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ABSTRACT

A recent bioinformatic analysis of well-characterized
classes of riboswitches uncovered subgroups un-
able to bind to the regulatory molecule of the
parental class. Within the guanine/adenine class,
seven groups of RNAs were identified that deviate
from the consensus sequence at one or more of
three positions directly involved purine nucleobase
recognition, one of which was validated as a second
class of 2’-deoxyguanosine riboswitch (called 2'-dG-
Il). To understand how 2’-dG-Il riboswitches recog-
nize their cognate ligand and how they differ from
a previously identified class of 2'-deoxyguanosine
binding riboswitches, we have solved the crystal
structure of a 2’-dG-Il aptamer domain bound to 2'-
deoxyguanosine. This structure reveals a global ar-
chitecture similar to other members of the purine ri-
boswitch family, but contains key differences within
the ligand binding core. Defining the 2’-dG-Il ri-
boswitches is a two-nucleotide insertion in the three-
way junction that promotes novel base-base interac-
tions. Unlike 2’-dG-I riboswitches, the 2’'-dG-Il class
only requires local changes to the ligand binding
pocket of the guanine/adenine class to achieve a
change in ligand preference. Notably, members of
the 2'-dG-Il family have variable ability to discrimi-
nate between 2’-deoxyguanosine and riboguanosine,
suggesting that a subset of 2’-dG-Il riboswitches may
bind either molecule to regulate gene expression.

INTRODUCTION

It is becoming increasingly realized that within
bioinformatically-defined classes of riboswitches there
exists variation in both the cognate metabolite that reg-
ulates gene expression and the ability to discriminate
between chemically related metabolites (1). Diversity in
ligand recognition within a defined class is exemplified by

the ykkC family of riboswitches. Originally identified as a
sequence upstream of genes encoding multidrug resistance
efflux pumps and other transporters (2), these riboswitches
remained orphan until it was determined that some mem-
bers respond to guanidine (3). Further examination of this
class revealed multiple distinct classes sharing a secondary
structure, but containing sequence variation within some
of the most conserved regions. Distinct classes of the ykkC
family of riboswitches have most recently been verified
to bind the purine biosynthetic precursor phosphoribosyl
pyrophosphate (PRPP) (4), the bacterial alarmone ppGpp
(5), and nucleoside diphosphates (6). Other examples of
ligand recognition diversity have been observed within
class-II cobalamin riboswitches that bind adenosyl- and
methylcobalamin with a spectrum of selectivities (7), a sub-
set of GEMM-I riboswitches that bind cyclic AMP-GMP
rather than cyclic di-GMP (8) and rare FMN riboswitches
that bind an alternative but unknown compound (9).

Despite the realization that effector ligand di-
versity might be a widespread phenomenon within
bioinformatically-defined riboswitch classes, identifying
functional variation is challenging. Based on current
knowledge, most sequence variation within a class does not
lead to a change in ligand selectivity (1). To identify func-
tional variants, the Breaker laboratory recently developed
a new computational approach to examine established ri-
boswitch classes for detecting unrecognized ligand binding
diversity. This was achieved by using crystal structures of
riboswitch aptamer—ligand complexes to identify the first
shell of ligand-interacting nucleotides and survey the Rfam
sequence alignment of that class to identify members that
vary from consensus at these positions. This approach
resulted in identification of variant groups within the
guanine, ¢c-di-GMP, glycine and FMN classes (1).

One of the variant classes of guanine riboswitches dis-
covered was predicted and validated as a second class of 2'-
deoxyguanosine (2-dG) binders-referred to as the 2'-dG-
IT class (originally annotated as the “‘UCC variant group’)
(1). These RNAs contain a first shell of ligand-interacting
nucleotides whose identity is U22, C51, C74, similar to the
equivalent nucleotides in the Mesoplasma florum (Mfl) I-A
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2'-dG-I riboswitches (C31, C58, C80) (red nucleotides, Fig-
ure 1) (10). The identity of the pyrimidine at position 51/58,
which directly interacts with the N3 /N9 face (sugar edge) of
the purine ligand, is critical for establishing selectivity for
nucleobase versus nucleoside binding across the purine ri-
boswitch family (11,12) (Figure 2A, B). However, there are
further differences between the two classes of 2’-dG binders
around the ligand binding pocket that distinguish them.
First, the 2’-dG-II riboswitches have an insertion element
within J3/1 that is unique amongst the purine riboswitches
(1). A second notable change is that the junction-proximal
base pair in P1 is a G—C pair whereas in all other purine ri-
boswitch classes it is a nearly invariant A—U pair (1). These,
along with other differences further away from the ligand
binding pocket such as in L2 and L3, may be important for
the ability of this new class of riboswitches to bind 2'-dG
with high affinity and selectivity.

In this work, we present a structural and biochemical
analysis of the 2’-dG-II class of riboswitches that explains
its selectivity for 2’-dG over other purine nucleobases and
nucleosides. While the global architecture of the 2'-dG-I1
riboswitch aptamer domain is highly similar to the other
classes within the purine riboswitch family, there are signif-
icant differences around the ligand binding pocket between
the two 2'-dG classes. Notably, the two-nucleotide insertion
element in J3/1 enables base-base interactions not observed
in the other purine classes. Analysis of a series of mutants
indicates that while the J3/1 insertion element and the iden-
tity of the junction-proximal base pair in P1 play a central
role in promoting 2’-dG affinity, other nucleotides within
the junction also contribute towards achieving high affinity
binding. Binding analysis of a subset of aptamers from the
2/-dG-II family revealed a spectrum of selectivities for 2’-dG
versus 2'-rG, suggesting that some members may respond to
both nucleosides, further highlighting potential hidden vari-
ation within bioinformatically-defined riboswitch classes.

MATERIALS AND METHODS
RNA preparation

The envl 2'-dG aptamer domain RNA and derivatives were
in vitro transcribed by T7 RNA polymerase from a PCR-
generated DNA template using previously described meth-
ods (13). Sequences of all RNAs used in this study are
given in Supplementary Table S1. After incubating for 3 h at
37°C, the transcription reaction was buffer exchanged into
Milli-Q water and purified using denaturing polyacrylamide
gel electrophoresis. Product was extracted using the crush
and soak technique at 4°C into 0.5x TBE buffer (45 mM
Tris-borate, | mM EDTA, pH 8.0) followed by buffer ex-
change with 0.5x TE buffer (5 mM Tris, 0.5 mM EDTA,
pH 8.0) and concentrated to a volume of 500 .l using a 10
kDa Amicon centrifugal microconcentrator. RNA concen-
trations were determined using a calculated molar extinc-
tion coefficient at 260 nm wavelength; RNA was stored at
—20°C until use. For crystallization and ITC, RNA was re-
folded by heat/cooling at 95°C for 3 min and incubating on
ice for 5 min in TE buffer. Native gel electrophoresis was
used to assess whether the refolded RNA adopted a single,
monomeric conformation (14).

RNA crystallization

The envl 2'-dG aptamer domain RNA was crystallized at
30°C using the hanging drop diffusion method. 4 pl drops
composed of a 1:1 ratio of RNA-ligand mixture to pre-
cipitant mixture were suspended above 500 .l of 35% 2-
methyl-2,4-pentanediol (MPD). The RNA-ligand mixture
contained 300 wuM RNA and 600 pM 2'-deoxyguanosine
while the precipitant mixture contained 40 mM sodium ca-
codylate pH 6.0, 23% v/v MPD, 18 mM cobalt hexammine,
80 mM potassium chloride, and 12 mM sodium chloride.
Hanging drops were incubated for 2-3 days to allow crys-
tals to reach maximum size. To cryoprotect, crystals were
soaked in a precipitant mixture containing 35% MPD for
5 min, and flash frozen in liquid nitrogen. Data were col-
lected on a home-source Rigaku MicroMax-007 HF X-ray
source with a Dectris Pilatus 3R 200K-A detector and pro-
cessed with HKL3000. Screening for crystals that diffract
X-rays to high resolution and data collection methods were
using standard practice for X-ray crystallography (15,16).
Crystallographic data collection statistics are given in Sup-
plementary Table S2.

Structure determination, refinement and analysis

An electron density map was calculated by molecular re-
placement using Phaser (17) in PHENIX (18) using the
three helices of the B. subtilis xpt guanine riboswitch (GR)
RNA (P1 nucleotides (nt) 15-21 and 75-81, P2 nt 25-31
and 39-45, P3 nt 54-59 and 67-72) as a starting model
(PDB ID: 4FEY), excluding all non-helical linker regions
(J1/2, L2, J2/3, L3, J3/1). Model refinement was initiated
by replacing the sequence of the GR helices with that of
envl using Coot (19), followed by refinement in PHENIX.
Further rounds of iterative model building and refinement
were performed in which the rest of the RNA model was
built, the ligand placed within the binding pocket and fi-
nally solvent molecules were placed. Standard approaches
to reduce model bias in molecular replacement were em-
ployed throughout electron density map calculation and
model building (20,21). The final model statistics are pro-
vided in Supplementary Table S2.

Isothermal titration calorimetry (ITC)

RNA-ligand binding affinities were quantified by ITC us-
ing methods described previously (22). RNA was dialyzed
overnight in ITC buffer containing 50 mM K-HEPES pH
7.5,20 mM MgCl,, and 100 mM KCl at 4°C, similar to pre-
viously published conditions (10-12). Ligand was dissolved
in ITC buffer at 65°C and centrifuged to remove undis-
solved particles. Experiments were performed in triplicate
using a Microcal ITC-200 calorimeter. Titrations were per-
formed at 30°C with a reference power of 9 pcal/s. RNA
was loaded into the sample cell at concentrations of 5-50
wM, after which ligand was titrated into the cell using the
syringe in 19, 2.0 pl injections at concentrations between
50-500 pM. ¢ values were between 0.5 and 1120, with all
but the weakest binders >1 and all but the tightest binder
below 500. Data were fitted to a single-site binding model
with Origin 7.0 ITC software (Microcal Software) to deter-
mine the apparent dissociation constant, Kp app; represen-
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Figure 1. Secondary structure of representatives of the three classes of riboswitches within the purine family. Sequences are based upon those used for
determination of the crystal structure of (A) the B. subtilis xpt guanine riboswitch aptamer domain (PDB ID: 4FES), (B) the M. florum I-A class-I 2’-
dG riboswitch aptamer domain (PDB ID: 3SKI), and (C) the env class-II 2'-dG riboswitch (this study). The secondary structural elements which are
common to all three classes, are labeled as P (paired), J (joining) and L (loop). Nucleotides highlighted in red directly interact with the ligand nucleobase
and nucleotides in blue within the env/ sequence represent key differences in the ligand binding three-way junction between the xpt and envi RNAs. The
dashed lines represent two sets of base-base interactions in the junction that distinguish the three classes of riboswitches.

Figure 2. Overall structure of the envl 2'-dG-II riboswitch. (A) Secondary structure of the environmental sequence 1 (env/) 2'-dG-II riboswitch annotated
with nucleobase-nucleobase interactions. Base interaction notation is that of Leontis and Westhof (57). (B) Cartoon representation of the crystal structure
of the env! riboswitch aptamer domain in complex with 2’-deoxyguanosine (magenta). Watson—Crick helices (P1 —P3) are denoted in blue, the two terminal
loops (L2 and L3) in orange and the three joining regions of the three-way junction (J1/2,J2/3 and J3/1) are shown in cyan, green and yellow, consistent
with panel (A). (C) Superimposition of the B. subtilis xpt guanine riboswitch aptamer domain (orange) with envl 2'-dG riboswitch aptamer domain (blue).
In each RNA, the P1 helix was truncated to the three Watson—Crick base pairs proximal to the three way junction. The RNAs align with an r.m.s. deviation

of 1.95 A using PyYMOL.

tative data and fits are shown in Supplementary Figure S1.
Data and statistical analysis was performed in accordance
to best practice as described (23,24).

RESULTS
Design and crystallization of 2'-dG-II aptamer domains

To validate their identities as 2’-dG riboswitches, we first
verified the 2’-deoxyguanosine binding ability of several 2’-
dG-II class RNAs using isothermal titration calorimetry
(ITC). The env23 sequence (RNA nomenclature adopted

from Weinberg et al. (1)) used to determine the ligand bind-
ing specificity of this class was observed to bind 2'-dG with
a Kpapp of 290 £ 50 nM (Table 1), consistent with in-
line probing values (1). In addition, we investigated a se-
quence (envl) from the sequence alignment of this class of
riboswitches that most closely resembled the B. subtilis xpt
guanine riboswitch, particularly with respect to the terminal
loop-loop (L2-L3) interaction (25). Prior structural stud-
ies using the xpt guanine aptamer to host alternative lig-
and binding pockets in the three-way junction revealed that
these RNAs, like the parental sequence, were readily crys-
tallizable (11,26-28). 2’-dG binding by env/ was determined
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by ITC to be 34 £ 1 nM (Table 1), less than an order of
magnitude weaker than the ~4 nM binding affinity of xpt
guanine riboswitch for guanine (29).

The env23 and envl RNAs in complex with 2'-dG were
screened for diffraction quality crystals using a strategy sim-
ilar to that of the xpt aptamer-hypoxanthine complex (30).
For each, a series of RNAs was created whose P1 helix
lengths varied between 5 and 8 bp, with all variants hav-
ing a single 3’-adenosine overhang. Initial screening yielded
crystals of the envi RNA, but were found to be irrepro-
ducible. Analysis of the length of RNA in the crystals and
that remaining in solution using denaturing acrylamide gel
electrophoresis revealed that RNA in crystals were slightly
longer than the non-crystallizing RNA remaining in the
mother liquor, suggesting a nontemplated 3'-nucleotide was
added by T7 RNA polymerase (31,32). We subsequently
screened an additional set of single nucleotide additions to
the 3’-end of envl using transcription templates that have
two 2'-O-methoxy groups at the 3’-end to prevent nontem-
plated nucleotide addition (33,34) and found that a guano-
sine added to the 3’-end resulted in reproducible crystals,
while addition of an adenosine or uridine did not. Sub-
sequent analysis of the lattice contacts in the envl crys-
tal structure revealed that the Watson—Crick face of the 3’
guanosine forms hydrogen bonding interactions with the -
phosphate of the 5-residue of a neighboring molecule. It
should be noted that a similar strategy was used to obtain
reproducible crystals of the SAM-I/IV riboswitch aptamer
domain (35).

Crystals of the aptamer domain of the envl 2'-dG-I1
class riboswitch in complex with 2’-deoxyguanosine were
obtained in the P4;22 space group and diffracted using a
home source rotating copper anode x-rays to 2.8 A resolu-
tion (crystallographic data and model refinement statistics
provided in Supplementary Table S2). The structure was de-
termined by molecular replacement (17) using the three he-
lices of the xpt guanine riboswitch RNA as an initial search
model (PDB ID: 4FES5, (36)), as described in the methods.
The initial electron density map (Supplementary Figure S2)
was sufficiently clear to build the remaining RNA and the
model was further built and refined using PHENIX (18).
The final model had Ryox = 24.4% and Ryree = 27.6% val-
ues with overall good geometry as determined using Mol-
Probity (37,38).

Global structure of the envl 2'-dG-II aptamer domain

The secondary structure and global architecture of the env/
2'-dG-II riboswitch aptamer domain (Figure 2A, B) adopts
the same three-way junction supported by a distal tertiary
interaction observed in all structures of purine family ri-
boswitches (12,39-41). Superimposition of the B. subtilis
xpt guanine and envl 2'-dG-II aptamers reveals that the
three helices are organized around the central three-way
junction in an identical fashion (Figure 2C). The main ar-
chitectural difference between the two RNAs is the presence
of an additional base pair in the env/ P3 helix (seven versus
six base pairs in xpt)—similar to the M. florum 2'-dG-I ap-
tamer. To preserve critical tertiary loop contacts between
L2 and L3, this additional base pair shifts the P3 helix fur-
ther into the binding core relative to xpt in both the 2'-dG-I

(12) and 2’-dG-I1 RNAs. However, it should be noted that a
seven base pair P3 helix is common within the guanine class
of purine family riboswitches as well (36), so this feature is
not unique to 2’-deoxyguanosine binding.

The L2-L3 interaction of 2’-dG-II is nearly identical to
the tertiary interactions observed in the B. subtilis xpt gua-
nine (39.,41), B. subtilis pbuE adenine (40), and V. vulnificus
add adenine (41) riboswitches (Figure 3). However, env/ ex-
hibits three differences from xpt in the tertiary loop region:
(1) an adenosine versus guanosine at the first position of L2,
(i1) an AeA mismatch as the closing pair at the top of the
P3 helix in envl, which is an A-U base pair in xpt, and (iii)
a different Watson—Crick pair closing P2. To determine if
these differences impact ligand recognition, we substituted
the L2-L3 loop-loop region of envl and tested affinity for
2'-dG. Substitution of the entire envl L2-L3 loop and prox-
imal two base pairs of P2 and P3 with the corresponding
xpt sequence had no effect on 2’-dG binding (Kp = 30 + 2
nM, Table 2), indicating that the env/ tertiary loop region is
interchangeable with that of xpt¢ and likely plays no role in
determining ligand selectivity in the guanine and 2'-dG-II
classes of purine riboswitches. Conversely, because of sig-
nificant differences between L2 of M. florum and envl be-
yond the central two Watson—Crick G—C base pairs (Figure
3A, B), the two RNAs superimpose poorly in this region
(Figure 3D).

Local architecture of the three-way junction

Within the three-way junction of the 2’-dG-1I aptamer do-
main is a set of nucleobase-mediated interactions that are
universally conserved within the purine riboswitch family
(grey box, Figure 4). These interactions are primarily medi-
ated by highly conserved nucleotides and/or nucleobase in-
teractions in the joining strands (J1/2,J2/3 and J3/1) of the
three-way junction along with the two junction-proximal
base pairs of the P1 helix. Most distal to the Pl helix is
a universally conserved base triple formed by a Watson—
Crick pair between the first and last nucleotides of J2/3
(G46-C53) and a Watson—Crick/sugar edge interaction be-
tween A23 of J1/2 and G46. Adjacent to this triple is a
Watson—Crick pair between AS52 and U22. While in the
guanine/adenine and 2’-dG-II classes this is a U-A pair, it
is a C-G pair in 2’-dG-I (12); mutation of the U-A pair in
the B. subtilis xpt guanine riboswitch from to a C-G pair
imparts only a modest loss in binding affinity (42) in sup-
port of the general requirement for a Y22-R52 base pair.
The third layer in the junction is a base triple involving C51,
C78 and 2'-dG. This triple is universal within the purine
family, although the mode of base-base interactions differs
amongst the classes (vide infra). C50 of J2/3 engages the
junction-proximal Watson—Crick pair (G21-C79) of the P1
helix through a two hydrogen bonding interaction that is
conserved throughout the purine family, despite the differ-
ing G-C nucleotide identity of the junction-proximal base
pair of P1 in 2’-dG-II compared to the A-U pair found in
the other classes. The one variable structural aspect of the
core is how the second junction proximal base pair in P1
(U20-A80) interacts with J2/3. Disruption of this interac-
tion in the B. subtilis xpt guanine riboswitch has a very mod-
est negative affect on ligand binding affinity (42).
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Riboswitch Class Kpy-ag (nM) Kp;G (nM) K 1G/2'-dG)
envl 2/-dG-11 34 £+ 1 89 + 10 2.6
B. subtilis xpt G/A 7700 £+ 100 36 000 £+ 1000 2.6
env30 2/-dG-11 2400 £+ 900 36 000 £+ 1000 15
M. florum 1-A 2/-dG-1 190 + 10 5000 + 600? 27
xpt GdG 5B* synthetic 350 £+ 100 10 000 £+ 100 29
env6 2/-dG-11 88 + 3 3000 + 200 35
env23 2/-dG-11 290 + 50 51000 + 4000 180
4Data from reference (11).
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Figure 3. L2-L3 interactions in the purine riboswitch family. (A) Map of long-range interactions between L2 and L3 in the envl 2/-dG-II riboswitch
aptamer domain. Notation is that of Leontis and Westhof (57). (B) Stereoscopic image of long-range interactions between L2 and L3 in the M. florum I-A
2'-dG-I riboswitch aptamer domain. Dashed lines represent single hydrogen bonding interactions. (C) Wall-eyed stereo view of the alignment of the L.2-L3
interaction of the xpt aptamer domain (orange) and env/ aptamer domain (blue). R.m.s. deviation between the substructures is 0.50 A. (D) Wall-eyed
stereo view of the alignment of the L2-L3 interaction of the M. florum 1-A riboswitch aptamer domain (green) and env/ aptamer domain (blue).

Table 2. ITC analysis of 2'-dG binding to 2’-dG-II riboswitch mutants

RNA KD,dG (nM) Krel (KD,mut/KD,wt)
envl (wild type) 34+ 1 1
envl with xpt L2-1L.3 302 0.88
envl UTS5A 1600 £+ 300 46
envl C76G 100 £ 40 2.9
envl A(U75,C76) 240 + 50 7.1
envl A77U 250 £+ 10 7.4
envl CT8A 41000 £ 9000 1200
envl C51U 620 + 180 18
envl G21A,C79U 570 £+ 30 17
envl C47,48U 110 £ 10 32
envl C48A 7.1 £ 1.4 0.21

A two-nucleotide insertion in J3/1 is unique to 2'-dG-II
purine riboswitches

The most significant difference between the 2'-dG-II and
other purine riboswitches within the three-way junction is
a two nucleotide insertion in J3/1 that is absent in both the
guanine/adenine and 2'-dG-I classes of purine riboswitches
(Figure 5A, B). This insertion is present in all members of
the 2’-dG-II class, with the first position being an invariant
uridine nucleotide while the second nucleotide is variable.
In the crystal structure of envl(2’-dG-II), this insertion ele-
ment promotes new base-base interactions within the three-
way junction. U75 forms a base pair with the Hoogsteen
face of A24 (Figure 5C). In the xpt guanine riboswitch this
nucleotide is unpaired and stacks with the bottom of the
P3 helix while the equivalent nucleotide in MfI-1IA(2'-dG-I)
forms a base triple with the junction-proximal base pair in
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Figure 4. Architecture of the three-way junction. (A) Schematic of the base interactions between the three strands of the junction (coloring consistent with
Figure 2) and the P1 helix. Grey shading represents base-base interactions universal to the purine riboswitch family. Red interactions denote those unique
to the 2/-dG-II aptamer domain. Notation is that of Leontis and Westhof (57). (B) Wall-eyed stereo view of the architecture of the three-way junction. (C)
Wall-eyed stereo view of the three-way junction rotated 90° clockwise relative to the perspective in panel B.

P2. The second nucleotide of the insertion, C76, is flipped
away from the junction such that it does not make contacts
with other bases in the RNA. Supporting this observation,
mutation of C76 to a guanosine has minimal effect on 2’-dG
binding affinity, reducing it only 2.9-fold (Table 2).

To further understand the role of the J3/1 insertion ele-
ment in ligand recognition, we examined it in the context
of both envI(2’-dG-II) and xpt. Strikingly, deletion of these
two nucleotides in env/ only results in a moderate loss of
affinity for 2/-dG (7.1-fold, Table 2), while a U75A mutant
reduces affinity 46-fold. A simple explanation for this ob-
servation is that a more sterically bulky purine at position
75 that still engages with A24 would push the backbone of
J3/1 outwards, potentially disrupting a number of neigh-
boring interactions as opposed to the deletion mutant that
only ablates the A24-U75 pair. The deletion mutant is more
modest than the C51U mutation that results in an 18-fold
loss of 2’-dG binding affinity. These data indicate that the
two nucleotide insertion element in J3/1 is not essential for

promoting 2’-dG binding in this class of riboswitches, al-
though the A24-U75 interaction increases affinity. Insertion
of these two nucleotides into the xpz guanine riboswitch ap-
tamer at the equivalent position does not promote 2'-dG
binding, as affinity does not change compared to wild type
xpt (8.1 £ 0.6 uM and 7.7 &+ 0.4 wM, respectively). How-
ever, its affinity for hypoxanthine (HX)—one of its cognate
ligands—is weakened from 0.73 & 0.1 puM (39) to 21 £ 2
wM, a 29-fold reduction in affinity. Thus, the J3/1 insertion
in the context of the xpz guanine riboswitch changed selec-
tivity from favoring HX by ~10-fold to favoring 2’-dG by
2.6-fold. Further alteration of xp¢ by including the U51C
mutation that was previously shown to promote 2’-dG bind-
ing (xpt(U51C), Kpapp = 12 £ 1 uM, (11)) increased the
affinity 4.2-fold to 1.6 + 0.1 wM while nearly abolishing
affinity for hypoxanthine (>100 wM). Thus, the identity of
position 51 in concert with the two nucleotide insertion in
J1/3 promotes both tighter and more selective 2'-dG bind-
ing in the context of the xpt aptamer. These data suggest
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Figure 5. Interactions mediated by the U75-C76 J3/1 insertion element. (A) Local structure of the J3/1 element (nucleotides U75-C78) in the env/ 2'-dG-11
riboswitch aptamer domain and its interaction with ligand. Base-base interactions are denoted by grey dashed lines. (B) Local structure of J3/1 (nucleotides
A73-C74) and its interactions with ligand (hypoxanthine, HX) in the xp¢ guanine riboswitch aptamer domain. (C) Base pairing interaction between U75 of
the J3/1 insertion element and A24. (D) Indirect water-mediated interaction between A73 and the U22-A52 base pair in the xp7 riboswitch (4FES). Note
that these highly ordered waters are consistently observed across multiple high-resolution crystal structures of the xpt riboswitch. (E) Direct interaction

between A77 and the U22-A52 base pair in the junction.

that these nucleotides are the strongest drivers of nucleoside
versus nucleobase binding selectivity in purine riboswitches,
but other changes to the sequence in the junction are re-
quired to achieve the highest affinity for 2’-dG.

The second direct base-base interaction promoted by the
insertion element is via adenosine 77. In other purine ri-
boswitch family members, this nucleotide is coplanar with
a Y22-R52 Watson—Crick pair above the ligand-binding
triple in the three-way junction. In xpt, the U22-A52 base
pair forms a water-mediated interaction with A73 (Figure
5D), while in MfI-IA the equivalent nucleotide is too distant
to form a direct or indirect interaction (12,39). However, in
the envi(2'-dG-1I) structure, A77 forms a direct two hydro-
gen bond interaction with the U22-A52 base pair, estab-
lishing a direct base triple between the three joining strands
of the junction (Figure SE). The role of this interaction in
ligand binding affinity is revealed by an A77U mutation,
which disrupts the base triple and weakens 2’-dG binding
affinity by ~7-fold. The equivalent A73C mutation in xp¢
riboswitch aptamer results in only a two-fold decrease in
ligand binding affinity (42). Thus, the unique insertion ele-
ment of the 2’-dG-1II class promotes two new base-mediated
interactions that further organizes the three-way junction at
the base of the P3 helix, thereby increasing ligand binding
affinity.

2’-Deoxyguanosine recognition by the envI riboswitch ap-
tamer domain

As with other purine family riboswitches, envl(2'-dG-II)
recognizes the ligand nucleobase through a base triple in-

volving a pyrimidine residue at position 51 in J2-3 and a
pyrimidine at position 78 in J3-1 (the equivalent positions
in xpt are 51 and 74, respectively). C78 forms a Watson—
Crick base pair with the 2’-deoxyguanosine nucleobase. Nu-
cleotide 78, which is universally conserved, is essential for
high affinity ligand binding; its mutation to adenosine re-
sults in 1200-fold weaker binding affinity (Table 2). C51
pairs with the ligand’s sugar edge, in the same fashion as the
equivalent base, C58, in Mfi-IA (11,12) (Figure 6A). Mu-
tation of C51 to uridine results in significant loss of ligand
binding affinity (~18-fold, Table 2), similar to the same mu-
tation in Mf-I1A(2'-dG-I) (83-fold, (12)). Finally, while U47
in xpt directly interacts with U51, the equivalent nucleotide
in both classes of 2'-dG riboswitches is positioned within
a three base stack and does not play a direct role in ligand
binding. Thus, base recognition in 2’-dG-II uses the same
set of same contacts as 2’-dG-I and accommodates the 2'-
deoxyribose sugar moiety through a shift of C51 towards
C74 as compared to the positioning of U51 in guanine and
adenine riboswitch aptamers (11,12).

An unusual feature of the 2'-dG-II class relative to other
classes in the purine family is the presence of a G21-C79
Watson—Crick base pair in P1 proximal to the three-way
junction rather than an A-U pair. While an A-U pair is
nearly universally conserved at this position, a G—C pair is
observed in a few guanine and adenine riboswitches (43),
and an A-U to G-C mutation is well tolerated by the
xpt riboswitch (42). In envl, this base pair is directly in-
volved in ligand recognition through interactions between
N2 of G21 and N4 of C50 hydrogen bonding with the de-
oxyribose furan oxygen (O4’) (Figure 6B). This is an ad-
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Figure 6. Ligand recognition by the envl 2'-dG-II riboswitch aptamer domain. (A) Interactions between nucleotides in the three-way junction and the
guanine moiety of the ligand. Hydrogen bonding interactions are shown as grey dashes. Note that two hydrogen bonding interactions are drawn between
02’ of U22 and the N7 and O6 of 2'-dG since these two interactions are nearly equidistant (2.9 and 2.7 A, respectively). (B) Interactions between the
2'-deoxyribose moiety and RNA. The nucleobase moiety of the 2’-dG ligand (magenta) has been omitted for clarity. (C—-E) Base triple between J2/3 and
the second proximal base pair in P1 in the (C) envl 2’-dG-II riboswitch, (D) xpt guanine riboswitch and (E) M. florum 2'dG-I riboswitch.

ditional hydrogen bonding interaction over that observed
in MflI-1A(2’-dG-1), in which only the exocyclic amine of
C57 (equivalent of C50 in envl) interacts with O4" of 2'-
deoxyguanosine. This additional interaction substantially
contributes to envl’s higher affinity for 2’-dG than Mfi-1A
since a G21A-C79U mutation in env/ binds 2’-dG with 16.9
times lower affinity than wild type (Table 2).

The envi(2’-dG-11) aptamer domain accommodates the
2'-deoxyribose sugar through a reorganization of five nu-
cleotides in J2/3 (nt 47-51) relative to the guanine/adenine
class in a fashion similar to the 2’-dG-I class. The first key
difference is the shift of C51 towards C78, which maintains
a two hydrogen bond interaction between C51 and 2'-dG
(Figure 6A). This shift was first documented in a designed
2'-dG hybrid variant of xpt and Mfl-IA and was proposed
to be essential for 2'-dG recognition (11). The second dif-
ference between envl(2’-dG-11) and guanine/adenine ap-
tamers is the stacking of C47, C48 and U49 to create a
pocket for the deoxyribose sugar, which is again similar to
the configuration both in a designed 2'-dG hybrid variant of
the xpt aptamer as well as MfI-1A. The last nucleotide of the
stack (U49) interacts differently with the universally con-
served U—A pair in P1 between the three classes (Figure 6C—
E). U49 forms a single hydrogen bond with U20-A80 pair
while the equivalent uridine residue in guanine/adenine ri-
boswitches forms a two hydrogen bond interaction with the
U-A pair. In contrast, the equivalent residue in MfI-IA(2'-
dG-I) is a cytosine that does not interact with the U-A pair,
but rather interacts with two hydroxyl groups in the back-
bone. Overall, the envi(2'-dG-1T) and MflI-IA(2’-dG-I) ap-
tamers use a similar strategy to create a binding pocket for
the deoxyribose sugar.

The 2’-deoxyguanosine sugar is recognized by extensive
interactions with the pocket formed by J2/3 and P1. As de-

scribed above, the furan oxygen (O4’) forms two hydrogen
bonding interactions with N2 of G21 and N4 of C50 (Fig-
ure 6B). The 3’-OH of the ligand is recognized by the 2'-
OH of U49, similar to what is observed in MfI-1A(2'-dG-1).
Finally, the 5-OH of the ligand hydrogen bonds with N3
of G21 and likely N4 of C48. This latter hydrogen bond-
ing interaction is slightly longer at 3.6 A, but can still be
productive. Within the 2’-dG-II class, residue 48 is often
adenosine which could also position a hydrogen bond do-
nating amine adjacent to the 5-OH of 2’-dG. This substi-
tution in envI(C48A) results in a 4.8-fold increase in bind-
ing affinity, strongly suggesting that this interaction con-
tributes to binding affinity in other members of the 2’-dG-
IT class. Remarkably, the binding affinity for envi(C48A)
is nearly identical that of the B. subtilis xpt riboswitch ap-
tamer for guanine (7 and 5 nM, respectively) and displays
a >25-fold higher affinity for 2’-dG than Mfl-IA(2'-dG-])
(Table 1). These data indicate that a subset of class II 2’-dG
riboswitches have an additional set of interactions that re-
sult in significantly higher affinity for their cognate ligand
as compared to their 2’-dG-I counterparts.

envl] displays modest discrimination between 2’-dG and rG

In the cellular context, 2'-dG riboswitches are challenged by
chemically similar compounds to their cognate ligand, the
most similar being riboguanosine (rG). In rapidly growing
E. coli, the intracellular concentration of rG is 1.6 wM as
compared to a 2’-dG concentration of 0.57 wM (44). Mea-
surement of the affinity of env/ for rG revealed that the
aptamer binds this metabolite with only a 2.6-fold lower
affinity than 2’-dG (Table 1). This contrasts with Mfi-IA,
which binds 2’-dG with ~30-fold (Table 1) to 50-fold (12)
higher affinity than rG. To determine whether other class-



11 riboswitches exhibit reduced selectivity for 2'-dG over rG,
we examined three other 2'-dG-II riboswitches with vary-
ing sequences within the three-way junction (Table 1). Over-
all, class II 2’-dG riboswitches vary broadly in their abil-
ity to discriminate between 2’-dG and rG, with env/ being
the least selective while the env23 sequence has a far greater
selectivity for 2’-dG than Mfl-IA. This range in selectivity
is accompanied by a broad range in affinities, varying al-
most 2 orders of magnitude in 2’-dG binding affinity and
approaching 3 orders of magnitude in rG binding affinity.
This broad spectrum of binding affinities for the cognate lig-
and is similar to that observed in other riboswitches, such
as the SAM-I riboswitch (45,46).

env] shows decreased discrimination against antiretroviral 2’-
dG derivatives compared to M. florum

In addition to high affinity rG binding, env! also recognizes
more structurally divergent 2’-dG derivatives. Compared
to M. florum 2'-dG-1, envl is more tolerant toward chemi-
cally related compounds as demonstrated by its higher bind-
ing affinities and weaker discrimination against the antivi-
ral drugs acyclovir and pencyclovir. Envl binds acyclovir
and pencyclovir more tightly (Kp = 560 &+ 10 nM and
2.0 £ 0.1 uM, respectively) than M. florum (Kp = 4.8 £
1.3 and 22 + 1.1 uM, respectively), and displays a low-
ered ability to discriminate between the antiviral and 2'-dG
(Krel,envi(tig/2-aG) = 16 for acyclovir and 59 for pencyclovir;
Krel, M. florum(ig/2-dg) = 28 for acyclovir and 132 for pen-
cyclovir). Thus, while the envl riboswitch achieves higher
affinity binding for 2’-dG than other riboswitches, it ap-
pears that its ability to discriminate between closely re-
lated metabolites and RNA-binding drugs is significantly
diminished—a noteworthy example that higher affinity
binding does not necessarily correlate with higher speci-
ficity.

DISCUSSION

The structure and associated mutational analysis of a mem-
ber of the 2'-dG-II class of purine riboswitches in com-
plex with 2’-deoxyguanosine has yielded new insights into
how modification of similar RNA sequences can potentially
alter selectivity to bind alternative small molecules. The
2'-dG-II riboswitch aptamer domain shares significant se-
quence and structural homology with other members of the
purine riboswitch family in regions critical for establishing
global 3D architecture and ligand recognition. Compared
to the guanine/adenine class, both classes of 2’-dG binding
riboswitches use similar changes in sequence and architec-
ture in J2/3 to accommodate the 2’-deoxyribose sugar: a
shift of the pyrimidine residue that contacts the sugar edge
of the ligand nucleobase in all purine riboswitches and flip-
ping out of three nucleotides from J2/3. This five nucleotide
element (xpt and envl nucleotides 47-51) is critical for con-
ferring 2'-dG selectivity. A single point mutation, US1C, in
the xpt guanine riboswitch is sufficient to switch the ligand
preference from guanine to 2’-dG, and additional changes
within this element further enhance 2’-dG selectivity and
affinity.
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The two 2'-dG binding classes diverge in how they fully
establish both high affinity and selectivity for 2’-dG over
guanine beyond differences in J2/3. Structural and muta-
tional analysis of the MfI-IA(2’-dG-1) RNA revealed that
both local and distal differences in the RNA are required to
achieve high affinity, selective binding for 2’-dG over gua-
nine (11,12). These differences include an altered confor-
mation of the 2'-dG-1 A33 (A24 equivalent) nucleotide in
the three way junction to form a triple at the base of P2
that is not observed in the guanine/adenine and 2'-dG-II
classes, as well as an L2-L3 interaction that preserves the
G-C Watson—Crick pairs between the loops but differs sub-
stantially otherwise. In contrast, the 2’-dG-II class of RNAs
appears to exploit only local differences around the ligand
binding pocket to achieve high affinity and selective binding
of 2'-dG, which is driven in part by a unique two-nucleotide
insertion in J3/1. The ability of classes of riboswitches to
exploit local changes around the binding pocket to yield
differences in ligand binding selectivity has also been ob-
served within the ykkC family of riboswitches. This family
contains classes that recognize guanidine, PRPP or ppGpp
that are distinguished by sequence and structural differ-
ences around and within the junctional binding pocket that
include a point substitution and an insertion element (the
P1 helix) (47-50).

Another distinctive feature of the 2’-dG-II class of ri-
boswitches is a broad range of selectivites for 2’-dG over
the chemically related compound riboguanosine. While the
envl variant binds 2’-dG with high affinity as compared to
other members of the 2’-dG-I and -II classes, it has very
low ability to discriminate between these two compounds.
Since the concentrations of these two compounds are simi-
lar in rapidly dividing E. coli, this raises the distinct possi-
bility that a subset of members of the 2'-dG-II class of ri-
boswitches are responsive to either compound to regulate
gene expression. This property was also observed in the 2'-
dG-I riboswitches, which was divided into two ‘types’ based
upon experimental analysis of ligand selectivity (10). The
first, exemplified by the MfI-1A riboswitch, selectively binds
2’-dG over 3’-dG and guanosine, but the type II sequences
bind these compounds with similar affinities. Thus, the abil-
ity to respond to a larger pool of guanosine metabolites is
found within both classes of 2’-dG riboswitches and likely
reflects a regulatory need by a subset of genes whose expres-
sion is controlled by these riboswitches.

The ability of a riboswitch to respond to multiple chem-
ically similar compounds may be fairly common. Exam-
ples of this behavior include the g/msS riboswitch that can
interact with both activating and inhibitory metabolites
(51), the class-II cobalamin riboswitches, some of which
bind the biologically active forms of Bj, with near equal
affinities (7) and THF riboswitches that bind to a spec-
trum of reduced folates (52,53). This behavior may enable
these riboswitches to respond to metabolic and physiolog-
ical states of the cell that cannot be readily sensed by in-
teracting with a single compound within a pool of related
metabolites.

Insights into the structural and ligand binding proper-
ties of envl and other class-11 2’-dG riboswitches poten-
tially provide new avenues for harnessing these RNAs for
synthetic biological applications. Synthetic riboswitches de-
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rived from natural purine riboswitches have been imple-
mented in diverse bacteria including industrially important
strains of cyanobacteria (54) and thermophiles (55) to reg-
ulate gene expression. Furthermore, it has been shown that
the guanine riboswitch can be reprogrammed to recognize
pyrimidine (56) and pterin (27) compounds with only a
limited set of mutations, further diversifying the utility of
this riboswitch platform. More recently, it was shown that
the purine riboswitch aptamer can be used as an archi-
tectural ‘scaffold’ to evolve radically new binding pockets
within the three-way junction for compounds dissimilar to
purines such as serotonin and dopamine (26). The current
study suggests how small insertion elements in the purine
riboswitch may be leveraged to engineer RNAs responsive
to purine-like compounds and proposes potential enhance-
ment of binding affinities by expanding hydrogen-bonding
networks in the binding core. As the demand for a diverse
set of robust small molecule responsive regulatory systems
increases, the purine riboswitch continues to present new
opportunities to meet these needs in synthetic biology.
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