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A prevalent means of regulating gene expression in bacteria is by
riboswitches found within mRNA leader sequences. Like protein re-
pressors, these RNA elements must bind an effector molecule with high
specificity against a background of other cellular metabolites of similar
chemical structure to elicit the appropriate regulatory response. Current
crystal structures of the lysine riboswitch do not provide a complete
understanding of selectivity as recognition is substantially mediated
through main-chain atoms of the amino acid. Using a directed set of lysine
analogs and other amino acids, we have determined the relative
contributions of the polar functional groups to binding affinity and the
regulatory response. Our results reveal that the lysine riboswitch has >1000-
fold specificity for lysine over other amino acids. The aptamer is highly
sensitive to the precise placement of the g-amino group and relatively
tolerant of alterations to the main-chain functional groups in order to
achieve this specificity. At low nucleotide triphosphate (NTP) concentra-
tions, we observe good agreement between the half-maximal regulatory
activity (Tso) and the affinity of the receptor for lysine (Ky), as well as many
of its analogs. However, above 400 uM [NTP], the concentration of lysine
required to elicit transcription termination rises, moving into the riboswitch
into a kinetic control regime. These data demonstrate that, under
physiologically relevant conditions, riboswitches can integrate both effector
and NTP concentrations to generate a regulatory response appropriate for
global metabolic state of the cell.

© 2012 Elsevier Ltd. All rights reserved.

Introduction

Nonprotein coding RNA regions in mRNAs play a
number of critical roles in determining its expression
fate. In bacteria, one of the most pervasive types of
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Abbreviations used: 2AP, 2-aminopurine; 6ACA,
6-aminocaproic acid; ACL, N-g-acetyl lysine; EDTA,
ethylenediaminetetraacetic acid; FL, N-e-formyl lysine;
FMN, flavin mononucleotide; IEL, N-e-iminoethyl-lysine;
ITC, isothermal titration calorimetry; NMIA,
N-methylisatoic anhydride; NML, N-methyl lysine; NTP,
nucleotide triphosphate; PDB, Protein Data Bank; RNAP,
RNA polymerase; SAM, S-adenosylmethionine.

mRNA regulatory elements discovered thus far are
riboswitches, sequences found in the 5’ leader that
control gene expressmn in response to direct binding
of a small molecule."? These effectors include a
diverse array of molecules such as ammo acids,

purine nucleobases,>™ amino sugars, ®and a variety
of enzymatlc cofactors and secondary messenger
molecules.”” Most riboswitches contain two mod-
ular domains that perform the functions of ligand
binding (the aptamer domain) and regulation (the
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expression platform). Communication between
these domains is mediated by a ligand-dependent
partitioning of a small sequence to either the
aptamer domain or the expression platform. This
partitioning determines the secondary structure
adopted by the expression platform that dictates
the regulatory outcome (Fig. 1a).

Considerable effort has been invested in decipher-
ing the structural features of riboswitch aptamer
domains that enable the mRNA to bind the effector
with both high affinity and specificity to achieve
precise genetic control against a background of
highly similar chemicals in the cell. For example,
purine riboswitches distinguish between guanine
and adenine with >20,000-fold specificity based on
the identity of a single pyrimidine that base pairs
with the purine ligand.*> Likewise, the various
classes of S-adenosylmethionine (SAM) binding
riboswitches discriminate SAM from S-adenosylho-
mocysteine, a toxic by-product of SAM methylation
reactions, through electrostatic interactions with the
sulfonium ion of SAM.'*""® Displacement of critical
carbonyls away from the sulfonium ion leads to a
dramatic loss in the ability of the SAM-I riboswitch
to discriminate between the two compounds.'’
Specificity can also be mediated in part by associ-
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ated solvent and ions tightly coordinated with the
ligand-RNA interaction, as observed in the flavin
mononucleotide (FMN), thiamine pyrophosphate,
and lysine riboswitches.'*"” Due to the fact that
many riboswitches control the production or uptake
of metabolites critical for normal growth and
reproduction, these RNAs are considered to be
potentially important therapeutic targets for dis-
rupting microbial metabolism.'® Knowledge on the
mechanisms by which effector specificity is achieved
by riboswitches informs our understanding on
patterns of gene regulation in bacteria and is
essential for guiding rational design of novel
compounds to target these RNAs as potential
antimicrobials.

An additional constraint encountered by many
riboswitches is that they must function within a
short time frame. This limitation arises in transcrip-
tion attenuation where a regulatory decision must
be made when the RNA polymerase (RNAPg
reaches the intrinsic transcriptional terminator.’
Thus, the rates of ligand association and dissociation
can significantly influence the concentration of
effector required to elicit a regulatory response.
This kinetic constraint is thought to account for the
observation that many riboswitches require ligand

Fig. 1. (a) Schematic of riboswitch-mediated transcriptional regulation emphasizing the nature of the mutually
exclusive secondary structural switch. (b) Global tertiary structure of the lysine riboswitch observed by X-ray
crystallography (PDB ID: 3D0U). The three sets of coaxially stacked helices are shown in different colors, and lysine is
shown in magenta in the five-way junction. The switching sequence at the 3’ side of P1 is highlighted in red. (c) Lysine
binding site within the central junction showing an overlay of the binding pockets of two independently solved crystal
structures'”*® (PDB ID: 3D0U, colored; PDB ID: 3DIL, gray). The e-amino group of lysine forms electrostatic contacts with
the backbone of G110 and an ordered solvent molecule (W1) that was observed in both of the original crystallographic
studies of this RNA. The main-chain atoms hydrogen bond with G143 and coordinate to a potassium ion near G40. A
cavity exists beyond the carboxyl terminus that is occupied by ordered solvent when bound to lysine.
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Fig. 2. (a) Cartoon of the two-piece 2AP reporter construct used for the binding studies presented in this paper. The
gray and black strands were annealed as described in Materials and Methods to reconstitute a functional RNA for
fluorescence-based assays. The site of 2AP fluorophore substitution is at G193. Colored nucleotide positions correspond to
the lysine binding pocket in Fig. 1c. (b) Fluorescence data from lysine titrations with the 2AP-labeled construct in the
presence (red) or in the absence (blue) of 10 mM KCl. Note the decrease in both binding affinity and change in
fluorescence upon omission of KCl from the bulffer. (c) Lysine binding to the wild-type lysC aptamer as measured by ITC
demonstrates reasonable agreement between the K4 values for the 2AP-labeled construct and the native RNA.

concentrations much greater than the equilibrium
binding constant (K4) to effectively regulate tran-
scription, a phenomenon termed “kinetic control”.*
This is in contrast with “thermodynamic control” in

which the concentration of the effector to half-
saturate the aptamer is equal to the concentration of
effector required to elicit a half-maximal regulatory
response (Ts). For example, a detailed analysis of
the FMN riboswitch demonstrated that the Ts, for
this RNA is ~10- to 100-fold in excess of the Kg,*'
which was attributed to the slow binding kinetics
of FMN. Similar observations have been made
for the guamne 2 lysine, > SAM 1,%° cyclic
diguanylate,”” and tetrahydrofolate®® riboswitches,
suggesting that kinetic control may be a general

feature of all riboswitches that act through tran-
scriptional attenuation.

While it is tempting to make this generalization,
many factors influence the rate of transcription
and thus the regulatory time frame. For example,
intrinsic pause 51tes,29 transcription factors such
as NusA and NusG,””?" and nucleotide triphos-
phate (NTP) concentrations have all been demon-
strated to influence pausing and transcriptional
attenuation.”'”* The degree to which these factors
can exert their regulatory influence, however, re-
mains poorly understood. For example, the intracel-
lular concentration of NTPs varies by factor of 2- to
5-fold during different bacterial growth phases,™
playing a central role in regulating the transcription
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of pyrimidine biosynthetic genes,>* ribosomal
RNA,* and a variety of other processes.**%?
Most studies of transcriptional regulation by ribos-
witches, however, have focused on limited condi-
tions thereby ignoring a potentially important
aspects of the regulatory landscape.

To explore the relationship between equilibrium
affinity (Kg), binding kinetics (k,, and kog), and
regulatory activity (Tsp), we have examined the
mechanistic details of the Bacillus subtilis lysC lysine-
responsive riboswitch. The aptamer of this ribos-
witch folds into a complex structure involving the
packing of multiple helices together that organize a
binding pocket for lysine within a five-way junction
(Fig. 1b and c)."® To better define how this RNA
achieves lysine specificity against a background of
abundant amino acids that bear similar main-chain
functionality, we have measured the K4 and binding
kinetics for lysine and a number of related analogs.
These data provide a benchmark for comparative
analysis of the binding affinity and kinetics of the
aptamer to transcriptional regulation, allowing us to
examine the relationships between these parameters.
Previous studies of the B. subtilis lysC riboswitch
suggest that the Ts for lysine is ~1000-fold greater
than K4.>*** However, we demonstrate that lysine
promotes efficient transcriptional termination with a
Tso equivalent to the Ky under low NTP concen-

H,N

trations—the hallmark of thermodynamic control.
A number of lysine analogs also regulate trans-
criptional termination at concentrations near Ky,
consistent with a simplified kinetic model of tran-
scriptional regulation based on the observed binding
rate constants. However, at >400 uM NTP concen-
trations, transcriptional termination requires ~5-fold
higher concentrations of lysine. This suggests that
the regulatory efficiency of this RNA could be tuned
by the metabolic state of the cell, such as under
nutrient limiting conditions. Under high [NTP], the
riboswitch also exhibits a greater degree of select-
ivity for lysine over non-cognate ligands with the
exception of two of the main-chain derivatives
whose rapid binding kinetics appear to render
them insensitive to transcription speeds.

Results

Characterization and validation of a
2-aminopurine-labeled receptor

To establish the apparent equilibrium dissociation
constant (Kg,app) for each of the compounds used in
this study, we site specifically labeled a two-piece
aptamer derived from the B. subtilis lysC riboswitch.
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Fig. 3. Structures of select compounds used in this study. The functional group changes relative to lysine are depicted
for each compound and colored corresponding to the carboxylate (red), main-chain amine (blue), and e-amine (green),
respectively. The abbreviation for each compound used in the text is given in parentheses. The observed equilibrium
dissociation constant (K,) as measured by the 2AP fluorescence assay is given for each compound.
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Table 1. Affinity and free-energy measurements of ligand
binding to the B. subtilis lysC aptamer

AAG®
Ligand K4 (uM) Kiel (kcal/mol)
Lysine 53+6 1.0 0.0
Lys(-KCl) 480+40 9.1 14
LysN 90+30 1.7 0.3
MEL 110+30 2.1 04
EEL 250+30 4.7 1.0
KG 570+70 11 1.5
6ACA 3100+900 58 2.5
NML 1670+300 32 2.1
IEL 1100+290 21 19
ACL 1700+100 32 2.1
FL 5600+ 1700 106 2.9

a
Kre1= Ky anatog/ Kd tysine-

A fluorescent 2-aminopurine (2AP) nucleotide was
incorporated at a non-conserved position in the five-
way junction (G193; Fig. 2a). Chemical footprinting
studies have demonstrated that this position un-
dergoes a s1gn1f1cant conformational change upon
lysine binding>” and is solvent exposed in the
crystal structure.'”?® These data imply that this
nucleotide transitions from a stacked conformation
with other nucleotides in the unbound aptamer to a
solvent-exposed conformation upon lysine binding.
This is further supported by a previous study from
Blouin and Lafontaine that also used a 2AP regorter
at this position to momtor the effects of Mg
global foldmg of the RNA.* As expected, a strong
increase in fluorescence was observed upon the
addition of lysine consistent with the labeled
position becoming flipped out into solution upon
binding (Fig. 2b). Fitting the data to a simple two-
state binding model yielded a Ky.pp for lysine of
53+6 pM at 37 °C (Table 1).
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The affinity of lysine for the 2AP reporter is
significantly weaker than previous reports.'”>>%
However, folding and ligand binding by the lysme
aptamer have been shown to exhibit a strong Mg?™*
dependence,'”*** suggesting that our choice of
experimental conditions could be responsible for
this discrepancy. To differentiate between this and
the possibility that our two-piece construct design
perturbs ligand binding, we measured the affinity of
lysine for the wild-type B. subtilis lysC aptamer
domain (nucleotides 32-199; Fig. S1) under the same
experimental conditions using isothermal titration
calorimetry (ITC). A Kgapp of 18+2.2 M was
measured for lysine at 37 °C (Fig. 2c), within ~3-
fold of the 2AP reporter. The measured AH°=-21+
1.6 kcal/mol and -TAS°=15+2.0 kcal/mol are
comparable to values obtamed of other riboswitch
aptamer-ligand interactions*'**! and agree well
with previous ITC data of the lysme r1bosw1tch
derived from Clostridium acetobutylicum,*' reflecting
a highly enthalpically driven binding event.

As a second test of the validity of the 2AP reporter,
the effect of potassium on lysine binding was
measured. This ion mediates recognition of the a-
carboxy group of lysine (Fig. 1c) and was shown to
enhance lysine bmdmg affinity in previous bio-
chemical studies.” Substitution of potassium with
sodium under our buffer conditions results in an
~10-fold decrease in affinity (Fig. 2b), confirming the
importance of this monovalent cation in mediating a
high-affinity interaction. Interestingly, comparison
of absolute fluorescence between the two monova-
lent cations suggests that K™ selectively stabilizes
the flipped out conformation of the 2AP reporter as
evidenced by the increased change in fluorescence at
saturating lysine, while having no apparent effect on
the unliganded state. This interpretation is consis-
tent with primer extension assays demonstrating

Fig. 4. Chemical probing of the
lysine riboswitch using NMIA in
the presence of either 1 mM lysine
or 10 mM subset of the analogs
from this study. In the absence of
ligand (the —lysine lane), the high
reactivity of the J2/3 and ]5/1

KG4
none

L]
4

J 213 regions indicate local flexibility of

the RNA backbone. Addition of

lysine or a binding-competent li-

- gand protects these regions from

— = J51 NMIA modification. Labels colored

according to the R1, R2, and R3
schemes in Fig. 3. Nucleotides A112
and G193 are labeled for reference

according to the numbering scheme in Fig. S1.Chemical probing of the lysine riboswitch using NMIA in the presence of
either 1 mM lysine or 10 mM subset of the analogs from this study. In the absence of ligand (the —lysine lane), the high
reactivity of the J2/3 and J5/1 regions indicate local flexibility of the RNA backbone. Addition of lysine or a binding-
competent ligand protects these regions from NMIA modification. Labels colored according to the R1, R2, and R3 schemes
in Fig. 3. Nucleotides A112 and G193 are labeled for reference according to the numbering scheme in Fig. S1.
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that potassium has no effect on reverse transcriptase
pausing in the absence of lysine'” and suggests that
this ion is recruited specifically to the RNA-ligand
complex as opposed to stabilizing preformed
structures in the unliganded aptamer.

Molecular determinants of specificity

In their cellular context, riboswitches must con-
tend with a complex chemical environment that
challenges their ability to coordinate gene expres-
sion in response to a specific effector. Recent studies
have provided evidence that some riboswitch
aptamers can bind alternative cellular ligands.
For example, binding different hexose sugars has
been demonstrated to inhibit glucose-6-phosphate-
dependent cleavage by the glmS riboswitch in vitro
and in vivo,* thereby enabling the riboswitch to
integrate multiple cellular cues into a single regula-
tory output. While selectivity of the lysine ribos-
witch appears to be determined by an electrostatic
interaction with the g-amino group of lysine
(Fig. 1c), the a-amine and carboxylate groups
provide a significant recognition surface that might
support binding of alternative amino acids. Docking
of the other standard amino acids into the binding
pocket, which is assumed to be rigid, suggests that
the side chain of many of these molecules could also
potentially form favorable interactions with the
RNA (Fig. S2a).

To determine whether the lysine aptamer can
productively bind other amino acids, we tested a
subset of the proteogenic ammo acids that have high
intracellular concentrations*® and are complemen-
tary to the RNA binding site (Fig. S2a). Most of these
amino acids, including alanine, asparagine, threo-
nine, and methionine, showed no fluorescence
change in the 2AP-labeled aptamer (Fig. S2b).
Only serine displayed some binding, albeit with
extremely low affinity (>20 mM), well above its
intracellular concentration (~70 pM*®). This is con-
sistent with the observation that nonstandard amino
acids such as ornithine or norleucine that displace or
remove the g-amine are also unable to bind this
RNA.?® Thus, the backbone atoms, while certainly
contributing to binding affinity of lysine, are
insufficient on their own. Furthermore, these data
argue that positioning of the amino group adjacent
to the G110 phosphate and O4’-ribosyl oxygen
(Fig. 1c) is the primary basis for discrimination
against the abundant amino acids present in the cell.

To specifically address the thermodynamic con-
tributions of each polar functional group, we next
measured the binding affinity of a set of compounds
that systematically test key features of the binding
interface (Fig. 3 and Table 1). From previous
crystallographic studies, there are two sets of
interactions between the e-amino group and the
RNA hypothesized to be important: an electrostatic

interaction between the amine and the non-bridging
phosphate oxygen of G110 and a water-mediated
interaction between the amine and the 2’-OH of
G143. Since the 2’-OH of G143 also interacts with the
a-amino group of lysine, the hydroxyl group acts as
a hydrogen bond donor to this water (W1; Fig. 1c).
The importance of the water was assessed using N-
methyl lysine (NML), which maintains the position
and charge of the side-chain amine, but is expected
to displace W1 in order to accommodate the
additional methyl group within the binding site.
The ~34-fold decrease in affinity of NML relative to
lysine verifies that this water accounts for a
significant energetic contact with the side chain.

To further address the contribution of the side
chain to binding energetics, we tested a set of
compounds that perturb the presence and localiza-
tion of the positive charge without displacing the
amine (Fig. 3): N-s-formyl lysine (FL), N-g-acetyl
lysine (ACL), and N-g-iminoethyl-lysine (IEL). FL
and ACL ablate the positive charge on the nitrogen,
as well as adding steric bulk to the e-amino group.
Structures of homoarginine and IEL bound to this
RNA' suggest that the additional functionality of
FL and ACL would displace a water molecule (W1)
with a carbonyl oxygen that could act as a hydrogen
bond acceptor from the 2’-OH group of G143
(Fig. 1c). Surprisingly, despite lacking a formal
charge on the side chain, these compounds exhibit
only a 4.5-fold loss in affinity relative to NML. This
clearly shows that the positive charge of the amino
group is not essential for productive binding,
particularly if extended hydrogen bonding contacts
are maintained. Most of the energetic penalty
associated with these compounds can presumably
be accounted for by their additional steric bulk, as
evidenced by IEL that can localize positive charge to
the g-amino group but binds only ~2-fold better
than NML and ~10-fold worse than lysine. Toge-
ther, these data argue that both positive charge and
water-mediated interactions cooperate to provide
optimal ligand recognition. We also found that the
addition of very large functional groups to the
g-amino group of lysine, such as those found in
biocytin and y-glutamate-e-N-lysine, is not tolerated
(Fig. 3), indicating that the binding pocket cannot
rearrange to accommodate bulkier modifications to
the side chain.

In contrast to the side chain, the main-chain
functional groups of lysine appear to play a lesser
role in establishing a high-affinity interaction with
the lysine riboswitch aptamer domain. For example,
compared with a >5 kcal/mol penalty associated
with deletion of the e-amine, deletion of the a-amine
[6-aminocaproic acid (6ACA); Fig. 3] carries an
energetic penalty of only 2.5 kcal/mol correspond-
ing to loss of hydrogen bonding with the N3 and 2’'-
OH groups of G143 (Fig. 1c). Furthermore, the a-
carboxyl group appears to be particularly tolerant to
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Fig. 5. Structures of (a) KG and (b) 6ACA bound to the lysine binding pocket in the T. maritima lysine riboswitch. The
structure of the RNA-lysine complex (PDB ID: 3DIL) is superimposed in each panel (colored gray) for reference. In each of
the two structures, the RNA adopts an identical conformation on both global and local levels, consistent with chemical
probing. (a) The glycyl residue in KG displaces solvent- and ion-occupied positions (gray spheres) identified in the lysine-
bound structure but does not appear to clash significantly with the RNA. (b) Removal of the main-chain amine of lysine in
6ACA results in the recruitment of a water to replace the hydrogen bonding interactions that are lost between the ligand
and the N3 and 2’-OH groups of nucleotide G114. The carboxylate group of 6ACA shifts over slightly to coordinate this
water. Unique hydrogen bonding interactions for each ligand are shown by gray broken lines labeled with distances in

angstroms.

modification as exemplified by the small energetic
penalties (< 1.5 kcal/mol) associated with the alter-
ation of this functional group. For example, neutral-
ization of the carboxylate with the analog
lysinamide (LysN) causes no loss in binding affinity,
despite the likelihood that it displaces the K™ ion
adjacent to G40 (Fig. 1c). Likewise, a methyl ester
(MEL) at this position decreases binding affinity by
only ~3-fold. The addition of ethyl (EEL, L-lysine
ethyl ester) or glycyl (KG, lysyl glycine) moieties of
increased steric bulk further diminishes affinity, but
not nearly to the same extent as modifications to the
amino groups. Beyond a single glycine (KG dipep-
tide), the RNA cannot accommodate larger peptides
(KG,-KGy), again suggesting that the flexibility of
this binding site is limited.

Rigidity of the lysine binding pocket

To determine the nature of the global and local
structural rearrangements of the RNA induced by
the various ligands tested above, we employed a
chemical probing technique known as selective 2’-
hydroxyl a z?/lation analyzed by primer extension or
“SHAPE”.** This method generally assesses local
flexibility of the backbone with single nucleotide
resolution based on reactivity of ribose 2'-hydroxyl
groups with N-methylisatoic anhydride (NMIA).%>
Reactivity of NMIA is determined by the conforma-
tion of the ribose sugar bearing the 2’-hydroxyl
group with the C2-endo configuration being the
reactive state and has been demonstrated to strongly
correlate with the NMR order parameter.*® Nucle-

otides in the five-way junction exhibit high reactiv-
ity toward NMIA in the absence of ligand,
indicating that this region of the RNA is conforma-
tionally flexible (Fig. 4). Addition of saturating
ligand concentrations (1 mM lysine or 10 mM lysine
analogs) demonstrates a similar set of chemical
reactivity protections for each of the junction
segments in complex with the various analogs
(Fig. 4). The reactivity pattern for the majority of
nucleotides is unperturbed by ligand binding (Fig.
S3), consistent with the RNA adopting a preformed
tertiary archltecture as observed by small-angle
X-ray scattering.’®*! These data strongly argue
that all of the ligands that productively bind the
RNA induce the same structural rearrangements of
the binding pocket.

To further investigate how main-chain derivatives
are accommodated within the binding site, we
determined the crystal structure of the 6ACA and
KG compounds in complex with the Thermatoga
maritima aptamer using X-ray crystallography. With
the exception of G193, a nucleotide that is flipped
out toward solution and phylogenetically variable,
the sequence of the ligand-binding core of the
T. maritima and B. subtilis lysine aptamers are
identical (Fig. 54).Thus, interpretation of structures
of the T. maritima aptamer bound to various ligands
is highly likely to be valid for the B. subtilis ribo-
switch. These crystals diffracted to ~3.0 A resolu-
tion, and models were generated by standard
molecular placement methods using the free-state
lysine riboswitch structure in which solvent mole-
cules and nucleotides around the binding pocket
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Fig. 6. Analysis of lysine binding kinetics by stopped-flow fluorescence spectroscopy. (a) Fit to the observed binding
rate (kobs) as a function of lysine concentration. The slope of the fit yields the association rate constant (k,,), while the
y-intercept of this line yields an estimate of the ko (b) Direct measurement of k. measured by rapid dilution of pre-
incubated RNA-ligand complexes into buffer. The data shown represent an average of five injections. (c) Calculation of
the fraction of riboswitch bound by lysine at different equilibration times using the experimentally observed ko, and k.
At a long equilibration time, corresponding to a slow rate of transcription (dark blue), the fit to the curve yields a T5, that
is equal to Ky. As the time allowed for the aptamer to equilibrate with ligand decreases, the calculated Ts, increases (from
light blue to red), indicating kinetic control. (d) Plot of the Kyq/Tso ratio as a function of rate of transcription or
equilibration time shows that the reaction becomes fully equilibrated by 10 s (as the ratio approaches 1), with appreciable
approach to equilibration after 3-5 s. The K/ Tsg ratio is expected to vary by 4- to 5-fold over a range of physiologically

relevant transcription speeds as denoted by the gray box.

were removed [Protein Data Bank (PDB) ID: 3D0X]
(crystallographic and model statistics are detailed in
Supplementary Table 1). Maximum-likelihood super-
imposition of the refined models (Fig. 5) with the
original lysine-bound RNA using THESEUS"
revealed that the RNA adopts an identical fold when
bound to these analogs as inferred from the chemical
probing analysis (Fig. 4). The average displacement
of all of the atoms within the binding pocket was
less than the coordinate error of the structure.

The structures of the main-chain derivatives
reveal that these compounds orient themselves
within the rigid pocket to maximize hydrogen
bonding interactions with the RNA. In the KG-
RNA complex, the glycine residue of the dipeptide is
clearly identifiable in simulated annealing omit
maps (Fig. S5), extending an additional 3.6 A away

from the central cavity of the RNA. The terminal
carboxyl group of the dipeptide appears to form a
hydrogen bond with the 2’-hydroxyl group of G143
at the base of the P4 helix (Fig. 5a). Interestingly, the
interaction replaces an ordered solvent molecule
that coordinates to the K™ ion when lysine is bound,
indicating that water-mediated contacts may be
important in multiple facets of the binding interface.
In the 6ACA-bound structure, the simulated anneal-
ing omit maps reveal two distinct peaks of density in
the binding pocket (Fig. S5). One peak can be clearly
distinguished as the 6ACA compound while the
second peak was modeled as water (Fig. 5b and Fig.
S5). The carboxyl group of 6ACA is positioned
adjacent to a well-ordered solvent molecule and
within hydrogen bonding distance to the sugar edge
of G143 at the base of P4, thereby replacing
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interactions lost by removal of the a-amino group of
lysine. The overall similarity of the junction bound
to these analogs suggests that this element is
relatively rigid and requires that lysine analogs
adapt to the binding site by either formation of new
hydrogen bonding interactions or recruiting ordered
solvent to mediate ligand-RNA contacts. This is
consistent with previous results from Serganov et al.
in which the various side-chain analogs stabilized
an identical RNA conformation.'”

Binding kinetics suggest a rapid approach to
equilibrium

The activity of riboswitches that regulate tran-
scription has been shown to be influenced by the
kinetic properties of ligand binding such that the
concentration of effector required to elicit the half-
maximal regulatory response (Tsy) can be signifi-
cantly higher than the concentration needed to half-
saturate the aptamer domain (Ky).*® To define the
relationship between binding and activity of the
B. subtilis lysC riboswitch, we measured the kinetic
parameters of lysine binding using stopped-flow
experiments that monitor changes in fluorescence
of the 2AP-labeled lysine aptamer as a function of
time. Lysine association and dissociation was
measured under identical conditions as Kg mea-
surements [50 mM Tris-HCl (pH 8.0), 100 mM
NaCl, 10mM KCl, 5mM MgCl,, and 0.1 mM
ethylenediaminetetraacetic acid (EDTA) at 37 °C]
using pseudo-first-order conditions under which
the ligand is in excess over the labeled RNA.* The
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observed rate of association (k.p,s) was measured
under a variety of lysine concentrations, and the
data fit to a linear equation to obtain estimates of
kon=4600+200 M~ ! s™! and k,z=0.2+0.06 s~ ' for
this RNA (Fig. 6a). Direct measurement of k¢ using
a rapid dilution approach in which the preformed
complex is diluted with an equal volume of buffer
yields a comparable value of 0.4+0.01s™ " (Fig. 6b).

Kinetic measurements for a representative set of
lysine analogs reveal that most modifications to the
ligand slow the association kinetics (k,,) by at least
an order of magnitude (Table 2). The most signifi-
cant drop in the association rate is observed with
ACL that abrogates the electrostatic interaction
between the side chain and RNA. Conversely,
LysN exhibits an ~40-fold increase in the association
rate over lysine. One explanation for this observed
trend is that it correlates to the net charge of the
ligand, with each increase in the net charge by +1,
resulting in substantial increase in k... Direct
dissociation rate (k.,¢) measurements were also
made for each compound; these values are more
consistent with that of lysine, except for LysN that
dissociates ~200-fold more rapidly than lysine.
Importantly, the Ky calculated using the observed
kon and kog values is within ~1- to 2-fold of that
obtained from equilibrium studies (Table 2). Slightly
greater deviation was observed for the ACL and
EEL compounds, perhaps reflecting a more complex
binding mechanism not readily apparent from the
current analysis.

Assuming a simple two-state model for the
aptamer binding reaction, the observed binding

Fig. 7. Effects of transcription
speed and ligand binding kinetics
on transcriptional regulation. (a)
Single turnover transcription of the
B. subtilis lysC riboswitch as a
function of lysine concentration.
The full-length transcription prod-
uct, or readthrough (RT), and the
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terminated (T) products were sepa-
rated by denaturing gel electropho-
resis and quantified as described in
Materials and Methods to obtain
measurements of the Tsq. (b) Data
fitting for lysine titrations performed
at 50 pM NTPs. The Tsq under these
conditions closely approximates the
observed K, indicating that binding
is approximately under thermody-
namic equilibrium in these condi-
tions. (c) Influence of increasing NTP
concentrations on the T5, for lysine.
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The values on the x-axis represent the concentration of each individual NTP. The 5-fold increase in the Tsy is consistent with
the modeling shown in Fig. 6¢. (d) The efficiency of the ligand-dependent termination response decreases with increasing
NTP concentrations. Combined with the increased T, effect shown in (b), these data demonstrate that transcription speed

modulates ligand-dependent regulation.
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Table 2. Kinetics measurements of ligand binding to the B. subtilis lysC aptamer

Ligand koff (57 1) kon (M7 ! s~ ! ) Kd,calc (“M) Kd,obs (HM) Kd,calc/Kd,obs TS(J—calc (“M) (10 nt/s) TS(J-calc (“M) (100 I’lt/S)
Lysine  0.25+0.06 4600200 55 53+6.0 1.0 57 260
EEL 0.31+0.03 480+15 650 250+30 2.5 680 2800
KG 0.34+0.03 480+24 700 570+70 1.6 920 2400
NML 1.1+£0.1 690+10 1600 1670+300 1.3 2200 2900
LysN 48+10 186,000 +39,000 260 90+30 3.0 260 260
ACL 0.26+0.03 49+5 5300 1700+100 29 5700 26,000

rate constants (kops) can be directly related to an
expected T5, response by the relationship:

[RL]
&, (Atrnar) (1)

() g

where ([RL]/[R]7)(Atgrnap) is the fractional satura-
tion of the aptamer at time Afgnap and [L] is the
ligand concentration.”® Afgnap is defined as the
time required for transcription to proceed from the
3’ end of the aptamer domain (the earliest possible
time at which binding can occur, or t=0) to the
uridine-rich tract of the rho-independent terminator
stem at the 3’ boundary of the expression platform.
The 12- to 14-nt footprint of the transcription
elongation complex® suggests that the aptamer
becomes binding competent after the first 212 nt of
transcription (Fig. S1). This provides an additional
~60 nt of transcript before the transcription elonga-
tion complex reaches the downstream termination
site. Using physiologically realistic rates of 10-
100 nt/s5253 for bacterial RNAP, we can therefore
model theoretical T5, values based on this sequence
length and the kinetics of ligand binding as shown
previously,” where each individual curve repre-
sents a specific rate of transcription (Fig. 6c). The
ratio of the calculated Ts5y and the measured
equilibrium dissociation constant for ligand binding
to the aptamer (Tsqcaic/Kaobs) plotted against the
rate of transcription (or alternatively, Afgnap) de-
scribes the conditions under which the riboswitch is
kinetically versus thermodynamically controlled,
where the latter is defined as Tspcalc/ Kd,obs=1
(Fig. 6d).

This analysis predicts that the B. subtilis lysC lysine
riboswitch is under thermodynamic control when
Atgnap is =23-5's, corresponding to transcription
speeds of ~12-20 nt/s. This rate of transcription is in
the range of that of Escherichia coli RNAP in the
presence of NusA, a highly abundant cellular
transcription factor that slows the translocation
step of elongation.”*”” On the other hand, if we
assume maximal transcription rates of ~100nt/s,
these calculations predict that the T5p will increase
by a factor of ~5-fold (from ~50 to ~260 uM).
Extension of this analysis to the lysine analogs

TSO —cale =

reveals that, despite large differences in ko, the
relatively fast dissociation kinetics of these com-
pounds still allow a rapid approach to equilibrium
relative to standard rates of transcription (Table 2).
Most of the analogs also would be sensitive to
Atgnap similar to lysine, although LysN is predicted
to equilibrate rapidly enough to regulate at similar
concentrations regardless of transcription speed.

Analysis of transcriptional regulation and the
effects of transcription speed

To test the predictions made by the above kinetic
model, we used a single turnover in vitro transcrip-
tion assay to directly measure the amounts of
readthrough and terminated transcript as a function
of ligand. Transcriptions were performed with E. coli
RNAP at 50 uM NTP concentrations using a DNA
template containing the genomic B. subtilis lysC
leader sequence fused to a T7Al promoter as
described previously®®*’ (Fig. 7a). While the E. coli
polymerase has been demonstrated to exhibit more
pronounced pausing behavior than the B. subtilis
RNAP,***® previous studies of riboswitch regula-
tion suggest that the observed T is not significantly
perturbed by the choice of enzyme.?!:3639,59

Notably, most protocols for in vitro transcription
assays exclude potassium from the transcription
buffer and use high concentrations of Mg?>*
(20 mM).”**” The lysine riboswitch is highly sensi-
tive to both the identity and the concentration of
monovalent and divalent cations,'” which signifi-
cantly influence the affinity of the lysC aptamer for
lysine. To account for this, we have used buffer
conditions that closely approximate those of the
kinetic and thermodynamic binding studies [70 mM
Tris—-HCl1 (EH 8.0), 20 mM NaCl, 10 mM KClI, and
5mM Mg“"] with the exception of lower NaCl
concentrations (20 mM versus 100 mM) that have no
influence on the observed binding affinity for lysine
(data not shown).

Transcription assays performed at low NTP con-
centrations (50 pM) revealed an apparent 15, of 61+
9 uM for lysine, approximately equal to the Kgapp
(53 £5 pM) when the quantified data are fit to a two-
state transition model (Fig. 7a and b and Table 3). This
observation is consistent with kinetic simulations
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Table 3. Comparison of K4 and regulatory efficiency at different transcription speeds

Ligand Kg (uM) Ts0-50 M (uM) T50-1 mm (MM) Kqa/Ts0-50 M Ka/Ts50:1 mm ATso (1 mM/50 uM NTPs)
Lysine 53+6 61+9 290+50 0.87 0.18 4.8
Lys(-KCl) 480+40 525+50 5500+ 1400 0.91 0.09 10.5
LysN 90+30 500+200 250+150 0.18 0.36 0.5
MEL 110+30 670+120 96002000 0.16 0.01 14.3
EEL 250+30 540+100 92001300 0.46 0.03 17.0
KG 570+70 720+460 920+180 0.79 0.62 1.3
6ACA 3100+900 n.d. n.d. n.a. n.a. n.a.
NML 1670+300 1300 +1000 10,000 +3800 1.28 0.17 7.7
IEL 1100 +290 840+120 n.d. 1.31 n.a. n.a.
ACL 1700+100 1500200 n.d. 1.13 n.a. n.a.
FL 5600+1700 2300+700 n.d. 2.43 n.a. n.a.

n.d., not detectable.
n.a., not applicable.

above predicting the riboswitch to be under thermo-
dynamic control under slow transcription speeds.
These data also argue that previous reports indicating
a 1000-fold difference between the Kq (~1 uM) and T5g
(~1 mM)***7? can be largely attributed to the
differences in the experimental conditions used for
binding and transcription studies rather than to
binding kinetics. The close agreement between the
Kg,app and Tsqqpp also suggests that folding of the
aptamer into a binding-competent state occurs on a
timescale that does not significantly influence the
binding reaction. In support of this hypothesis,
polymer models of RNA folding would predict a
folding time constant of 0.175 s based on the 170-nt
chain length of the lysine aptamer domain.*°

One issue with the above experiment is that the
concentration of NTPs used (50 uM) is much less
than that found within rapidly growing E. coli.*’
Instead, this condition corresponds to the lower
limit of the NTP concentrations found in stationary-
phase cells.”?*16% To further define the relation-
ship between binding kinetics and regulatory
response, we measured the Ts, for lysine over a
range of NTP concentrations, which increases the
rate of nucleotide incorporation and thereby de-
creases Atgnap (Fig. 7c). Between 50 and 400 uM
NTPs, we observed no significant change in the T5;
however, a relatively sharp increase is observed at
concentrations between 400 and 800 uM, reaching a
maximum of ~290 uM for lysine at high NTP
concentrations (Table 3). This ~5-fold change in
the regulatory response agrees extremely well with
our kinetic data at the expected extremes for
transcription speed (Fig. 6c and d). We also
observed that the dynamic range of the regulatory
response decreases slightly as a function of tran-
scription speed (Fig. 7d), suggesting that, at rapid
transcription speeds, the terminator element has
insufficient time to form before the RNAP escapes
the uridine-rich tract. Similar loss of regulatory
efficiency has been observed for transcriptional
regulation of the trp operon by the RNA binding
TRAP protein.*®

To assess the effects of altered ligand contacts on
the specificity of the regulatory response, we tested
various lysine analogs for their ability to regulate
transcription using NTP concentrations of 50 uM
and 1mM, respectively (Fig. 8). Under slow
transcription conditions, the regulatory response
closely approximates the Kg4ops for most analogs
(Ts0-50 um; orange bars), again consistent with kinetic
predictions. In contrast, the regulatory behaviors for
many of the analogs deviate from kinetic expecta-
tions at high NTP concentrations (Tsp.1 mm; red
bars). For example, the carboxyl ester analogs MEL
and EEL are required at significantly higher con-
centrations than can be accounted for by their
binding kinetics (Table 2). Likewise, perturbation
of the side-chain contacts has significant influence
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Fig. 8. Comparison of the T5y measurements for the
various lysine analogs to their Ky ., measurements (blue
bars) as determined by fluorescence spectroscopy by the
2AP-labeled construct. The observed Tsq at “slow” (50 pM
NTPs; orange bars) and “fast” (1 mM NTPs; red bars)
transcription conditions reveal that most lysine analogs
are sensitive to the rate of transcription. The absence of T5
bars for some compounds indicates that these ligands
were unable to elicit regulation under the conditions
indicated. The y-axis is on a log scale.
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on the regulatory response of the RNA at high NTP
concentrations. While the regulatory behavior of
NML is consistent with the kinetic predictions, side-
chain analogs that delocalize or neutralize this
charge are unable to regulate at any of the
concentrations tested (up to 50 mM) (Fig. 8 and
Table 3). Surprisingly, loss of the main-chain amine
had the most pronounced effect on regulation, as
6ACA exhibited no apparent activity at any of the
transcription conditions tested. Collectively, these
data imply that proper placement of the positively
charged amines provides added selectivity for lysine
during rapid transcription, while the carboxylate
group helps to anchor the ligand to the P1 element to
elicit a regulatory response. These data further
indicate that the slower association rates observed
for many non-cognate ligands may hinder their
regulatory activities, while increased binding rates
impart an efficient regulatory response regardless of
transcription speed.

Discussion

Lysine biosynthesis is an important aspect of
normal cellular metabolism beyond its requirement
as a component of proteins. Key intermediates of
lysine biosynthesis such as meso-diaminopimelate
and dihydropicolinate are essential for cell wall
viability and sporulation in bacteria, and thus,
numerous mechanisms for controlling this impor-
tant metabolic pathway have evolved.**** In this
study, we have further explored how lysine ribos-
witch achieves selectivity using a series of chemical
analogs that present specific challenges to recogni-
tion of polar functional groups of lysine. Previous
studies of this riboswitch have hypothesized that its
specificity for L-lysine over related cellular metabo-
lites is primarily mediated by appropriate placement
of the charged e-amine.?>3° Our data demonstrate
that, while placement of the e-amine is required to
productively interact with the RNA, a formal charge
is not essential. This reflects the highly favorable
hydrogen bonding network formed with the g-amine
both by solvent-mediated contacts and by direct
interactions with the backbone of the RNA.

Additional binding selectivity for lysine is gained
by forming relatively weak interactions with main-
chain atoms, thereby prohibiting more promiscu-
ous amino acid binding, certainly a reflection of this
selective pressure on the aptamer domain in its
biological context. Previous studies focused primar-
ily upon the methylene groups of the side chain
and showed that the aptamer can accommodate
even relatively bulky groups such as a sulfonyl
group at the C4 position.?® Combined with our
data on the tolerance of the RNA to bulky
modifications of the carboxylate group, it is clear
that this RNA can bind a variety of nonnatural

lysine analogs with relatively high affinity, perhaps
reflecting the excess volume of the binding cavity
(188 A®) compared with that of lysine (116 A®). In
contrast, other riboswitch classes such as the purine
riboswitch form tightly enclosed binding sites that
preclude the presence of additional ligand func-
tionality, resulting in high-affinity interactions only
with analogs that have near ideal shape comple-
mentarity.365-67 The ability of the lysine riboswitch
to productively bind the variety of compounds thus
far observed is perhaps most surprising in light of
the structural data presented here that argue for
nonplasticity of the RNA surrounding the binding
site that enforces a strict hydrogen bond donor/
acceptor constellation.

While many studies have examined the thermo-
dynamics and kinetics of ligand binding to ribos-
witch aptamers, this study endeavored to correlate
these data with an in vitro transcription assay capable
of quantifying the regulatory response. To do this,
we adopted a kinetic model developed by Wickiser
et al. and Wickiser [Eq. (1)] that relates the regulatory
activity (Tsp) to kinetic binding parameters (k. and
ko) and a time allowed for equilibration as deter-
mined by the rate of transcription (AtRNAP).50/68
Surprisingly, from this analysis, we observe that, at
low NTP concentrations, lysine-dependent regula-
tion is essentially under thermodzynamic control in
contrast to previous observations.”>’ However, this
is consistent with expectations from calculation of the
T50 using experimentally observed binding kinetics
and a moderate rate of transcription. This implies
that under cellular conditions that slow the rate of
transcription such as low NTP concentrations, many
riboswitches might be under thermodynamic control.
A recent study of the lysC riboswitch that utilized the
B. subtilis polymerase observed moderately lower T
values® with respect to our measurements (15 uM
for B. subtilis RNAP versus 53 uM for E. coli RNAP).
These experiments were performed under compara-
bly low NTP concentration (10 pM versus 50 uM in
this work) but at significantly higher magnesium
concentrations that increase the affinity of the
aptamer for lysine (our unpublished data). Nonethe-
less, comparison of our data with that collected with
B. subtilis RNAP indicates that the two enzymes are
regulated by the lysC leader similarly and are under
thermodynamic control at low NTP conditions.

At higher NTP concentrations reflecting that
found in rapidly dividing cells, regulation dramat-
ically shifts from thermodynamic to kinetic control
(Fig. 7b). While these experiments were performed
with the E. coli RNAP transcribing a B. subtilis leader
sequence, we expect this observation to be consis-
tent between the two enzymes. B. subtilis RNAP is
known to be less prone to intrinsic pausing than the
E. coli enzyme,®® resulting in faster overall tran-
scription through the leader and thus a shorter
Atgnap. Since pausing becomes less efficient at
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higher NTP concentrations, the Tsy for B. subtilis
RNAP could be more easily pushed into a kinetic
control regime. However, it is important to note
that, in all of these, studies employ minimal
transcriptional systems devoid of transcription
factors such as NusA and NusG that influence
pausing and attenuation.”*”® Thus, these in vitro
systems likely fail to capture the true complexity of
the factors that influence in vivo performance.
Nonetheless, the minimal transcription system
using E. coli RNAP provides new insights regarding
the regulatory landscape of riboswitches that re-
quires further investigation in the context of the cell.

It is important to note that our kinetic model does
not account for some salient details of the transcrip-
tional response. For example, we observe that 30-
40% of the transcripts are terminated in the absence
of ligand and a maximal termination efficiency of
~80% under saturating ligand concentrations. This
observation is typical of the regulatory response of
many riboswitches and reflects aspects of the
cotranscriptional folding process that are not ligand
dependent and, therefore, excluded from our bind-
ing model. A second assumption that we make is a
direct relationship between the sequence length and
Atgnap, which implies that transcription proceeds at
a constant rate. This assumption is likely violated as
the RNAP elongation complex is prone to transcrip-
tional pausing under many circumstances.”?”!
Transcription pausing not only has the potential to
prolong the Atgnap for transcription of the expres-
sion platform, as demonstrated for the B. subtilis
FMN riboswitch,?! but also can play an important
role in guiding more efficient folding of large
RNAs72/73 as recently implicated for the Bip
riboswitch.”* Differences in the pausing behavior
of the RNAP, along with the slow association rates
of non-cognate ligands (Table 2), may therefore
account for the variable efficacy of lysine analogs to
regulate transcription at high NTP concentrations
(Fig. 8). The difficulty of identifying pause sites from
the primary sequence alone, however, motivates
further empirical examination of pausing in the
context of this and other riboswitch families.

The influence of NTP concentration on transcription
attenuation has been studied for a number of systems
including protein-dependent regulation of the frp
operon, 37,63 tRNA-dependent regulation of the glyQS
gene,”® and on the intrinsic eff1c1ency of a variety of
rho-independent terminators.”> As was observed for
the IysC riboswitch (Fig. 7b), regulation by the cognate
effector in these systems is markedly influenced at
similar NTP concentrations (400-500 uM) in vitro. As
transcription attenuation represents a broadly used
regulatory mechanism for biosynthetic operons in
bacteria,”® we hypothesize that a collective increase in
the sensitivity of attenuation mechanisms provides a
global regulatory strategy for optimizing biosynthetic
needs under resource-limited conditions. Such a

strategy would presumably complement other NTP
sensing mechanisms such as those that control
pyrlmldme biosynthesis®* and ribosome biosyn-
thesis,” the latter being a key determinant of the
overall growth rate of bacteria. Further analysis of
riboswitch-mediated transcription attenuation will be
therefore required to decipher the degree to which
different riboswitches couple regulation to global
aspects of metabolism and should yield additional
insights into how microorganisms tailor their metab-
olism to function robustly in diverse environmental
conditions.

Materials and Methods

Preparation of RNA

A 2AP-modified oligonucleotide with the sequence
GGAGUCUUUCUUGGAG-2AP-GCUAUCUCUCC was
chemically synthesized by Dharmacon, Inc. All other
RNAs in this study were synthesized using T7 RNAP
and purified accordlng to previously established
protocols.”>*>**77 Purified RNAs were stored in 5 mM
Tris—-HCI (pH 8.0) and 0.5 mM EDTA buffer and stored at
—20 °C prior to use.

To assure proper annealing of the two-piece RNA
construct, we engineered the sequence derived from the
B. subtilis lysC aptamer using the following 5 and 3’
primers to PCR amplify from a cloned plasmid
containing the entire promoter and 5’ leader segments
of this gene (5-TAATACGACTACTATAGGCGTGAG-
CAGACTCTTTTTTGGAGAGATAGAGGTGCGAAC
and 3'-TAAACGACCGGCACGTAACTTATTTA-
CATTCCGACAGTTCTTTCTGAGG) to produce an
unlabeled RNA with the sequence GGAGAGAUA-
GAGGUGCGAACUUCAAGAGUAUGCCUUUGGA-
GAAAGAUGGAUUCUGUGAAAAAGGCU-
GAAAGGGGAGCGUCGCCGAAGCAAUAAAA-
CCCCAUCGGUAUUAUUUGCUGGCCGUGCAUUG-
AAUAAAUGUAAGGCUGUCAAGAAAGACUCC.

The two-piece RNA used in the titration experiments
was constructed by annealing in a buffer containing
50 mM Na-Hepes (pH8.0) and 100 mM NaCl. The
unlabeled RNA was added to a final concentration of
3 uM to a 1-uM stock of 2AP-labeled RNA and heated in a
PCR block to 85 °C for 2 min then cooling at a rate of
0.1 °C/s with a 2-min hold at 10° intervals down to 4 °C.
Annealed products were analyzed by native polyacryl-
amide gel electrophoresis to ensure that the quality of the
annealing reaction was optimal. Under these conditions,
the labeled oligonucleotide was verified to incorporate
with high efficiency into a single species corresponding to
the appropriate size product.

Fluorescence spectroscopy

All ligand titrations were carried out in 50 mM Tris-HCl
(pH 8.0) and 100 mM NaCl and 5 mM MgCl, and 10 mM
KCl with a 100-nM RNA unless indicated otherwise.
Changes in the fluorescence of the 2AP reporter as a
function of ligand concentration were measured using a
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Tecan 96-well plate reader for all room temperature
experiments and in a Chirascan fluorescence spectrometer
for 37 °C experiments. Data were fit to the equation

[Lj|n
AF=Fmi1r\+ FmX_Fmin X = 2
FomcFon) * (i) @
where AF is the measured change in fluorescence, [L] is
the ligand concentration, F,, is the initial fluorescence,
and Fax—Fmin represents the total magnitude of the
change in measured fluorescence change for the titration.

Isothermal titration calorimetry

The wild-type lysC riboswitch aptamer from B. subtilis
(RFAM accession ABQL01000005.1/1891692-1891513)
was dialyzed overnight at 4°C in 50 mM Na-Hepes
(pH 8.0), 100 mM NaCl, 5 mM MgCl,, and 10 mM KCl.
The RNA was diluted to a final concentration of 60 pM and
titrated with lysine that had been dissolved directly in the
dialysis buffer at concentrations 10-fold in excess of the
RNA. Titrations were all performed at 20 and 37 °C using
the VP-ITC microcalorimeter (Microcal, Inc.). Data analy-
sis and fitting was performed with the Origin 5.0 software
suite (Origin Laboratories) as previously described.”

Chemical probing

Chemical probing was performed essentially as described
elsewhere.””8 RNA was diluted to 100 nM in 10 pL of a
buffer of 50 mM Tris-HCI (pH 8.0), 100 mM NaCl, 50 mM
KCl, 5mM MgCl,, and 0.1 mM EDTA. The RNA was
incubated with either 1 mM lysine or 10 mM lysine analog
to ensure that binding was at or near saturation. RNA was
probed at 37 °C for 45 min with 65 mM NMIA. Reverse
transcription was performed by adding 3 uL of 32p_labeled
DNA primer (~10nM final) and heating the solution to
95 °C for 5 min then cooling to 37 °C for 5 min on a PCR
block. The solution was then brought to 54 °C before adding
3uL of a SuperScript III (Life Technologies) reverse
transcriptase mix and allowing 10 min for primer extension.
The RNA in the reaction was degraded by adding 1 uL of
4M NaOH and incubating at 95°C for 5min before
quenching with a 1:1 Tris (unbuffered):formamide solution.
Polyacrylamide gel electrophoresis analysis was performed
using 12% polyacrylamide gels.

In vitro transcription studies

In vitro transcription assays were performed using the
wild-type lysC gene from B. subtilis containing the T7A1
phage promoter fused at the genomic +1 transcription
start site. Template DNA (10 nM) was equilibrated at
37°C in the presence of 0.5 units of E. coli RNAP
holoenzyme with saturating a-subunit (Epicentre) in 1x
TB1 [70 mM Tris-HCl (pH 8.0), 20 mM NaCl, 5mM
MgCl,, 10mM KCl, 17 mM DTT, 0.1 mM EDTA, and
35 pg/mL bovine serum albumin] for 10 min prior to the
addition of NTP substrate to 50 pM in a final volume of
20 pL. For reactions performed at different NTP concen-
trations, we adjusted the concentration of Mg>* added to
the reaction based on calculations performed with

CHELATOR,*" as implemented by MaxChelator® to
maintain a constant concentration of free Mg?".
Following addition of NTPs, the reactions were incu-
bated for 15 min at 37 °C and quenched with an equal
volume of 85% formamide. Products were separated by
6% denaturing gel electrophoresis, and counts were
obtained by standard phosphorimaging. Total counts for
full length and terminated were background corrected
and normalized to the total number of A's in each product.
Percent termination was plotted and fit to the equation

He) o

TSO = Tmin + (Tmax_Tmin) x ([Lr’—+Kd

where Th, is the observed termination in the absence of
ligand and Ty, is the maximal termination achieved at
high ligand concentrations.

Crystallographic data collection and processing

Crystallization of the 6ACA and KG ligands was
performed with a variant of the T. maritima asd lysine
riboswitch that was previously described (PDB ID:
?)DOU).38 The RNA was transcribed, purified, and
refolded using previously described protocols’”” and
was concentrated to 400 pM in 10 mM Na-Hepes
(pH 7.0) and 5 mM MgCl,. RNA and ligand were then
mixed at a 10:1 ratio to give a final ligand concentration
of 5mM and allowed to incubate for 30 min prior to
setting up crystallization drops. Mother liquor [10 mM
Na-Hepes (pH 7.0), 2M Li,SOy4, and 5 mM MgCl,] was
mixed with the RNA-ligand solution in a 1:1 volumetric
ratio, and crystallization was performed by hanging-
drop vapor diffusion. Diffraction data were collected on
a copper rotating anode source (Rigaku RU200 and
Rigaku RU2HR) with a Rigaku MSC IV++ area detector
at 100 K. Data were scaled and averaged using the
D*TREK®® as part of the CrystalClear software package
(Rigaku MSC). Structures of the 6ACA- and KG-bound
complexes were solved by molecular replacement with
the unliganded lysine aptamer (PDB ID: 3D0X) using the
PHENIX software suite.** Model building was per-
formed with Coot,®® and additional refinement was
performed with the routines implemented in PHENIX.
All figures of structural models were prepared using
PyMOL.%

Accession numbers

Coordinates and structure factors have been deposited
in the PDB under the accession numbers 4ER] (6ACA
bound) and 4ERL (KG bound).
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