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ABSTRACT

We have determined the structure of the glutamine-li
riboswitch ligand binding domain using X-ray crys-
tallography. The structure was solved using a novel
combination of homology modeling and molecular
replacement. The structure comprises three coaxial
helical domains, the central one of which is a pseudo-
knot with partial triplex character. The major groove
of this helix provides the binding site for L-glutamine,
which is extensively hydrogen bonded to the RNA.
Atomic mutation of the RNA at the ligand binding
site leads to loss of binding shown by isothermal
titration calorimetry, explaining the specificity of the
riboswitch. A metal ion also plays an important role
in ligand binding. This is directly bonded to a glu-
tamine carboxylate oxygen atom, and its remaining
inner-sphere water molecules make hydrogen bond-
ing interactions with the RNA.

INTRODUCTION

Riboswitches are cis-acting regulatory elements often found
in the 5-untranslated regions (UTR) of bacterial mRNA
(1-3). They usually bind cellular metabolites resulting in
up- or down-regulation of the downstream gene at the tran-
scriptional or translational level. More than 40 classes of ri-
boswitch are known, which respond to a variety of metabo-
lites including co-enzymes, nucleobases, amino acids and
even single ions, and in some cases different classes of ri-
boswitch exist that respond to the same metabolite, with dif-
ferent structures and sometimes different regulatory mech-
anisms.

Regulation of nitrogen assimilation (4,5) is particularly
important in marine bacteria such as the photosynthetic
cyanobacteria, where the key enzyme is glutamine syn-
thetase (GS) that condenses glutamate with ammonia to
form glutamine (6). This is subject to several forms of regu-
lation, including the transcriptional regulator NtcA and the

GS-inactivating protein factors IF7 and IF17, encoded by
gifA and gifB, respectively (7,8). Ames and Breaker (9) iden-
tified two ~60 nt elements in the 5-UTRs of genes involved
in nitrogen metabolism in cyanobacterial and metagenomic
sequences. One is based on a three-way helical junction with
a loop E motif, termed g/nA, and the other with a pseu-
doknot termed the downstream peptide (DP) motif. Us-
ing in-line probing they demonstrated that the RNA binds
L-glutamine with mM affinity, but discriminated against a
series of similar compounds. Although the two elements
have distinct secondary structures, Ames and Breaker (9)
showed the sequences could be arranged to reveal a com-
mon arrangement to some degree. Kldhn et al. (10) demon-
strated that the elements acted as riboswitches that control
the expression of IF17 synthesis. They suggested that the
glnA and DP riboswitches be renamed glutamine-I and -
I1, respectively. Using a GFP fusion, they showed that the
glutamine-I1I riboswitch acts as an ON switch to control the
synthesis of the GS regulatory protein. Given the proximity
to the initiator codon (Supplementary Figure S1), it is likely
to act as a translational riboswitch.

The structure of the glutamine-I riboswitch ligand bind-
ing domain was solved using X-ray crystallography by Ren
et al. (11). This showed the fold of the helical junction and
the manner of binding of the L-glutamine ligand. In this
work we have solved the crystal structure of the glutamine-
IT riboswitch, revealing how ligand specificity is achieved.
The structure suggests how the riboswitch could be divided
into two separate RNA molecules, and we show that addi-
tion of L-glutamine induces the formation of a functional
ligand binding domain.

MATERIALS AND METHODS
RNA synthesis

The glutamine-II riboswitch wild-type has the sequence
from Prochlorococcus sp. RS01 genome (all sequences writ-
ten 5’ to 3'):
CGUUCAUCCAAGUUUAUAUCUCUGGACGCA
UGAAAUGGGAGUAGGGAACGGGAUUCUCAU
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The RNA used for crystallization was (B"C = 5-
bromocytidine):

CGUUCACCC)(BrC)UUCGGGGCGCAUGAAA
UGGGAGUAGGGAACGGGAUUCUCAU

The RNA used for calorimetry was:

CGUUCACCCUUCGGGGCGCAUGAAAUGGGA
GUAGGGAACGGGAUUCUCAU

RNA oligonucleotides were synthesized using --BDMS
phosphoramidite chemistry (12) as described in Wil-
son et al. (13), implemented on an Applied Biosystems
394DNA/RNA synthesizer. RNA was synthesized
using ribonucleotide phosphoramidites with 2'O-tert-
butyldimethyl-silyl (--BDMS) protection (14,15) (Link
Technologies). All oligoribonucleotides were redissolved in
100 wl of anhydrous DMSO and 125 pl of triethylamine tri-
hydrofluoride (Sigma-Aldrich) to remove -BDMS groups,
and agitated at 65°C in the dark for 2.5 h. After cooling
on ice for 10 min, the RNA was precipitated with 1 ml of
butanol, washed twice with 70% ethanol and suspended in
double-distilled water.

RNA was further purified by gel electrophoresis in poly-
acrylamide under denaturing conditions in the presence of
7 M urea. The full-length RNA product was visualized by
UV shadowing. The band was excised and electroeluted us-
ing an Elutrap Electroelution System (GE Healthcare) into
45 mM Tris-borate (pH 8.5), 5 mM EDTA buffer for 8 h
at 200 V at 4°C. The RNA was precipitated with ethanol,
washed once with 70% ethanol and suspended in water or
ITC buffer (40 mM HEPES-K (pH 7.0), 100 mM KCI, 10
mM MgCly).

Crystallization, structure determination and refinement

A solution of 0.8 mM glutamine-II riboswitch RNA (50
nt) in 5 mM HEPES (pH 7.6), 100 mM KCI was heated to
95°C for 1 min. The solution was slowly cooled to 20°C and
MgCl, added to a final concentration of 5 mM. L-glutamine
(Sigma-Aldrich) was added to a final concentration of 5
mM. Crystals were grown by sitting drop vapor diffusion
at 7°C using drops prepared by mixing 1 pl of the RNA-
ligand complex with 1 .l of a reservoir solution comprising
100 mM sodium cacodylate (pH 6.0), 200 mM Mg acetate
and 19% (v/v) PEG 8000. Crystals appeared after 7 days.
The crystals were transferred into 50 mM sodium cacody-
late (pH 6.0), 100 mM Mg acetate, 3.5 M Na formate and
10% v/v PEG 8000 for 1 h, then flash frozen by mounting
in nylon loops and plunging into liquid nitrogen.

Diffraction data were collected on beamline 103 of Di-
amond Light Source (Harwell, UK). Data were processed
by XIA2 (16). The resolution cutoff for the data was deter-
mined by examining by CC1/2 and the density map (17).
The structure was determined by molecular replacement us-
ing PHASER (18) and the search model that was derived by
homology modeling, as described below.

Crystals grew in space group C222; with unit cell dimen-
sions a = 76.5 A, b =115.7 A and ¢ = 80.6 A. From crys-
tal density considerations (19,20), two RNA molecules were
expected to be present in the asymmetric unit. The search
model contained the P2 and the PK pseudoknot helix of
the structure derived by homology modeling. The best so-
lution gave translation function Z-scores of 7.6 and 14.9 for
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Table 1. Details of data collection and refinement statistics for the crys-

tallographic data as deposited with the PDB

PDB 6QN3
Data collection
Space group C222;
Cell dimensions

a, b, c(A) 76.5,115.7, 80.6

a, By (°) 90 90 90
Wavelength 0.9195
Resolution (A) 80.58-2.20 (2.24-2.20)
Ruerge 0.101 (1.639)

pimm 0.044 (0.762)
1/ol 8.7 (1.0)
CC(1/2) 1.00 (0.59)
Completeness (%0) 100 (99.6)
Redundancy 6.4 (5.6)
Refinement
Resolution (A) 47.00-2.30
(2.37-2.30)
No. of reflections 30523(2646)
Ryork / Rfree 0.249/ 0.297 (0.406/0.422)
No. of atoms

Macromolecules 2160

ligands 8

B-factors

Macromolecules 79.44

ligands 76.22

R.m.s. deviations

Bond lengths (A) 0.008

Bond angles (°) 1.51
Coordinate error (A) 0.44

(Maximum-likelihood based)

Values in parentheses are for highest resolution shell.

one and two copies, respectively, and an overall log likeli-
hood gain (LLG) of 345. Another structure model of the
P1 (3 base pairs with a UNCG loop was derived from PDB:
1F7Y) was used for the second-round search. The top solu-
tion gave translation function Z-scores of 11.3, and an over-
all LLG of 464. Inspection of the electron density and crys-
tal packing revealed that only one P1 was placed correctly.
After correction Rpe. reduced smoothly to 35% during re-
finement. The resulting electron-density maps revealed the
remaining RNA density, and were built de novo on the ba-
sis of the difference map. Models were adjusted manually
using Coot (21) and subjected to several rounds of ad-
justment and optimization using Coot, phenix.refine and
PDB_REDO (22). Composite omit maps were calculated
using PHENIX. Model geometry and the fit to electron-
density maps were monitored with MOLPROBITY (23)
and the validation tools in Coot. Atomic coordinates and
structure factor amplitudes have been deposited with the
PDB with accession code 6QN3. Crystallographic statistics
are presented in Table 1.

Homology modeling

Homology modeling was conducted with Rosetta 3.8 (24).
First, nucleotides A:1-11, A:16-22, A:55-59 and E:101
were excised from the deposited PDB structure SDDP us-
ing a text editor. These residues represent the portion of the
glutamine-I riboswitch that is well conserved with respect
to glutamine-II riboswitch. Those SDDP nucleotides were
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renumbered to A:3-14, A:22-28, A:48-52 and B:101 to cor-
respond to the glutamine-II riboswitch sequence:

renumber pdb_in place.py start.pdb
A:3-14 A:22-28 A:48-52 B:101

A specially formatted FASTA file was constructed to
specify the target full RNA sequence for modeling:

> glutamine_IT A:1-62 B:101
ucacguucaccucguuuucagcgaggcgcaguucga
cucaggccauggaacggggaccugagQ

Two ideal A-form helices serve as a starting model for the
P2:

rna_helix.py -seq cucagg ccugag

mv helix.pdb helix 1.pdb

renumber pdb_in place.py helix 1.pdb
A:37-42 A:57-62

rna_helix.py -seq cc gg

mv helix.pdb helix 2.pdb

renumber pdb_in_place.py helix_ 2.pdb
A:43-44 A:54-55

Finally, a stepwise Monte Carlo simulation was con-
ducted with these inputs.

stepwise -s helix. 1.pdb helix 2.pdb
start.pdb -fasta target.fasta

-motif mode -score:weights
stepwise/rna/rna_res_level _energy4d.wts
-restore_talaris behavior -cycles
2000 -nstruct 500

The 10 best scoring models were inspected in order to
yield five top candidates; the pairwise RMSD between all
models was computed, and the five models with the highest
average mutual RMSD were chosen (Supplementary Table
S1).

Isothermal titration calorimetry

Titrations were performed at 298 K using an I'TC-200 mi-
crocalorimeter (GE). RNA solutions (100-300 wM) were
prepared by diluting concentrated stocks into the binding
buffer containing 40 mM HEPES-K (pH 7.0), 100 mM KCl,
10 mM MgCl, (ITC buffer). L-glutamine was prepared in
the same binding buffer with a concentration of 2-4 mM.
Solutions were degassed for 2-5min before loading. The
sample cell was filled with 200 .l of RNA. L-glutamine was
injected in a volume of 0.4 .l for the first injection and 2 .l
for the next 19 injections using a computer-controlled 40 .l
microsyringe with an injection interval of 120s. Titration
of ligands into the binding buffer or titration of the binding
buffer into the RNA solution resulted in negligible evolu-
tion of heat. Integrated heat data were analyzed using a one-
set-of-sites model in MicroCal Origin following the manu-
facturer’s instructions. The first data point was excluded in
analysis. The binding parameters enthalpy A H (calmol™"),
association constant K, (M~!) and » (bound ligands per
RNA) were variables in the fit. The binding free energy AG
and reaction entropy AS were calculated using the relation-
ships AG = —RT'In K, where R =1.987 calmol ! K~!, T=

298 K and AG= AH — TAS. The dissociation constant K4
was calculated as 1/Kj,.

Sequence alignment and analysis

Glutamine-II riboswitch sequences were taken from Rfam
under accession RF01704. The sequences were manually re-
aligned against the crystal structure using Jalview (25). All
sequence composition and covariation analysis were calcu-
lated by Jalview.

RESULTS

Construction and crystallization of the glutamine-II ri-
boswitch

The glutamine-1I riboswitch from the Prochlorococcus sp.
RSO1 genome was selected for crystallization after com-
parison of sequences. To facilitate crystallization and struc-
ture determination, the P1 region of the wild-type sequence
AUCCAAGUUUAUAUCUCUGGAC was changed to
ACCPO)B'C)UUCGGGGC (B'C = 5bromocytosine).
Crystals grew in space group C222; with unit cell dimen-
sionsa=76.5A,b=115.7A and ¢ =80.6 A, and diffracted
to 2.2 A resolution. Our intention was to solve the struc-
ture on the basis of the anomalous scatter of bromine by
SAD. However, this proved not to be possible using Au-
tosolin PHENIX, AUTOSHARP and CRANK2 as a result
of the anisotropy and high R-merge of the data. The struc-
ture was therefore determined by molecular replacement us-
ing PHASER (18) and a search model derived by Rosetta
homology modeling using the stepwise Monte-Carlo algo-
rithm (24) (see ‘Materials and Methods section’). The data
were refined at 2.3 A resolution. A composite omit map
of the riboswitch is shown in Supplementary Figure S2.
The quality of the map is lowered by the anisotropy in the
diffraction. The quality of the electron density is better in
some regions than in others. One asymmetric unit contains
two RNA molecules, and in general the quality of the den-
sity map is better for chain A than for chain B.

The structure of the glutamine II-riboswitch

The structure of the functional unit of the riboswitch in
the crystal comprises three coaxial helical segments: P1 —
PK — P2 (Figure 1). This has been recolored in Supplemen-
tary Figure S3 to emphasize the three coaxial segments that
comprise the structure. The 5 end of the RNA lies within
the PK helix, continues through the P1 stem-loop, then
becoming the linking strand is that forms a triple interac-
tion in PK (see below). The Is strand makes the long-range
C19:G41 base pair at the lower end of PK before connect-
ing at the 5" end of P2. It then rises up P2 before forming
the pseudoknot loop, making the G35>A37:U4 base triple
at the top and then runs down as the second strand of PK.
It finally forms the second strand of P2 before reaching its
3’ terminus.

P1 and P2 adopt regular A-form RNA duplexes, except
for the nucleotides that adjoin the PK helix. The nucle-
obases in the A6:C17 pairing adjacent to the PK helix are
coplanar but not hydrogen bonded, and a cis-Watson—Crick
A33:G42 base pair forms at the end of P2 at the intersection
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Figure 1. The overall structure and organization of the glutamine-II riboswitch. In the schematic diagrams, the individual strands are colored blue and
green. The helices are designated P1, P2 and PK, and the linking strand Is. (A) The secondary structure depicted in the manner used by Ames and Breaker
(9). The long-range C19:G41 base pair is indicated by the broken line. (B) The functional unit of the riboswitch found in the crystal. The broken line shows
the expected connectivity when the RNA folds from a single polynucleotide chain. (C) The asymmetric unit found in the crystal, comprising two complete
riboswitches, with an exchange of strands. The structure is shown in Supplementary Figure S3. An individual functional riboswitch is boxed in red. (D)
A schematic of the structure of the functional core of the riboswitch. A glutamine molecule is indicated in magenta. (E) The structure of the complete
riboswitch functional unit, shown in parallel-eye stereoscopic representation. Nucleotides are colored blue and green in the same manner as the schematics,

and the glutamine (‘g’) is shown in stick form, colored magenta.

with PK. P1 is a stem-loop capped by a UUCG tetraloop.
This is an example of the common UNCG type of stable
tetraloop (26). U10 and G13 are coplanar and connected
by hydrogen bonds from G13 N1 to U10 02, and U10 02’
to G13 O6. There is a sharp turn at Ul1, with a hydrogen
bond from Ull O2’ to G13 N7, and the ribose of C12 is
stacked on the nucleobase of G13.

The PK helix is located between P1 and P2, and has a
more complex structure (Figure 2). It is the pseudoknot
interaction in the structure, with partial triplex character.
While the PK helix is fundamentally double-stranded, the
Is strand (colored yellow in this figure for clarity) is located
within its major groove, forming two important interac-
tions. One is a G18 > G2:C39 base triple (Figure 2C) with
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Figure 2. The structure of the PK pseudoknot helix. (A) A parallel-eye stereoscopic representation of the complete PK helix. C17, G18 and C19 of the Is
strand (colored yellow here for clarity) are located in the major groove of the PK helix, and G18 contributes to the G18>G2:C39 triple interaction. (B)
The structure of the G35>U4:A37 triple interaction. (C) The structure of the G18>G2:C39 triple interaction. In parts (B) and (C), the composite omit

map of electron density is shown contoured at 2 o.

two hydrogen bonds between G18 N1 and N2 with G2 06
and N7, respectively, on its Hoogsteen edge. In addition, the
Is strand makes a conserved long-range base pair (predicted
by Ames and Breaker (9) on the basis of phylogenetic com-
parisons) between C19 and G41, forming the final base pair
of PK before the start of P2. Thus the PK pseudoknot helix
comprises base pair (G36:C5), triple (G35>A37:U4), base
pair (A38:U3), triple (G18>C39:G2), base pair (G40:C1)
and finally the long-range base pair (G41:C19). This region
is the functional heart of the riboswitch, creating the glu-
tamine binding site as we discuss below.

The structure of the glutamine-II riboswitch in the crystal

Although what we describe above is clearly the functional
unit of the riboswitch, in the crystal this is made up of two
RNA molecules (colored here blue and green) (Figure 1C
and Supplementary Figure S4). The RNA has dimerized
during the crystallization process, and each unit comprises
P1 from one molecule, P2 from the other and a hybrid PK
helix. This involves the formation of intermolecular base
pairs and triple interactions. The two units are connected

through the exchange of strands at the 5’ end of P2 and the
Is strand at the C19:G41 base pair. The exchanging strands
comprise five nucleotides, with no hydrogen bonding but ex-
tensive stacking of the nucleobases. To form a monomeric
species (the presumed active form of the riboswitch in the
cell), the then-intramolecular linker will be required to con-
nect two positions within a single RNA molecule that are
separated by 24 A, which is clearly possible. We have gen-
erated a model of the presumed monomer that shows that
the linker readily connects the P1 and P2 segments (Supple-
mentary Figure S5). Such domain exchange within a crystal
lattice is not unusual in small RNA molecules, having been
observed in the ZTP riboswitch (27). This was also found in
the VS ribozyme (28) where the formation of a functional
hybrid active site had been previously shown to occur in so-
lution (29).

Ligand binding in the glutamine-II riboswitch

Ames and Breaker (9) identified 11 nucleotides that were
> 97% conserved. Guided by the crystal structure we re-
aligned the section linking P2 and PK, leading to the addi-



tion of one more highly conserved nucleotide (Supplemen-
tary Figure S6). The realignment then leads to the impor-
tant cis-Watson—Crick base pair A33:G42 having a conser-
vation of 99.5%. This base pair is important in making the
transition from the PK to the P2. When we color our crys-
tal structure so that all the conserved nucleotides are high-
lighted red (Figure 3A), we find that these to be clustered,
exclusively contained within the PK pseudoknot region. In
fact the only nucleotides within the PK region that are not
highlighted are the four that comprise the two base pairs ad-
jacent to P2, i.e. U4:A37 and C5:G36 where the former are
part of the triple interaction (Figure 2B) within the pseudo-
knot loop.

Within our crystal structure there is clear electron density
corresponding to bound glutamine, and this position lies in
the center of the conserved nucleotides (Figure 3B and C).
Binding occurs in the major groove of PK, with the amino
acid and side chain lying in the plane of the long-range
C1:G40 base pair, with the carboxylate group projecting up-
wards toward the G18 > G2:C39 base triple. The amide side
chain is stacked in between C19 and G18 from the Is strand,
and the amide itself makes two hydrogen bonds, accepted by
the O from C1 N4 and donated by the N to G18 O2'. In the
same plane, the amino acid N is hydrogen bonded to G40
06. One of the carboxylate O atoms of the amino acid is
hydrogen bonded to C39 N4 in the G18 > G2:C39 triple
within the plane above the C1:G40 base pair.

Adjacent to the bound glutamine, we find additional elec-
tron density adjacent to the G18 > G2:C39 triple that corre-
sponds to a bound metal ion (Figure 3C and Supplementary
Figure S7). The center lies 2.4 A from the other carboxylate
O atom and is therefore directly bound. Five remaining wa-
ter molecules forming the inner sphere of hydration can be
positioned to make interactions with G18 O6 and N7, and
the proR O atoms of A37 and A38 by rotation around the
metal carboxylate bond. Four inner-sphere water molecules
are involved in interactions with RNA ligands.

The specificity of ligand binding in the glutamine-II ri-
boswitch

Four of the five heteroatoms of the glutamine ligand are in-
volved in direct bonding interactions with the RNA, and the
remaining carboxylate O is directly bonded to the metal ion
that is itself bonded to the RNA through its inner-sphere
water molecules.

We have sought to test the importance of the direct RNA
interactions by atomic mutagenesis coupled with calorime-
try to measure glutamine affinity (Figure 4 and Supplemen-
tary Table S2). The unmodified riboswitch RNA binds L-
glutamine in an exothermic reaction, with an affinity of K4
= 190 uwM and a stoichiometry of 1.3. CI was replaced
with zebularine (Z), which lacks the N4 atom (C1Z). No
measurable heat was evolved indicative of a complete fail-
ure to bind the ligand. This is consistent with disruption
of the hydrogen bond to the amide O atom by removal of
the donor (Figure 3C). A C39Z atomic mutant was simi-
larly unable to bind glutamine. Removal of C39 N4 will re-
move both amine protons that are donated to the ligand car-
boxylate (Figure 3C) and to G2 O6 in the G18 > G2:C39
triple interaction (Figure 2C). Finally, we removed the 2’-
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hydroxyl group from G18 (G18 O2’H), with the result that
this atomic mutant too failed to exhibit measurable binding
of glutamine. This is consistent with a requirement for the
hydrogen bond donated by the amide N to G18 O2’ (Figure
3C). Thus, all the atomic mutants give results that are fully
in accord with the manner of glutamine binding observed
in the crystal. When we repeated the titration of the un-
modified riboswitch in the absence of Mg?* ions no binding
was observed (Supplementary Figure S8). This is consistent
with a requirement for the interaction of the L-glutamine
ligand with an ion as observed in the crystal, although other
explanations are possible for the failure to observe heat evo-
lution.

It is vitally important to the physiological role of ri-
boswitches that they bind their ligands with great specificity,
which requires excluding molecules of similar but not iden-
tical chemical structure. It would clearly be important that
a glutamine riboswitch does not bind glutamate, aspartate
or asparagine. The glutamine-II riboswitch binds its ligand
with multiple interactions at the amino acid end and at the
amide end. Changing the amide to a carboxylate (gluta-
mate or aspartate) would remove the hydrogen bond to G18
O2'H, and we have seen above that this prevents measur-
able binding of ligand. The dimethylene section of the side
chain makes no direct interactions beyond stacking. If this
was shortened by one CH, link (asparagine or aspartate),
this shortens the distance between the two functional ends
by 1.3 A and reorients them to some degree. The shortened
ligand would be unable to make optimal contacts at both
ends as it can for glutamine.

A two-piece form of the glutamine-II riboswitch

The dimeric reassociation of glutamine-II riboswitches in
a pairwise manner observed in the crystal suggested that
a monomeric riboswitch could be divided into two RNA
chains that might be induced to associate through the for-
mation of the PK helix on binding glutamine. We therefore
synthesized two RINA oligonucleotides together comprising
one complete single riboswitch divided between A20 and
U21 in the linker. Glutamine was titrated into an equimo-
lar mixture of the two strands in the microcalorimeter, and
exothermic binding was observed (Figure 5). We conclude
that glutamine binding stabilizes the interaction of the two
RNA species through the formation of the PK region to cre-
ate a functional ligand binding site.

DISCUSSION

We have determined the structure of the glutamine-II ri-
boswitch ligand binding domain at 2.3 A resolution using
a novel combination of homology modeling and molecu-
lar replacement. The fold of the riboswitch generates three
coaxial helical domains, the central one of which is the pseu-
doknot that has partial triplex character. The L-glutamine
ligand binds in the major groove of this helix.

We generally observe that small autonomously folding
RNA species are either based around helical junctions or
pseudoknot structures. The same is true for creating binding
sites for small-molecule ligands. H-type pseudoknot struc-
tures tend to form major groove triplexes, and these have
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Figure 3. The ligand binding site in the glutamine riboswitch. Parallel-eye stereoscopic representations are shown for each view. (A) The location of highly
conserved nucleotides. Nucleotides that are more than 97% conserved are colored red. Note that these are clustered in the PK helix, and surround the
glutamine ligand (‘g’, shown in stick form colored magenta). (B) The glutamine binding site in the PK helix. This view is from the opposite side compared
to that in Figure 2A. (C) Close-up view of the binding site of the glutamine-II riboswitch, with the composite omit map for the bound glutamine contoured
at 1.5 o. Diagram of the ligand binding site showing an omit map for the hydrated metal ion is shown in Supplementary Figure S7. Hydrogen bonds
between the glutamine ligand and the RNA are highlighted cyan. The metal ion is shown as the yellow sphere, and the inner sphere of hydration water
molecules as red spheres. Note that G2 of the G2>G18:C39 triple interaction has been undisplayed for clarity in this view.
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Figure 4. Analysis of the importance of RNA ligands for glutamine bind-
ing by atomic mutagenesis and isothermal titration calorimetry. A solu-
tion of L-glutamine was titrated into a glutamine-II riboswitch solution,
and the heat evolved was measured as the power required to maintain zero
temperature difference with a reference cell. Integration over time gives the
heat required to maintain thermal equilibrium between cells. In each case,
the upper panel shows the raw data for sequential injections of 2 .l volumes
(following an initial injection of 0.4 1) of a 2-4 mM solution of glutamine
into 200 wl of a 100-300 wuM RNA solution in 40 mM HEPES (pH 7.2),
100 mM KCI, 10 mM MgCl,. This represents the differential of the total
heat (i.e. enthalpy AH° under conditions of constant pressure) for each
glutamine concentration. Integrated heat data were analyzed using a one-
set-of-sites model in MicroCal Origin following the manufacturer’s instruc-
tions. The first data point was excluded in the analysis. All ITC experiments
were repeated a total of three times. (A) Titration of unmodified glutamine-
11 riboswitch (see Supplementary Table S2). (B-D) Titration of glutamine
into C1Z (Z = zebularine), C39Z and G18 O2’H modified glutamine-II ri-
boswitch. The relevant chemical structures of the modified nucleotides are
shown as inserts. Each substitution will disrupt a contact with glutamine
identified in the crystal structure.

been found to create ligand binding sites, for example in the
guanidine 111 (30), preQ1 (31-33) and SAM-II/V (34,35)
riboswitches. The glutamine-1I riboswitch is clearly an an-
other example of the use of such regions to create binding
sites of considerable specificity.

In the SAM-V riboswitch, we have proposed that the
key event on binding S-adenosyl methionine ligand is the
stabilization of the major groove triplex structure around
the ligand binding site (34,35), consistent with patterns of
protection in in-line probing experiments (36). It might be
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Figure 5. Formation of a functional glutamine-II riboswitch from two co-
valently unconnected RNA molecules. The schematic shows the associa-
tion of the two RNA pieces to form a complete riboswitch by formation
of the PK helix. This was analyzed by isothermal titration calorimetry. A
solution of L-glutamine was titrated into an equimolar mixture of the two
RNA species, and the heat evolved was measured as the power required to
maintain zero temperature difference with a reference cell as in Figure 4.

anticipated that a similar mechanism could operate in the
glutamine-II riboswitch, given that the ligand binding site
has significant similarities. Some support is given by the in-
line probing data on that riboswitch by Ames and Breaker
(9). Those data suggest that even in the complete absence
of glutamine, the sections of RNA forming the stems of P1
and P2 are fully formed and so unreactive. However, the
regions of RNA corresponding to the pseudoknot PK he-
lix are weakly reactive in the absence of glutamine, becom-
ing completely protected on addition of the ligand. That is
consistent with the key event in control being the ligand-
induced stabilization of the PK helix, and thus association
with the third strand. It is likely that this competes with an
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alternative structure that otherwise occludes the ribosome
binding site, so freeing it up to permit initiation of transla-
tion when a sufficient concentration of glutamine is present.
The affinity of the riboswitch for glutamine measured in
our ITC experiments is not high, in the micromolar region.
However to act in metabolic control it is imperative that the
RNA switches at the required threshold of glutamine con-
centration that is determined by the requirements of cellu-
lar metabolism. Thus, evolution will have tuned the affin-
ity to match its characteristics to the cellular requirements.
Moreover, since our constructs only contain the aptamer
domain, the affinity in the cellular context will result from
the algebraic sum free energies of ligand binding plus struc-
tural rearrangements in all the sections in the complete unit,
and this could be different from that of the aptamer domain
alone.

It is interesting to compare our structure and manner
of ligand binding with that of the glutamine-I riboswitch
determined by Ren ef al. (11). The structures have been
superimposed, shown in Supplementary Figure S9A. The
glutamine-I riboswitch is based on a three-way helical junc-
tion, with no pseudoknot interaction. The third helix (P3
in that structure) projects out to one side and has no equiv-
alent in our structure. Similarly, there is no equivalent of
the glutamine-II P2 helix in the glutamine-I structure. How-
ever, if the structures are aligned by the P1 stem—loop (P2
in glutamine-I), then it is apparent that the P1 helix of the
glutamine-I riboswitch is the equivalent of the PK pseudo-
knot helix in the glutamine-II riboswitch. It is also termi-
nated by an equivalent long range base pair. Furthermore,
the E-loop motif in the glutamine-I riboswitch that forms
a turn at the junction superimposes well with the terminal
loop that forms the PK pseudoknot helix in the glutamine-
IT riboswitch. The similarity between the two riboswitches
becomes even more striking when we examine the glutamine
binding environments, which are virtually identical (Supple-
mentary Figure S9B). The glutamine is hydrogen bonded to
06 and N4 of the G59:C1 base pair (equivalent to G40:C1
in the glutamine-II riboswitch), and to G22 O2" and C58
N4 in the base triple lying above, which is the equivalent of
G18 > G2:C39 in the glutamine-II riboswitch. A hydrated
metal ion is also directly bound to the carboxylate O atom
in the same manner as in the glutamine-II riboswitch. Thus
despite the very different overall architecture of the two ri-
boswitches, based on a three-way junctions versus a pseu-
doknot structure, the local environment of the ligand bind-
ing site and the interactions with glutamine and a hydrated
metal ion are essentially the same.

One difference between the two glutamine riboswitches
lies in their strand connectivity. In order to take the
glutamine-I riboswitch apart it would be necessary com-
pletely to disrupt the base pairing. By contrast we have
shown that we can divide the glutamine-II riboswitch ap-
tamer domain into two RNA species that associate through
the PK helix and its associated base pairing and triple in-
teractions. This situation is somewhat similar to that in
the guanidine-II riboswitch that functions by the formation
of a ligand-dependent loop-loop interaction creating two
guanidine binding sites (37,38). As well as generating in-
sight into the functions of these riboswitches, they have po-
tential applications in the assembly of nanoscale construc-

tions, where ligand-dependent association could be desir-
able. For the guanidine-II stem—loop, we have recently syn-
thesized conjoined ligands that bind with elevated affinity
(39).

In summary, we see how the glutamine-II riboswitch folds
to bind its ligand with great selectivity. The overall structure
is quite different from that of the glutamine-I riboswitch,
and yet the ligand binding site is remarkably similar. This
demonstrates the remarkable versatility of RNA structure
and its ability to create a framework for the selective binding
of small molecules.
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