing. Stem I forms a long, arched stem that
curves around tRNA to dock its specifier
sequence against the tRNA anticodon
and wrap up to the tRNA elbow, where it
stacks the exposed apical base triple from
the interlocking T-loop against the tRNA
elbow (D/T-loops). These two contacts
securely anchor tRNA to the T box ribo-
switch. Intuitively, since Stem 1 is the first
element transcribed, tRNA anchoring
could be performed while downstream
components are being transcribed. The
function of Stems II and III are unclear
at this time, but they are generally con-
served suggesting they either provide sup-
porting contacts to the tRNA or modulate
the rate of polymerase progression to the
tRNA bind-

ing kinetics are not well-established, but

terminator/antiterminator.

a major polymerase pause site was identi-
fied in Stem III** and this or other paus-
ing sites could foreseeably allow sufficient
time for tRNA to bind to Stem I prior
to terminator transcription. With tRNA
anchored to Stem I, the aminoacylation
status of tRNA further influences the
downstream T box structure formation.
The antiterminator stem-loop is stabilized
by an uncharged tRNA through base-
pairing between the tRNA CCA tail and
a bulged UCC sequence in the T box anti-
terminator, allowing full-length transcrip-
tion. The same interaction is disfavored if
tRNA is aminoacylated, disfavoring the
anti-terminator over the terminator stem-
loop in T box and causing its premature
transcription termination. The model that
comes to light from these studies provides
significant refinements to the previous
model, but many questions remain. For
instance, what is the architecture of the
remaining T box riboswitch (Stems I-III
and the anti-terminator/terminator)? Are
transcriptional pause sites required for
regulation or are the kinetics of tRNA
docking on Stem I rapid enough with-
out it? Do binding kinetics correlate with
tRNA abundance? Once anchored, how
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does tRNA aminoacylation destabilize
the anti-terminator structure? These and
other questions remain the focus of our
continued work on this system.
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