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ABSTRACT

The glycine binding riboswitch forms a unique tandem aptamer structure that binds glycine cooperatively. We employed
nucleotide analog interference mapping (NAIM) and mutagenesis to explore the chemical basis of glycine riboswitch
cooperativity. Based on the interference pattern, at least two sites appear to facilitate cooperative tertiary interactions,
namely, the minor groove of the P1 helix from aptamer 1 and the major groove of the P3a helix from both aptamers. Mutation of
these residues altered both the cooperativity and binding affinity of the riboswitch. The data support a model in which the P1
helix of the first aptamer participates in a tertiary interaction important for cooperativity, while nucleotides in the P1 helix of
the second aptamer interface with the expression platform. These data have direct analogy to well-characterized mutations in
hemoglobin, which provides a framework for considering cooperativity in this RNA-based system.
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INTRODUCTION

Riboswitches are folded RNA domains that bind specific
metabolites and control gene expression by modulation of
transcription termination, translation initiation or RNA
degradation (Winkler and Breaker 2005). These highly struc-
tured RNAs reside in the 59 untranslated region (UTR) of
mRNAs that encode genes related to the biosynthesis or
degradation of the corresponding metabolite. Regulation by
riboswitches typically occurs through conformational
changes in the RNA induced by binding of the small
effector molecule (Mandal and Breaker 2004). In most
cases, metabolite binding induces the formation of the P1
helix, which effects the conformation of the downstream
expression platform (Schwalbe et al. 2007).

Among 11 classes of riboswitches reported to date, the
glycine riboswitch has been identified upstream of some
genes that encode glycine-related proteins (Barrick et al.
2004). Unlike most riboswitches, activation by glycine
up-regulates gene expression in Bacillus subtilis (Mandal
et al. 2004), where the gcvT gene encodes three enzymes
involved in the glycine cleavage system. Glycine is among
the smallest ligands to be recognized by an RNA aptamer,
second only to magnesium (Cromie et al. 2006). Despite its

small size, glycine is recognized by the riboswitch with high
specificity.

The secondary structure of the glycine riboswitch com-
prises two similar aptamer domains joined by a linker
region (Fig. 1). Surprisingly, these two aptamers each can
bind glycine independently, but in the tandem arrange-
ment, the binding takes place cooperatively. Recently,
tandem riboswitch architectures that act as a ‘‘genetic logic
gates’’ were reported (Sudarsan et al. 2006). However, most
of these tandem configurations are composed of two com-
plete riboswitches including the expression platform, so
they function in an independent rather than a cooperative
manner. The glycine riboswitch has an interrelated double
aptamer domain followed by an expression platform, which
is the only known riboswitch example that uses a cooper-
ative binary system. This special feature makes the glycine
riboswitch a digital RNA sensor that is particularly sensitive
to the concentration of glycine.

Cooperative ligand binding is an important mechanism
of biological systems (Perutz 1989). Since the early study of
oxygen binding to hemoglobin (Bohr et al. 1904), various
proteins that have cooperative activity have been identified
in multisubunit enzymes and receptor proteins (Koshland
and Hamadani 2002), and cooperative events typically
occur through allosteric interactions. Ligand binding in-
duces a conformational change at one site that affects the
ligand affinity at another site or sites. It is an economical
system for the cell, because cooperativity makes it possible
to sense and efficiently respond to a ligand within a narrow
range of concentrations (Forsen and Linse 1995).
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We set out to investigate the chemical basis of glycine
riboswitch cooperativity using nucleotide analog interfer-
ence mapping (NAIM) (Ryder and Strobel 1999). NAIM is
a chemogenetic technique that makes it possible to rapidly
identify the functional groups throughout an RNA that are
important for activity. Using phosphorothioate-tagged
nucleotide analogs to alter, delete, or add functional groups,
every occurrence of a particular functional group in an
RNA can be simultaneously characterized. NAIM has been
applied to a variety of functional RNAs including ribo-
zymes (Boudvillain and Pyle 1998; Strauss-Soukup and
Strobel 2000), RNA–RNA interactions (Heide et al. 2001),
and RNA–protein binding interactions (Rox et al. 2002;
Szewczak et al. 2002). However, NAIM requires a method
to separate active and inactive forms of the RNA based on
their activity, which can pose a challenge for its application
to some RNAs. Here we report the use of polyacrylamide
coelectrophoresis (PACE) to distinguish functional glycine
riboswitches, and we apply this method for the analysis of
two versions of the glycine riboswitch. The results provide
information regarding the chemical basis of ligand binding
and cooperativity between the two individual glycine
binding domains.

RESULTS

Characterization of the Fusobacterium nucleatum
glycine riboswitch

Our first experimental goal was to identify a minimal RNA
sequence that retains the ability to function as a cooperative
glycine riboswitch. This objective is important both for ease
of experimental analysis and to facilitate future structural

investigation (Strauss-Soukup and Strobel 2000; Adams
et al. 2004). The initial report of the glycine riboswitch
was performed on the sequences from Vibrio cholerae (VC)
and Bacillus subtilis (BS) that are 226 and 206 nucleotides
(nt), respectively. From phylogenetic sequence alignment
(Mandal et al. 2004), we selected a putative glycine
riboswitch motif in Fusobacterium nucleatum (FN) that is
only 158 nt in size but retains the conserved features of the
glycine riboswitch. We tested if the FN RNA shares the
biochemical properties reported for the larger glycine
riboswitches. Glycine binding affinity and cooperativity were
measured by the in-line probing assay (Soukup and Breaker
1999). Patterns of spontaneous cleavage, primarily in the
unpaired loop regions, occurred in a glycine-dependent
manner similar to those reported for the VC riboswitch
(Fig. 2A). In the presence of glycine, the core conserved
central loop was protected from cleavage, while the linker
region between the two aptamers showed enhanced cleav-
age. The FN RNA also showed molecular discrimination
characteristics similar to those of VC (Fig. 2B). It bound
glycine, exhibited reduced affinity for the glycine methyl
ester, ethyl ester, and t-butyl ester, and showed no affinity
for all other analogs. The FN RNA binds glycine with an
apparent dissociation constant of 20 mM (Fig. 2C), which is
similar to the 30 mM Kd reported for the VC RNA. The Hill
coefficient for the FN RNA is 1.4, indicating positive
cooperativity. This is comparable to the values of 1.6 and
1.4 for the VC and BS riboswitches, respectively (Mandal
et al. 2004). Together these results demonstrate that, despite
its smaller size, the FN RNA has biochemical properties
consistent with a functional glycine riboswitch. It provides a
good minimal system to explore glycine riboswitch function
by NAIM and other approaches.

Native gel analysis of glycine riboswitch

We next set out to develop an efficient method to separate
the riboswitch RNA based on glycine binding activity. We
attempted to achieve separation using a glycine affinity
column, but were unsuccessful due to the poor binding af-
finity for the derivatized glycine analog. We next attempted
native gel electrophoresis with glycine based on the PACE
method (Cilley and Williamson 1999). Glycine binds with
relatively weak affinity and causes essentially no change
in molecular weight, which makes traditional native gel
shift methods ineffective. However, riboswitches are pre-
dicted to adopt at least two stable conformations, one in
the presence and one in the absence of ligand. This struc-
tural change can be detected by native gel electrophoresis.
The problem of low binding affinity can be overcome by
inclusion of glycine within the gel matrix. We used this
approach to successfully separate the active and inactive
forms of the glycine riboswitch (Fig. 3). The electrophoretic
mobility of the VC and FN riboswitches in a gel containing
5 mM glycine was substantially faster than that in a gel

FIGURE 1. Secondary structure model of the glycine riboswitch.
Consensus sequences were identified from 104 different glycine
riboswitch candidate by bioinformatics. Conserved nucleotides in
more than 75%, 90%, and 97% of the sequences are shown as black,
blue, and red, respectively. Each aptamer has two conserved paired
regions (P1 and P3) and two stem–loops (P2 and P4) whose sequence
is not conserved. The conserved sequences are located in the P3 stem–
loop, the upper region of the P1 stem, and the J1/2 and J3/1 joiner
regions on top of helix P1. The P2 and P4 stem loops are variable in
length and sequence.
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containing an equivalent amount of b-alanine. As an
additional control, we introduced the G-to-C point muta-
tion into the central loop segment of both RNAs. This
point mutation reduces binding affinity of the VC RNA
by 1000-fold as assayed by in-line probing (Mandal et al.
2004). No change in the electrophoretic mobility of these
control RNAs was observed in the presence of either glycine
or b-alanine. Taken together, these results show that the
glycine-bound RNA migrates more rapidly through the gel
than unbound RNA, which suggests that the RNA adopts a
more compact structure when bound to glycine. The result

is consistent with a previous report that
found, using small-angle X-ray scatter-
ing, that the VC RNA undergoes signif-
icant compaction upon glycine binding
(Lipfert et al. 2007). The native gel pro-
vides a simple physical method to sep-
arate RNAs capable of binding glycine
from those that are not.

NAIM analysis of the
glycine riboswitch

We performed NAIM using three sets
of analogs: four phosphorothioate-
tagged parental nucleotides (AaS, GaS,
CaS, UaS), four 29-deoxynucleotides
(dAaS, dGaS, dCaS, dUaS), and four
purine nucleotide analogs (7-deaza-
purine phosphorothioate nucleotides;
7dAaS, 7dGaS, N-methylpurine phos-
phorothioate nucleotides; NMeAaS,
NMeGaS). We used two RNA con-
structs, the originally characterized VC
and the shorter FN riboswitch, to com-
pare data sets from RNAs with different
phylogenetic origins. Functional RNAs
were physically separated by PACE, the
RNAs cleaved at the phosphorothioate
linkage with iodine, and the products
resolved on a denaturing polyacryl-
amide gel. Sites of analog interference
were detected as weak bands in the
bound fraction and enhanced bands in
the unbound fraction (Fig. 4).

The glycine riboswitch contains two
glycine aptamers that can each bind
glycine independently but bind glycine
cooperatively as a tandem configura-
tion. Thus, equivalent interferences are
expected at those sites responsible for
common chemical features important for
ligand recognition by a single aptamer or
at sites important for cooperativity that
are common to both aptamers.

Consistent with this expectation, many of the interfer-
ences were symmetrical within the tandem aptamer and
appeared in identical sequences or functional groups be-
tween the two sequences tested (Fig. 5A). Interferences were
observed within the core P1 and P3 stems and the J1/2 and
J3/1 loop regions of the riboswitch. No interference was
observed in the P2 and P4 stem–loop. Seventeen symmetric
positions were observed in each aptamer. The data suggest
that these core elements are essential for riboswitch func-
tion, while stem–loops P2 and P4 are not directly involved
in glycine binding or cooperative interactions. Symmetrical

FIGURE 2. Characterization of a Fusobacterium nucleatum (FN) glycine riboswitch. (A)
Secondary structure and in-line probing cleavage pattern of the VC and FN glycine
riboswitches. The glycine-mediated changes in spontaneous cleavage are labeled. In-line
probing of the VC was reproduced by the authors in this study and gave results identical to
those previously reported (Mandal et al. 2004). (B) In-line probing gel of FN glycine
riboswitch. NR, OH, and T1 represent no reaction, partial digestion with alkali, and partial
digestion with RNase T1, respectively. Ala represents reactions performed in the presence of
1 mM alanine. (C) Plot of the normalized fraction of the RNA bound to ligand versus the
logarithm of glycine concentration. Binding affinity and cooperativity of the FN riboswitch
were calculated by the best fit to the plot as described (Mandal et al. 2004). (D) Ligand
specificity of the FN riboswitch. Fraction cleaved in the presence of glycine (2, 3) and various
ligands. Ligand concentration was 100 mM for reaction 2 and 1 mM for reactions 3–10. No
ligand reaction (1) was used for control. The site of modulation used for quantitation was G61
in aptamer 1.
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interferences include 29-deoxy interferences and 7-deaza
interferences at sites where the functional group, but not
the sequence, is conserved. For each of the individual
aptamer domains, four equivalent phosphorothioate inter-
ference sites were observed in the J3/3a and P3a stem, and
three equivalent 29-deoxy interference sites were observed
within the upper stem of P1 and J3/3a. Ten purine
nucleotide interference sites were identified within P1
(top of the P1 and junction region connected to P1), P3,
P3a, and J3/3a. Previous biochemical work showed that
mutation in one of the symmetric interference sites reduced
glycine binding affinity and cooperativity (Mandal et al.
2004). Mutation in G17 to C within the VC aptamer 1
(G17C) showed complete loss of glycine binding in aptamer
1 and weaker binding (100-fold) to aptamer 2. This site
displayed N-methyl G interference, indicating possible
interaction with the N2 exocyclic amine of G, a contact
that would be disrupted by a G-to-C mutation. An
equivalent correlation was observed in aptamer 2 at G147
(G147C). In this case, the mutation of the second aptamer
eliminated all binding, while the unaltered first aptamer
showed a 1000-fold reduction in binding affinity (Mandal
et al. 2004). The observation of interference in both of the
tandem aptamers suggests that these functional groups are
essential for glycine riboswitch function, either for RNA
folding, effector binding, or a symmetrical site of cooperativity.

We also identified several interference sites that are not
symmetric within the tandem aptamer configuration. A
map of the interferences that were asymmetrically distrib-
uted between aptamers 1 and 2 is shown in Figure 5B.
These asymmetric sites are good candidates for positions
involved in cooperative interactions, because the potential
interface between the two aptamers is likely to be at least
partially asymmetric, using some functional groups on one
aptamer that are not used on the second. The asymmetric
interferences clustered into two regions in aptamer 1,
including the top of P1 and within the P3a hairpin. Within
aptamer 2, only the J3a/b loop showed selective interfer-
ences. The overall asymmetrical interference patterns
between the two riboswitch constructs tested were similar
but not identical.

The P1 helix of aptamer 1 displayed asymmetric dAaS
(VC A13, FN A7) and NMeGaS (VC G127, FN G6)
interferences in both riboswitch constructs. Both of these
analogs probe functional groups in the helical minor
groove. The 29-OH can act as both a hydrogen donor
and acceptor, and it is often involved in the tertiary
interactions with a variety of functional group partners
(Strobel and Doudna 1997). N-methyl guanosine replaces
one proton of the N2 exocyclic amine with a methyl group,
which disrupts minor groove hydrogen bonds while retain-
ing the same duplex stability (Rife et al. 1998). We further
investigated the minor groove surface of VC G127 using
inosine phosphorothioate analog (IaS), which deletes the
exocyclic amine (Fig. 6). G127 showed weak (k = 1.9) but
clear interference with IaS. G127 also showed weak dGaS
interference (k = 1.9; data not shown). Interference with
IaS, NMeGaS, and dGaS is a pattern consistent with a
minor groove tertiary interaction (Ortoleva-Donnelly et al.
1998a). This result suggests the C12–G127 base pair within
the P1 helix of the first aptamer is involved in a tertiary
interaction important for VC riboswitch cooperativity.

The second region of asymmetric interference is within
the P3a hairpin of the first aptamer. Two consecutive
N-methyl A interference sites (VC A67 and A68, FN A39
and A40) suggest a tertiary contact is made in the major
groove of P3a (Ortoleva-Donnelly et al. 1998b). To explore
this possibility further, we performed NAIM using the
purine phosphorothioate analog (PuraS), which lacks

FIGURE 3. Native gel shift analysis of the (A) VC and (B) FN glycine
riboswitches with 5 mM Mg(OAc)2, 5 mM glycine or b-alanine.
Mutant glycine riboswitches (VCm, FNm) that have z1,000-fold loss
of affinity were used as a negative control. The G-to-C mutation was
introduced into the J1/2 loop region of the aptamer 2 (G146 in VC,
G85 in FN) (Mandal et al. 2004). Bands of active riboswitches are
indicated by an asterisk.

FIGURE 4. Representative autoradiogram of the NAIM gel. AaS and
dAaS NAIM gel of the VC glycine riboswitch. (U) unselected; (+)
active; (�) inactive RNA. Sites of interference are indicated to the left
of the gel and denoted with an asterisk to the left of each
corresponding band. No-iodine-treated controls are shown as a
control for RNA degradation.
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the N6 exocyclic amine (Ryder and Strobel 1999). A67
and A68 showed different patterns in the purine NAIM
assay (Fig. 6). A67 showed weak PuraS interference (1.8),
while A68 had no effect (1.0). Such data suggest that A67
uses its exocyclic amine for tertiary hydrogen bond forma-
tion within the glycine riboswitch structure. A hydrogen
bonding contact may also be made with A68, but the
pattern is more consistent with close approach to the major
groove at A68 that does not involve a direct tertiary in-
teraction to the amine.

Testing cooperative interactions in the P1
minor groove

The asymmetric interference data suggest that the minor
groove of P1 and the major groove of P3 might be sites
of tertiary interaction that facilitate cooperativity between
the glycine aptamers. To further explore the functional
contribution of these two regions, we introduced sev-
eral mutations and measured their functional activity and
cooperativity. Unlike backbone nucleotide functional

groups, the importance of base func-
tional groups can be readily explored by
mutation. For these studies we focused
on the VC glycine riboswitch because it
has been well characterized and it has a
higher cooperativity (n = 1.6) than the
FN riboswitch (n = 1.4). Glycine bind-
ing affinity and cooperativity of the
wild-type and mutant VC were mea-
sured by in-line probing. To compare
mutant affinity and cooperativity with
wild-type VC, we used the same curve
fitting as reported for wild-type VC.
Three regions (aptamer 1, linker,
aptamer 2) of RNA were quantitated
and calculated. For each of the VC
variants, these three regions of the
riboswitch showed the same glycine
affinity. Due to clearer resolution and
higher band intensity, data from the
aptamer 1 region (G122–G123) gave the
best curve fit and minimal standard
error, so we used this plot to calculate
the affinity and cooperativity (Table 1).

We first explored minor groove inter-
actions at G127 in the P1 helix (Fig. 7).
The C12–G127 base pair in aptamer 1
was mutated to a U–A (U12–A127),
which removed the minor groove exo-
cyclic amine, and to a U–G (U12–G127)
wobble pair, which changed the confor-
mation of the G. For the wild-type VC
riboswitch, the Kd and Hill coefficient
were measured to be 65 mM and 1.5,

respectively, similar to the values previously reported (Kd =
30 mM, n = 1.6). The U12–A127 mutant showed loss of
cooperativity (n = 1.1) and decreased binding affinity (Kd =
206 mM). The U12–G127 mutant showed complete loss of

FIGURE 6. NAIM analysis of the selected asymmetric sites (G127,
A67, A68) in P1 stem and P3a stem of aptamer 1 in VC glycine
riboswitch. Interference values (k) are indicated to the right of each band.

FIGURE 5. Sites of nucleotide analog interference. (A) Symmetric interference sites between
the tandem aptamers in each constructs. Only k values greater than 2.0 are depicted. (B)
Asymmetric interference sites observed between the tandem aptamers in FN and VC
constructs. Mutations used for the subsequent study of VC riboswitch cooperativity are
indicated with boxes. To measure interference sites near the 39 end, extended RNA constructs
were used for dAaS, dGaS, and NMeGaS NAIM. See Materials and Methods section.
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cooperativity (n = 0.8) but retained binding affinity (Kd =
85 mM) (Fig. 7). All three segments of the riboswitch
(aptamer 1, linker, and aptamer 2) showed similar glycine
affinity. If the mutation affected a single aptamer, the Kd

values of each aptamer would be expected to differ, as
observed for the G17C and G147C mutants (Mandal et al.
2004). This suggests that activity changes by the mutation
came from overall riboswitch modulation, not from the
altered function of a single aptamer. To determine if the
identity of this base pair is specific to aptamer 1, we
introduced the same C–G-to-U–A mutation in the corre-
sponding site in the P1 helix of aptamer 2. Consistent with
the model, the U143–A222 mutation did not affect glycine
affinity (Kd = 71 mM) or cooperativity (n = 1.5) (Fig. 7).
The results support the hypothesis that the minor groove of
the aptamer 1 P1 helix participates in a tertiary interaction
that is important for glycine riboswitch cooperativity.

Testing cooperative interactions in the P3a
major groove

The asymmetric interference pattern suggested that the P3a
major groove might also be involved in cooperative tertiary
interactions between the two aptamers. The NAIM data
focused primarily upon the exocyclic amino groups of the
consecutive adenosines A67 and A68. To determine the
possible contribution of the P3a major groove, we individ-
ually mutated A67 and A68 to G, changing the AU pairs to
GU wobble pairs. The A67G mutation (G67–U77) reduced
cooperativity (n = 1.1) and binding affinity (Kd = 228 mM),
while the A68G mutation (G68–U76) showed no change in
cooperativity (n = 1.5) and binding affinity (Kd = 70 mM)
(Fig. 7). These results are consistent with PuraS NAIM
data, suggesting the exocyclic amine of A67 acts as a pos-
sible hydrogen bond donor for tertiary structure of glycine
riboswitch.

Both A67 and A68 participate in A–U base pairs in
aptamer 1. Since the A67–U77 base pair is 97% conserved
as a purine–pyrimidine base pair (Fig. 1), some fraction of
the aptamers have a G–C pair at this site. A G–C pair also
has a potential major groove hydrogen bond donor at the
N4 exocyclic amine group of C, which could potentially
serve the same role as the N6 exocyclic amine of A. The
A67G–U77C double mutant (G67–C77) showed loss of
cooperativity (n = 1.2) compared to wild type (Fig. 7),
indicating that the G–C pair cannot fully replace the A–U
pair in the VC glycine riboswitch sequence context. Inter-
estingly, the glycine binding affinity of G67–C77 was Kd =
26 mM, 2.5-fold tighter than the wild type.

The asymmetric nature of the A67 NAIM result was
possibly related to the fact that the sequence identity was
different between the two aptamers. The corresponding site

TABLE 1. Binding affinity (KD) and Hill coefficient (n) of the VC
and VC mutant glycine riboswitches

RNA Hill coefficient (n) KD (mM)

Wild type 1.5 6 0.14 65 6 5
U12–A127 1.1 6 0.10 206 6 18
U12–G127 0.8 6 0.07 85 6 11
U143–A222 1.5 6 0.17 71 6 6
G67–U77 1.1 6 0.12 228 6 25
G68–U76 1.5 6 0.10 70 6 4
G67–C77 1.2 6 0.14 26 6 3
G174–U206 0.6 6 0.07 73 6 12
A174–U206 1.4 6 0.16 184 6 17

Standard errors calculated from regression results (four parameter
Hill equation) are also shown.

FIGURE 7. In-line probing plot of VC mutants indicated in Figure 5B. Binding plot of VC wild-type (circle) and VC variants (triangle). Plots of
the normalized fraction of the RNA bound to ligand versus the concentration of glycine were derived from the in-line probing assay. Depicted is
the best fit curve as calculated from the quantitated data of the bands G122 and G123. Calculated values of the binding affinity (Kd) and
cooperativity (Hill coefficient, n) are shown in Table 1.
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in aptamer 2 is G174, thus sequence differences preclude
detection of NMeAaS interference in P3a of aptamer 2.
However, both A67 and G174 have 7-deaza interference.
Therefore, the major groove of G174–C206 may also take
part in a tertiary interaction. To further test the importance
of P3a helix of aptamer 2, we performed mutagenesis at the
corresponding base pair within the aptamer 2 (G174–
C206). We mutated C to U (G174–U206), which creates
a wobble pair and eliminates the N4 exocyclic amine in C.
G174–U206 showed not only complete loss of cooperativity
but actually showed negative cooperativity (n = 0.6), yet the
binding affinity of G174–U206 for glycine was unaffected
(Kd = 73 mM) (Fig. 7). We also mutated the G–C to an A–
U (A174–U206). The A174–U206 significantly recovered
cooperativity (n = 1.4), but the binding affinity was
decreased (Kd = 184 mM) compared to that of wild type
(Fig. 7). The results suggest that the major grooves of P3a
in both aptamers 1 and 2 are involved in cooperative
glycine binding.

DISCUSSION

The glycine riboswitch is the first reported natural RNA
with a tandem aptamer structure and homotrophic coop-
erative binding. In this study, we determined possible sites
for glycine binding and tertiary cooperativity using NAIM
and mutagenesis analysis. NAIM showed several symmetric
and asymmetric interference sites in the tandem aptamer
configuration. This study focused on the asymmetric inter-
ference sites as possible sites of tertiary interaction between
the aptamers. The resulting mutagenesis data suggest that
the minor groove of the P1 helix in aptamer 1 and the
major groove of P3a in both aptamers provide tertiary
interactions important for glycine riboswitch cooperativity.

Chemical basis of P1 helix minor groove
interaction site

If there is a cooperative interaction with the aptamer 1 P1
helical minor groove, what is the nature of this interaction
and what is the interaction partner? The helical minor
groove is a common site of helix docking (Strobel and
Doudna 1997; Doherty et al. 2001). One motif commonly
observed for RNA helix packing is the A-minor motif,
which involves close contact between the minor groove
edge of a donor adenosine and the minor groove edge of
the acceptor duplex (Nissen et al. 2001; Battle and Doudna
2002). In the type I A-minor motif, N1 and N3 imino
groups of the adenosine form hydrogen bonds with the
29-OH and N2 amine of the G in the G–C acceptor,
respectively. The adenosine 29-OH hydrogen bonds with
the O2 carbonyl and 29-OH of the cytidine. The interaction
is specific to Watson–Crick base pairs and discriminates
strongly against wobble pairs (Battle and Doudna 2002).
The interference and mutagenesis results at the C12–G127

base pair are suggestive of a type I A minor motif.
Most notably, the C–G-to-U–G mutation showed com-
plete loss of cooperativity without loss of glycine binding
affinity.

If an A-minor interaction is responsible for a cooperative
interaction to the P1 helix, which A in the sequence serves
as the donor adenosine? One possibility is the A-rich loop
in J3a/b within aptamer 2. In this region, three adenosine
residues (A178, A201, and A202) showed asymmetric
29-deoxy interference (Fig. 5B), as would be expected for
a type I or type II A-minor motif. However, these residues
did not display diaminopurine interference, as would also
be expected (data not shown). In an effort to identify the
tertiary contact, a nucleotide analog interference suppres-
sion experiment (NAIS) was performed to look for changes
in the overall adenosine interference pattern specific to the
noncooperative U12–G127 mutant, but no interference
suppression was observed. This may have occurred because
(1) the donor adenosine is uninformative due to strong
phosphorothioate interference (such as A73, A171, and
A209), (2) the PACE gel shift assay is incompatible with a
successful NAIS experiment, or (3) the interaction with
C12–G127 is not through an A-minor contact. Thus, the
data support a model in which a tertiary contact to the
aptamer 1 P1 minor groove is a key contact for glycine
riboswitch cooperativity, but the tertiary interaction part-
ner remains to be identified.

Functional role of P1 helix in riboswitches

The observation that the P1 helix hosts an interaction
essential for riboswitch cooperativity provides an interest-
ing parallel to the general role of the P1 helix in riboswitch
function. In most riboswitches, modulation of P1 helix
formation is the key conformational switch that affects gene
expression. The 39 strand of the P1 helix forms an
alternative interaction with the 59 end of the downstream
expression platform, which results in transcriptional
termination or alters translational initiation. Obviously,
there are two P1 helices in the tandem glycine riboswitch,
one for each aptamer. At first glance these appear to be
equivalent, but the phylogenentic and biochemical data
suggest that they are playing different roles in riboswitch
function. The P1 stem of aptamer 2 appears to play the role
of a typical riboswitch P1 helix. Nucleotides on the 39 side
of the helix are complementary with sequence in the
downstream expression platform. There does not appear
to be an equivalent region of complementarity to strands in
the aptamer 1 P1 helix. The sequence and length of the
helix also display greater variability than seen for aptamer
2. The biochemical data presented here indicate that the
aptamer 1 P1 helix contributes to a tertiary interaction
important for cooperativity, which implies that the P1 helix
in each aptamer has evolved to serve different roles within
the glycine riboswitch.

Glycine riboswitch cooperativity

www.rnajournal.org 31



Comparison with cooperativity in hemoglobin

To understand cooperativity in the glycine riboswitch RNA
it is useful to make comparison to hemoglobin, the best-
studied cooperative system in biology (Royer et al. 2001).
Hemoglobin is an allosteric tetrameric protein comprised
of two ab dimers (a1b1–a2b2). The dimers form a
quaternary structure that adopt a T (deoxy, tense) or R
(oxy, relaxed) state, according to the definitions in the
classical Monod–Wyman–Changeux (MWC) model for
cooperativity (Monod et al. 1965). The T to R transition
(unbound to bound) through ligand binding changes the
overall structure of the tetramer and induces a shift of the
a1/b2 intersubunit contacts. The interaction of the con-
tacts along the a1/b2 interface provides the important
chemical connection for cooperativity (Turner et al. 1992).
Mutations in the interfacial contact region change the
overall structure and mechanism of cooperativity in oxygen
binding (Turner et al. 1992).

This study reports the effects on cooperativity and affinity
that resulted from several glycine riboswitch variants
mutated at possible interdomain contact sites. There were
independent effects on cooperativity and binding affinity, in
a pattern similar to several classic hemoglobin mutations.
For example, removal of the exocyclic amine in the minor
groove of P1 (U12–A127) and the major groove of P3a stem
(G67–U77) in aptamer 1 caused decreased affinity and
cooperativity. The hemoglobin mutant Bassett (aAsp94 /
Ala) showed similar results with reduced binding affinity
and cooperativity (Abdulmalik et al. 2004). Crystallo-
graphic structures of hemoglobin Bassett revealed that
disruption of a hydrogen bond in the a1/b2 interface of
the R state is responsible for this effect (Safo et al. 2005). By
analogy to hemoglobin Bassett, the exocyclic amines in P1
and P3a are likely crucial functional groups for formation
of the fully bound RNA. A second interesting example is
P3a mutant G67–C77, which showed reduced cooperativity
but increased binding affinity. This unanticipated result has
been reported in many hemoglobin mutants (Turner et al.
1992). One example is hemoglobin Roanne (aAsp94 /
Glu), which has a destabilized unbound structure (T state),
higher oxygen affinity, and reduced cooperativity (Kister
et al. 1995). Still another phenotype was observed upon
mutation in the P3a stem of aptamer 2 (A174–U206), in
that it retained cooperativity but displayed decreased
binding affinity. This behavior is similar to hemoglobin
mutant (aVal96 / Trp), which is known to stabilize the
T state by formation of an additional water-mediated
hydrogen bond (Puius et al. 1998), resulting in no change
in cooperativity but reduced binding affinity (Tsai and Ho
2002). While explanations for the effects observed in the
glycine riboswitch await detailed molecular explanation,
these precedents for independent effects on affinity and
cooperativity observed in hemoglobin lead to analogous
predictions in this RNA-based cooperative system.

MATERIALS AND METHODS

DNA oligonucleotides and chemicals

DNA oligonucleotides were synthesized by W.M Keck Founda-
tion Biotechnology Resource Laboratory at Yale University and
used without further purification. Phosphorothioate nucleotide
analogs were synthesized or purchased from Glen Research.
Glycine and other chemicals were obtained from Sigma.

DNA constructs

The Vibrio cholera VC1422 glycine riboswitch was generated by
PCR amplification of Vibrio cholera genome. Fusobacterium
nucleatum FN 0328 riboswitch was prepared by the annealing of
synthetic oligonucleotides and amplified by PCR. In both cases, the
PCR DNA was cloned into pCR2.1-TOPO (Invitrogen) plasmid.
The sequence of the cloned plasmid DNA was confirmed by DNA
sequencing. The resulting plasmid DNA was used as a template for
PCR amplification or used as a template for site-directed mutagen-
esis. Preparation of the plasmid DNA for mutant VC riboswitch
was achieved by PCR reaction using corresponding primers.

In vitro transcription

Plasmid DNA encoding the glycine riboswitch was amplified by
PCR with a forward primer containing the T7 promoter and an
appropriate reverse primer. PCR DNA containing the double
glycine aptamer region was used as a template. RNAs were
transcribed in 40 mM Tris-HCl (pH 7.5), 4 mM spermidine,
10 mM DTT, 15 mM MgCl2, 0.05% Triton X-100, and 1 mM
each 59-nucleotide triphosphate for 3 h at 37°C. All the RNAs
were purified by 6% polyacrylamide gel electrophoresis, eluted
into 0.3 mM NaOAc (pH 5.2), precipitated with ethanol, and
resuspended in water. RNA concentrations were determined by
UV absorbance at 260 nm wavelength.

Preparation of analog incorporated RNA

The PCR DNA was used as a template for in vitro transcription
using either the wild-type or Y639F mutant form of T7 RNA
polymerase and the analog and NTP concentrations reported
previously (Ryder et al. 2000). RNA was synthesized with
5% incorporation of each of the phosphorothioate nucleotide
analogs. Transcription, purification, and quantitation of the
analog incorporated RNA was performed by the same method
as described above.

In-line probing assay and Hill plot fitting

RNA transcripts were dephosphorylated and 59-32P-labeled as
described elsewhere (Ryder and Strobel 1999). For each in-line
probing reaction, z20 nM of end-labeled RNA was incubated at
23°C for 40 h in 50 mM Tris-HCl (pH 8.3), 20 mM MgCl2, and
100 mM KCl in the presence or absence of ligand. Spontaneously
cleaved RNA was separated by 6% denaturing PAGE and
visualized by PhosphorImager (Molecular Dynamics). Individual
band intensities were quantitated using ImageQuaNT software.
For mutant VC constructs, three different regions in the aptamers
were quantitated; G122–G123 (aptamer 1), A135–G137 (linker),
C177–A178 (aptamer 2). To control for loading differences, the
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band intensities were normalized to a nonvariable band (U94).
Apparent Kd values were determined by plotting each normalized
fraction cleaved versus the logarithm of ligand concentration. The
Hill coefficient was calculated by fitting each plot using the four
parameter Hill function in SigmaPlot 9.0 software.

Native gel analysis

Nondenaturing gel electrophoresis was performed by a modified
PACE method (Cilley and Williamson 1999). End-labeled RNA
was incubated in a TB buffer (90 mM Tris-borate at pH 8.3)
containing 5 mM glycine, 5 mM MgCl2 for 20 min at 23°C. One-
fifth volume of glycerol loading dye (50% glycerol, 0.1% xylene
cyanol FF) was added to the RNA mixture. Glycine bound and
unbound forms were separated on a 6% native acrylamide gel in
TB buffer containing 5 mM glycine and 5 mM MgCl2. Electro-
phoresis was carried out at 10°C for 2 h with TB buffer containing
5 mM MgCl2. The separated RNA was visualized by Phosphor-
Imager or autoradiography.

Nucleotide analog interference mapping

59-End 32P-labeled and analog incorporated RNAs (z5 pmol)
were incubated in a TB buffer containing 5 mM glycine, 5 mM
MgCl2 for 20 min at 23°C. The glycine-bound RNA and
-unbound RNA were eluted into 0.3 mM NaOAc. RNAs were
precipitated by ethanol and resuspended in water. Radioactivity of
the RNA was measured by scintillation counting and adjusted by
dilution to have the same activity per unit volume. Typically,
50,000–100,000 cpm of RNA were used for each lane. One-tenth
volume of 100 mM iodine in ethanol was added to the RNA to
cleave the phosphorothioate linkages. Cleavage products were
resolved by denaturing 6% PAGE. Reactions containing no iodine
were run in parallel to confirm that the cleavage pattern was
specific to the iodine treatment and did not result from non-
specific degradation. For dAaS, dGaS, and NMeGaS NAIM, RNA
constructs with a 15-nt overhang on the 39 end were used to
resolve interference sites in the P1 stem of aptamer 2. The
sequences included are VC, 59-AGUGAAAGGCCAAUC-39, and
FN, 59-UAAUUGUGCAAUUUAU-39.

Interference quantitation

Peak intensities for both glycine-bound RNA and -unbound RNA
were quantitated by PhosphorImager. In this study, the extent of
interference (k) at each position was calculated by dividing band
intensity in the unbound fraction by band intensity in the bound
fraction. This calculation method is different from the previously
reported method. Each value was normalized to the average value
of a noninterfering band to adjust for possible loading differences.
In this study, the sites that have k values of 2 or greater were
highlighted in Figure 5.
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