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ABSTRACT
BO ZHAO: Development of NMR Methods for Characterizing Conformational Dynamics
in RNA Folding and Catalysis
(Under the direction of Qi Zhang)
RNA are highly dynamic molecules that often have to undergo multiple conformational
transitions to achieve distinct structures resulting in unique functions. Consequently,
understanding RNA function is necessarily tied into an understanding of RNA folding and
dynamics. A major challenge in this endeavor is that RNA folding is a dynamic, hierarchical
process that often involves multiple sparse, transient states, which cannot be characterized by
traditional high-resolution methods. In this work, I develop new NMR methods for characterizing
RNA transient states and apply them to the study of riboswitch folding and ribozyme catalysis.
First, I develop a new NMR method for the detection of relatively slow exchanging, sparsely
populated NMR states. I then explore the limits of other NMR techniques in studying similar
motions. Second, I develop a new NMR method for obtaining structural information about excited
RNA conformational states through the detection of residual dipolar couplings. Third, I apply the
techniques developed to understanding and mapping out the regulatory mechanism of fluoride
riboswitch, revealing that it operates through the allosteric suppression of a transient state. Finally,
in collaboration with a previous lab member, we apply these techniques to study hammerhead
ribozyme catalysis, focusing on the pre-catalytic hammerhead ribozyme. We show that the
cleavage rate of hammerhead ribozyme is intricately tied into its ability to pre-order through the
transient sampling of a docked excited state. Together, the work presented here will provide new
NMR tools for studying RNA excited states and demonstrate their importance RNA function.
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“We are the music makers,
And we are the dreamers of dreams…”
- Arthur O’Shaughnessy
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CHAPTER 1. INTRODUCTION
1.1

Conformational Transitions are a Hallmark of RNA function
The last thirty years have led to a revolution in our understanding of the role of RNA in

biology, which extends far beyond its classic roles as mRNA, rRNA, and tRNA into a wide variety
of gene regulatory roles ranging from enzymatic catalysis by ribozymes to gene regulation by
riboswitches3-6. A remarkable feature of many of these newly discovered non-coding RNAs
(ncRNAs) is that they undergo conformational transitions, often occurring in multiple steps driven
by distinct cellular cues, leading to distinct structures that serve unique functions7-10. For example,
riboswitches11-13 undergo ligand-dependent structural rearrangements to effect gene expression
and ribozymes15-18 undergo a series of conformational changes to achieve substrate binding,
catalysis, and product release. In recent decades, significant advancements in determining highresolution RNA structures by X-ray crystallography and nuclear magnetic resonance (NMR)
spectroscopy have given us insight into the structural basis for RNA functions. However, it has
simultaneously been recognized that RNA are highly dynamic molecules, thus requiring a full
accounting of the intrinsic conformational dynamics to understand these structural transitions and
consequently RNA function.
This complete picture of an RNA molecule, including its structure, dynamics,
thermodynamics, and kinetics, can be represented as a free-energy landscape, a concept that was
originally introduced by Frauenfelder and co-workers to describe protein dynamics and folding 22.
This model of RNA envisions a pitted landscape representing individual states that RNA can
transit, with the global minimum of the free energy landscape representing the lowest-energy state,
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and consequently the most stable and highly populated state. This state is often regarded as the
native state and is also referred to as the ground state conformation of an RNA molecule. However,
due to thermal energy, RNA is often not in a single static but rather fluctuates around its average
native conformation, while occasionally transiting to alternative, higher-energy states, represented
as local minima on the free-energy landscape. While the ground states as well as some higherenergy states that can be kinetically trapped have been the focus of most high-resolution studies,
it still remains a major challenge for structural biology to characterize a large number of higherenergy RNA states that are dynamically sampled by the ground state. This is due to the
fundamental issue that these states are often either insufficiently populated or exist for too little
time to be studied or even detected by conventional high-resolution approaches.
Significant advances in single molecule23-25, time-resolved hydroxyl radical footprinting29,
and fluorescence techniques30 have enabled the discovery and characterization of novel excited
conformational states of RNA. However, accurate assignment of specific molecular configurations
to excited conformational states remains a challenge for these approaches. In the past few years,
developments in solution-state NMR31-41 have enabled the characterization of kinetically distinct
conformational states at the atomic level with populations as low as ~0.5% and the lifetime as short
as tens-of-microseconds40,41.
1.2

A Hierarchical Free-Energy Landscape of RNA Conformational Transitions
RNA conformational transitions can occur over a broad range of timescales, ranging from

picoseconds to seconds and longer, and a wide range of motions, from local base pair reorientation
to global secondary structure reorganization. These excited states of RNA can be classified based
on the nature of the dynamic processes involved through a general framework based on the highly
hierarchical and rugged RNA free-energy landscape43. In this framework, RNA dynamics are
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classified into three hierarchical free-energy tiers – Tiers 0, 1 and 2 (Figure 1.1). Tier 0 represents
the lowest tier on the free-energy landscape, where conformational transitions occur between
distinct secondary structures with the energy barriers usually orders of magnitude higher than kBT
(> ~17 kcal/mol), resulting in transitions on the timescale of tens-of-milliseconds to seconds and
longer. Within individual Tier-0 basins are Tier-1 conformational states, which share similar
global secondary structures but differ in local base-pairing configurations and/or tertiary
interactions, such as base pair reshuffling, base pair melting, and base pair isomerization. These
transitions have lower energy barriers (~9–16 kcal/mol) and consequently occur at the faster
timescales of microseconds to tens-of-milliseconds. The final tier, Tier 2, represents fine-tuned
conformations sampled by individual Tier-1 states via localized dynamic processes, with energy
barriers separating different conformations only a few kBT (~2–9 kcal/mol). Dynamic
interconversion between Tier-2 states can be ascribed to two fast motional modes, base-stacking
motions at the nanosecond-to-microsecond timescale and jittering motions at the picosecond-tonanosecond timescale.
Experimental identification of an excited state is based on the ability of the experimental
technique to distinguish different conformational states. NMR spectroscopy has been a powerful
tool for quantifying conformational motions at all tiers44 and obtaining structural and kinetic
insights into excited states in nucleic acids. The development of a series of NMR experiments has
enabled detection and quantification of these motions over a wide range of timescales (Figure 1.2).
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Figure 1.1 Hierarchical free-energy landscape of RNA conformational transitions. Top
Panel: Tier-0 conformational transitions consist of large-scale changes in secondary structures
such as pseudoknot formation from a hairpin. Due to high-energy barriers separating different
secondary structures, conformational transition from a Tier-0 ground state (GS) to a Tier-0
excited state (ES) occurs at the timescale of tens-of-milliseconds to seconds and longer. Middle
Panel: Tier-1 conformational transitions consist of local base-pairing re-configurations such as
base pair reshuffling within a hairpin. The energy barriers between Tier-1 states are smaller
than those between Tier-0 states, and the resulting conformational transition from a Tier-1 GS
to a Tier-1 ES occur at the timescale of microseconds to tens-of-milliseconds. Bottom Panel:
Tier-2 conformational transitions consist of fine-tuned conformational changes such as base
stacking dynamics and interhelical motions. With energy barriers of only a few kBT,
conformational transition from a Tier-2 GS to a Tier-2 ES occur at the timescale of picoseconds
to microseconds.
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Figure 1.2 Solution-state NMR techniques for characterizing excited conformational
states in RNA. Timescales of exchange process and corresponding suitable NMR experiments
(solid lines). Dashed lines indicate regions that are challenging to study by a given NMR
experiment.
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1.3

Research Overview
The overall goal of my project is to characterize the unique folding processes of fluoride

riboswitch and hammerhead ribozyme through the application of existing ensemble-based NMR
approaches as well as the development of novel solution state NMR methods to characterize
transient RNA states.
In chapter 2, I highlight my development of a nucleic-acid optimized chemical exchange
saturation transfer (CEST) NMR experiment and its application to the study of slow exchange in
fluoride riboswitch. In the first part of the chapter, I explain the theory and details of chemical
exchange saturation transfer compared to other existing techniques to measure motions on
similar timescales. I go on to compare these techniques and map out the slow exchange limit of
CEST and R1r vis a vis the technique generally used to study slow chemical exchange, ZZexchange spectroscopy.
Current NMR techniques provide limited structural information about excited states. In
chapter 3, I present new CEST methods aimed at obtaining direct structural information about
excited states in the form of residual dipolar couplings (RDCs). RDCs provide information about
long range angular constraints and is generally used as a method to refine NMR structure. These
new methods aim to measure excited state RDCs, informing us of the structure of these
conformational states. I present two methods used for the measurement of excited state RDCs
and show that both provide consistent measurements that are consistent with excited state
pseudoknot formation in the fluoride riboswitch.
In chapter 4, I describe work done to elucidate the switching mechanism underlying
fluoride riboswitch gene regulation and reveal that it utilizes a novel switching mechanism that
utilizes the differential sampling of an excited conformational state. The work begins with the
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first solution structure of any apo riboswitch, which is then shown to be structurally identical to
the holo riboswitch. Using the CEST techniques developed in chapter 2, I show that the
difference between states is due to the transient sampling of an excited state. I then proceed to
apply single-round transcription assays to probe the function of this excited state. This work
presents the first functional excited state described in RNA and encapsulates a complete
description of the co-transcriptional process of fluoride riboswitch gene regulation.
Finally, in Chapter 5, I present work done in collaboration with Quoc Mac, a previous
undergraduate in the lab, to study the conformational transitions underlying hammerhead
ribozyme catalysis. This work involves application of CEST to a series of native hammerhead
ribozyme constructs and the detection of excited states whose identities were confirmed through
mutation. Finally we show a correlation between the sampling of an excited state with the
cleavage rate of these ribozymes.
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CHAPTER 2. CHARACTERIZING SLOW CHEMICAL EXCHANGE IN NUCLEIC
ACIDS BY CARBON CEST AND LOW SPIN-LOCK FIELD R1r NMR
SPECTROSCOPY1
2.1

Introduction
In recent years, there has been an explosion in the field of RNA biology culminating in the

discovery of non-coding RNAs that have functions ranging from enzymatic activity to gene
regulation6. Many of these RNA functions depend on exchange between conformations across a
wide range of timescales10. NMR spectroscopy has proven to be a powerful tool in studying these
motions31,45. However, the techniques to study RNA conformational dynamics at relatively slower
microsecond to second timescales, such as base pair formation or secondary structure transitions
occur, remain limited in their ability to study slow, sparsely populated systems10. Current
techniques, including imino/amino proton exchange46, ZZ-exchange38,39,47,48, and time-resolved
NMR spectroscopy49,50, have enabled the characterization of base pair formation within the
subsecond to second timescale in cases where the state of interest is sufficiently populated. Faster
base-pairing dynamics, on the microsecond timescale, have been studied using conventional32,33
and low spin-lock field34-36 R1ρ relaxation dispersion (RD). The development of low spin-lock field
R1ρ RD has enabled discovery of micro-to-millisecond base pair reconfiguration as slow as ~370
s-1 being successfully characterized40,41,51. However, even given these developments, accurate
elusive. In proteins, these motions have been characterized by Carr-Purcell-Meiboom-Gill

1

This chapter contains work previously published in Journal of the American Chemical Society. The original citation
is as follows: Zhao, B., Hansen, A. L. & Zhang, Q. Characterizing Slow Chemical Exchange in Nucleic Acids by
Carbon CEST and Low Spin-Lock Field R1ρ NMR Spectroscopy. Journal of the American Chemical Society 136,
20-23 (2014).
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(CPMG) RD, which is applied to study exchange ranging from ~200 to 2000 s-1.52,53 However,
the presence of extensive carbon-carbon scalar couplings within nucleic acids54 complicates
application of CPMG RD and limits it to cases where site-specific labelling schemes are utilized3739

. In this chapter, I describe the development of chemical exchange saturation transfer (CEST)

NMR spectroscopy and application of low spin-lock field R1ρ RD experiments to accurately
characterize slow chemical exchange in a fluoride riboswitch.
2.2

Theory

2.2.1

Bloch-McConnell Formalism
The experiments utilized in this chapter can all be understood through the Bloch-

McConnell equations14,55. The Bloch formalism describes the behavior of a single or multiple noninteracting spin-1/2 nuclei in an invariant magnetic field. In such a case, the bulk magnetic moment
of a species of interest, M(t), experiences a torque equal to the time derivative of the angular
momentum,

d J(t )
= M(t ) ´ B(t )
dt

(1)

This equation can then be rewritten in terms of the time derivative of the bulk magnetic moment,

d M(t )
= M(t ) ´ g B(t )
dt

(2)

by multiplying both sides by the gyromagnetic ratio, g. The description of bulk magnetization
can then be further expanded into individual Cartesian components with additional relaxation
parameters,

9

d Mx(t )
= g [My(t ) Bz(t ) - Mz(t ) By(t )] - R2 Mx(t )
dt
d My(t )
= g [Mz(t ) Bx(t ) - Mx(t ) Bz(t )] - R2 My(t )
dt
d Mz(t )
= g [Mx(t ) By(t ) - My(t ) Bx(t )] - R1[Mz(t ) - M0 ]
dt

(3)

wherein the magnetization decays due to two phenomenological rate constants, R1 and R2, also
known as the longitudinal relaxation rate constant and the transverse relaxation rate constant,
respectively. Conversion from the laboratory reference frame to the rotating frame utilizing the
identity,

é d M(t ) ù
êë dt úû = M(t ) ´ [g B(t ) + w ]
rot

(4)

where ω represents the angular velocity of the axes within the rotating frame. The Bloch
equations can then be further rearranged into matrix form,
W - wy öæ Mx ö æ 0 ö
æ Mx ö æ R2
÷ç ÷ ç
÷
d ç ÷ ç
wx ÷ç My ÷ + ç 0 ÷
ç My ÷ = ç - W R2
dt ç ÷ ç
÷ç ÷ ç
÷
è Mz ø è wy - wx R1 øè Mz ø è R1M0 ø

(5)

where ωi represents the i component of an applied radiofrequency field, Ω represents the
frequency offset of said radiofrequency field, and M0 represents the initial magnetization
condition at the start of an experiment. The addition of chemical exchange,
kab

[A]«
[B ]
k

(6)

ba

wherein the system undergoes a dynamic equilibrium between states A and B defined by the
forward and backward rates, kab and kba, to the Bloch equations was introduced by McConnell,
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d æ [A]ö æ - kab kba öæ [A]ö
ç ÷=ç
÷ç ÷
dt çè [B]÷ø çè kab - kba ÷øçè [B]÷ø

(7)

creating a set of equations that describe the behavior of magnetization undergoing chemical
exchange under an invariant magnetic field. For the sake of illustration, the Bloch-McConnell
equations for a two-state exchange system are shown below. First the initial magnetization vector
is expanded by tensor product,

æ Max ö
ç
÷
ç May ÷
æ Mx ö
æ [A]ö ç ÷ ç Maz ÷
÷
çç ÷÷ Ä ç My ÷ = ç
[
]
B
M
bx
ç
÷
è ø ç Mz ÷
è ø ç Mby ÷
ç
÷
ç Mbz ÷
è
ø

(8)

Then, the McConnell and Bloch matrices are expanded,

æ - kab
çç
è kab

0
0
kba
0
0 ö
æ - kab
ç
÷
- kab
0
0
kba
0 ÷
ç 0
æ1 0 0ö ç
÷
kba ö ç
0
0
- kab
0
0
kba ÷
÷
÷÷ Ä ç 0 1 0 ÷ = ç
- kba ø ç
0
0
- kba
0
0 ÷
ç kab
÷
è0 0 1ø ç 0
kab
0
0
- kba
0 ÷÷
ç
ç 0
0
kab
0
0
- kba ÷ø
è

W
æ R2
æ1 0ö ç
çç
÷÷ Ä ç - W R2
è 0 1 ø ç wy - wx
è

Wa - wy
0
0
0 ö
æ R2a
ç
÷
0
0
0 ÷
ç - Wa R2a wx
- wy ö ç
÷
wy - wx R1a
0
0
0 ÷
÷
wx ÷ = ç
0
0
R2b
Wb - wy ÷
ç 0
÷
R1 ø ç
0
0
- Wb R2b wx ÷÷
ç 0
ç 0
0
0
wy - wx R1b ÷ø
è

(9)

(10)

before being combined to into the complete Bloch-McConnell matrices for two state exchange,
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Wa
- wy
kba
0
0 öæ Max ö
æ R2a - kab
ç
÷ç
÷
R2a - kab
wx
0
kba
0 ÷ç May ÷
ç - Wa
- wx
R1a - kab
0
0
kba ÷ç Maz ÷
d M(t ) çç wy
÷ç
÷ + M0
=
0
0
R2b - kba
Wb
- wy ÷ç Mbx ÷
dt
ç kab
ç 0
kab
0
- Wb
R2b - kba
wx ÷÷çç Mby ÷÷
ç
ç 0
0
kab
wy
- wx
R1b - kba ÷øçè Mbz ÷ø
è

2.2.2

(11)

Chemical Exchange Saturation Transfer
The CEST experiment is a 2D NMR experiment where a weak spin-lock field is applied at

specific offsets for a time TEX to initial Z-magnetization (Figure 2.1). For a two-state exchange
system, Ground State Û Excited State, a weak spin-lock field applied on the ground state
resonance induces precession about the y axis by the ground state magnetization, resulting in a
decrease in peak intensity through R2 relaxation during precession. As the spin-lock is then
“stepped” through, at positions far away from the ground state, the magnetization is not perturbed
by the weak spin-lock field and subsequently the loss in peak intensity is due to R1 relaxation.
However, when the spin-lock field is on the position of the excited state, the excited state
magnetization is then attenuated by the same mechanism, which can then be observed as a decrease
in ground state peak intensity due to chemical exchange. The intensity of the major state can be
plotted as a function of the position of the weak spin-lock field. This profile, which is not effected
by pulses/gradients, can be described by the Bloch-McConnell equations, with initial
magnetization being represented as pure Z-magnetization in equilibrium populations.
2.2.3

R1p Relaxation Dispersion
Like the CEST experiment, R1r relaxation dispersion consists of a spin-lock field applied

at various specific offsets for a time TEX. In contrast, the magnetization is first prepared to a specific
angle along the direction of the effective spin lock field in the rotating frame, resulting in an
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Figure 2.1 Schematic representation of experimental profiles measured with different
NMR techniques for characterizing excited states in RNA. NMR resonance for a sparsely
populated and shortly lived excited state, which is not visible in a conventional Heteronuclear
Single Quantum Coherence (HSQC) spectrum, is illustrated as red dashed circle for clarity.
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effective decay in magnetization observed as a rate R1r. This preparation of magnetization is done
either through the use of an adiabatic pulse in the case of a 2D experiment or by the application of
90o pulses for an individual resonance in a selective 1D experiment. Further, these experiments
can be carried out in either an on resonance or off resonance fashion where the former refers to an
experiment where the spin-lock is applied ‘on resonance’ to the peak of interest and where the
latter refers to applying the spin lock at a frequency offset from the resonance of interest. These
experiments result in characteristic dispersion profiles that readily reveal the existence or absence
of chemical exchange (Figure 2.1).
2.2.4

ZZ-Exchange
ZZ-exchange spectroscopy is part of a larger class of exchange spectroscopy experiments

that enables detection of equilibrium conformational transitions occurring at subsecond-to-second
timescales, provided that both states of interest are observable (i.e. >~10%)56,57. The experiment
operates by encoding the chemical shift of the peak of interest before a mixing period during which
the magnetization of this peak undergoes chemical exchange due to conformational transition,
encoding a second chemical shift corresponding to the second state. This results in a spectrum with
four peaks, two auto peaks representing the two states, as well as two cross-peaks representing the
chemical exchange between the two states. These four peaks can be simultaneously fit to a
simplified form of the Bloch-McConnell equations that only represent the Z component,
!"
% − ()*
= &
(*)
!#

()*
%& − (*)

")+
"*+

(12)

as there is no radiofrequency field applied during the course of mixing period. However, the nature
of this experiment presents a natural lower detection limit as it requires observation of multiple
exchange peaks. Furthermore, since the experiment effectively quadruples peak number, it
becomes difficult to study larger RNA as the spectral overlap becomes a limiting factor.
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2.3

Results
The saturation transfer type NMR experiment was first developed by Forsen and Hoffman

in the early 1960s58 and has subsequently been applied to solution-state biomolecular NMR
spectroscopy by Clore and co-workers and Kay and co-workers, who have developed 2D

15

N

dark-state exchange saturation transfer (DEST)59 and a suite of 2D 1H, 13C, and 15N CEST NMR
experiments for the study of proteins60-64, respectively. However, due to the different properties of
RNA and proteins, the extant protein NMR methods cannot be directly applied to RNA and
therefore an RNA-specific experiment needed to be developed. Building upon the scheme by Kay
and co-workers60, we developed a nucleic-acid-optimized 2D

13

C CEST experiment that uses a

series of shaped pulses to selectively invert and refocus carbon magnetization of interest and to
refocus carbon-carbon scalar coupling from neighboring carbons (Figure 2.2). A 90x240y90x
composite pulse train,65 as previously described,60 is used for 1H decoupling to suppress C-H cross
relaxation, dipolar-dipolar/carbon CSA cross-correlated relaxation, and the 13C multiplet structure
in the CEST profile.60
We applied the 13C-CEST experiment on a Bacillus cereus fluoride riboswitch in its ligandfree state (Figure 2.3). Fluoride riboswitch regulates the transcription of putative fluoride
transporters66. The crystal structure of a ligand-bound fluoride riboswitch revealed a compacted
pseudoknot that remarkably encapsulates a single fluoride ion in complex with three magnesium
ions67. However, this pseudoknot structure, which forms in solution in the presence of ligand, does
not fold in the ligand-free state, as only signals from P1 and P2 stems are observed in the 1D imino
1

H spectrum (Fig. 2.3A). An individually guanosine

13

C/15N labeled sample was prepared to

provide well-distributed probes across all stem regions with greatly simplified NMR spectra.
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Figure 2.2 2D 13C CEST pulse sequence for characterizing slow chemical exchange in
nucleic acids. Narrow (wide) rectangles are 90° (180°) pulses and closed (open) shapes are
selective on (off) resonance 180o pulses. Delays are t=1/4JCH and t'=g8. Phase cycle is f1={x,x}, f2={y}, f3={2x,2y,2(-x),2(-y)}, f4={4x,4(-x)}, f5={4x,4(-x)}, f6={4y,4(-y)},
receiver={x,2(-x),x,-x,2(x),-x}. Briefly, 1H magnetization is transferred to 13C longitudinal
magnetization, which relaxes under a weak 13C B1 field during TEX. 13C transverse
magnetization then evolves during t1 and is returned to 1H for detection. Peak intensities are
monitored as a function of B1 offset and power.
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Figure 2.3 Quantification of an “invisible” excited state in the ligand-free Bacillus cereus
fluoride riboswitch by 2D 13C CEST. (A) Secondary structures and 1D imino 1H spectra of the
ligand-free and bound riboswitches. (B-C) 1H-13C HSQC spectra of base (C8) and sugar (C1’)
region of a G 13C/15N labeled riboswitch. Overlaid on the spectra in green are resonances of a
single GTP. Colored in orange are residues whose CEST profiles are shown. (D-E) 13C B1 field
strength and carrier (in ppm) dependence of intensity profiles of base C8s and sugar C1’s for G33,
G8 and G10. Solid lines represent the best fits to a two-state exchange process using the BlochMcConnell equation.
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2D 1H-13C HSQC spectra of non-exchangeable resonances from the ligand-free G-labeled sample
further support the absence of pseudoknot. In particular, base (C8) and sugar (C1’) carbon
chemical shifts of G8 and G10, which otherwise would be located in the center of the pseudoknot
P3 stem, are significantly shifted towards those of a single GTP and far away from those of Gs
residing within the P1 and P2 stems (Figure 2.3B-C). Thus, these conventional methods would
strongly suggest that ligand binding induces pseudoknot formation.
Application of 13C-CEST to the ligand-free G-labeled riboswitch immediately revealed a
hidden conformational state that is “invisible” to conventional NMR experiments. Shown in Figure
2.3D-E are representative 13C-CEST profiles of base and sugar carbons recorded at 30oC with TEX
= 0.3 s. While G33 from P2 displays single dips in peak intensity profiles that match peak positions
in 1H-13C HSQC spectra, second intensity dips corresponding to an “invisible” excited state can
be clearly seen for G8 and G10. Interestingly, except residues from P2, we observed either
asymmetrically broadened intensity dips or more than one dip in intensity for all other guanosine
residues. The nature of these is subject to further investigation. Here, we focus on G8 and G10,
which not only have the most distinct carbon chemical shifts among all G residues in the free state,
but also display the most dramatic CEST profiles (Figure 2.3B-E). Base and sugar carbon CEST
profiles of G8 and G10 were first fitted independently to a two-state model using the BlochMcConnell equation14 to quantitatively extract excited state carbon chemical shifts as well as
kinetics and thermodynamics of the exchange between ES and ground state. Since carbon B1 fields
of ~17 – ~48 Hz were used, small 1JC8-N7,9 (~15 Hz) couplings cannot be well-resolved, and
therefore were not included in the fitting of base (C8) CEST profiles. On the other hand, large
1

JC1’-C2’ (~45 Hz) couplings have been taken into account in the data analysis of sugar (C1’) CEST

profiles, as described previously.64
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Excellent fits were obtained with the simple two-state model (Figure 2.3D-E and Table
2.1). Initial inspection of the excited state carbon chemical shifts (vES = vGS + ∆v), where ∆v is
the extracted chemical shift difference between ES and GS, immediately provides structural
insights into the “invisible” ES. Base carbons (C8) of G8 and G10 are shifted –4.09 and –3.95 ppm
to 134.30 and 133.80 ppm in the excited state, respectively, which reside among resonances of
residues within P1 and P2 stems with an average chemical shift of 133.47 ppm. Similarly, the
excited state sugar carbon (C1’) resonances are also among those from helical residues (Table 2.1).
Thus, these carbon chemical shifts strongly indicate that both G8 and G10 are located within
helical environments in the excited state. The obtained exchange parameters from individual fits
are also very similar, the rate of exchange (kex = kGE + kEG) ranges between 102 to 122 s-1 and the
population of excited state (pES) ranges between 9.8 to 10.4%, strongly suggesting a global
exchange process. Global fitting of all CEST profiles of G8 and G10 to a single two-state model
resulted in kex = 112 ± 4 s-1 and pES = 10.1 ± 0.1%, with the lifetime of ES being τ = 9.9 ± 0.3 ms.
Collectively, these results indicate that G8 and G10 move concertedly from unfolded to helicallike states. Such a helical conformation, comprising both G8 and G10, would be consistent with
the formation of the P3 stem, suggesting a pseudoknot-like excited state in the absence of ligand.
Given the importance of the pseudoknot conformation in ligand recognition, as observed in the
crystal structure, this putative pseudoknot may represent a state that is selected by the ligand. It is
also worth noting that, despite the presence of small and large scalar couplings, accurate exchange
parameters can be extracted from all CEST profiles, consistent with a recent study in proteins
showing that exchange parameters can be reliably extracted from 13CO CEST even in the presence
of 13CO-13Ca scalar couplings.64
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23.6 ± 0.5
137 ± 6
-4.10 ± 0.01

2.43 ± 0.03
28.3 ± 0.2
100 ± 12
-3.96 ± 0.02

R2G (s-1)
R2E (s-1)
ΔϖGE (ppm)
kex (s-1)
pES (%)
χ2 (Reduced)

R1 (s-1) (Input)
R2G (s-1)
R2E (s-1)
ΔϖGE (ppm)
kex (s-1)
pES (%)
χ2 (Reduced)

χ2 (Reduced)

pES (%)

kex (s )

-1

ΔϖGE (ppm)

4.11 ± 0.01

2.35 ± 0.12

2.36 ± 0.01

R1 (s-1)

R1 (s-1)

G8/C8

Parameter

20.0 ± 0.5
165 ± 6
-3.96 ± 0.01

2.48 ± 0.04
23.7 ± 0.2
97.2 ± 12.4
-4.03 ± 0.02

16.2 ± 7.4
0.40

17.3 ± 5.3
0.40

2.35 ± 0.13

2.43 ± 0.03
28.8 ± 0.2
122 ± 15
-3.95 ± 0.02
116 ± 2
10.8 ± 0.2
5.06 (8.92*)

24.1 ± 0.8
147 ± 7
-4.09 ± 0.01
109 ± 8
9.86 ± 0.29
6.36 (15.5*)

2.36 ± 0.01

G8/C8

4.11 ± 0.01
65.4 ± 16.5

2.31 ± 0.06
21.1 ± 0.1
124 ± 12
2.41 ± 0.04

17.4 ± 0.5
171 ± 8
2.40 ± 0.01

2.25 ± 0.01

G10/C1’

4.03 ± 0.01
78.1 ± 13.2

2.46 ± 0.13

121 ± 2
10.8 ± 0.1
6.48 (9.95*)

2.17 ± 0.07
21.0 ± 0.1
86.9 ± 11.0
3.34 ± 0.04

112 ± 4
10.1 ± 0.1
3.62 (10.6*)

17.3 ± 0.5
101 ± 6
3.40 ± 0.01

G10/C8
2.47 ± 0.01

Global Fit
2.15 ± 0.01

G8/C1’

* Shown in parenthesis are reduced c2 values obtained from data fitting with R2G=R2E.

ZZ-exchange

R1r

CEST

Method

G10/C8

2.17 ± 0.07
19.9 ± 0.1
76.8 ± 10.6
3.30 ± 0.03
120 ± 3
11.8 ± 0.3
2.53 (4.38*)

16.6 ± 0.7
95.4 ± 6.9
3.41 ± 0.01
122 ± 7
9.83 ± 0.26
1.59 (3.31*)

2.15 ± 0.01

0.40

18.5 ± 9.4

4.03 ± 0.01
90.0 ± 23.6

2.46 ± 0.15

2.48 ± 0.04
24.7 ± 0.2
131 ± 17
-4.00 ± 0.02
110 ± 2
11.0 ± 0.2
6.41 (10.9*)

20.8 ± 0.7
171 ± 7
-3.95 ± 0.01
102 ± 7
10.4 ± 0.3
3.16 (11.9*)

2.47 ± 0.01

Individual Fit

G8/C1’

Table 2.1: Summary of parameters obtained from fitting CEST, R1r and ZZ-exchange data recorded at 30oC

2.31 ± 0.06
20.6 ± 0.1
115 ± 13
2.38 ± 0.04
116 ± 3
11.7 ± 0.3
3.02 (7.25*)

16.8 ± 0.7
162 ± 8
2.40 ± 0.01
117 ± 7
10.4 ± 0. 3
2.36 (8.95*)

2.24 ± 0.01

G10/C1’

Interestingly, the CEST experiment is reminiscent of the R1ρ experiment,68 except that the
magnetization of interest is kept along Z instead of being rotated into its effective magnetic field
prior to spin lock. The developments of low spin-lock field R1ρ RD have allowed access to an
exchange regime that is typically measured by CPMG RD.34-36 Exchange as slow as ~280 s-1 and
~370 s-1 has been reported in protein35 and nucleic acids40, respectively. However, it is not clear if
even slower processes can be measured by low spin-lock field R1ρ RD. Previously, low spin-lock
fields of ~25 Hz and ~90 Hz were demonstrated to ensure single-exponential relaxation decays of
amide 15N nuclei in proteins35 and isolated 13C nuclei in nucleic acids36, respectively. Consistent
with these previous studies, we found that the spin-lock field can be roughly as low as ~45 Hz for
C8 and ~150 Hz for C1’ (Figure 2.4), which is about three times larger than 1JC8-N7,9 and 1JC1’-C2’
couplings, respectively, to sufficiently lock the 13C multiplet components along the effective field.
With this guidance, we applied the 1D selective R1ρ RD,36 with minor modifications, to measure
dispersion of base and sugar carbons of G8 and G1. We adapted a previously described constanttime approach35 where R1ρ values were obtained from a single delay period (TEX = 32 ms) and only
the magnetization associated with the ground state was prepared and rotated into the effective
magnetic field prior to the spin-lock period. This initial magnetization condition was then taken
into account in data analysis using the Bloch-McConnell equation14.
Shown in Figure 2.5 are R1ρ RD profiles of base and sugar carbons from G8 and G10.
Clearly, the excited state can be identified as either a second peak or a shoulder to the on-resonance
peak in the profiles. We also noticed that the baselines of these RD profiles are much higher than
the expected intrinsic longitudinal relaxation rates (R1) (Figure 2.5), while those from G33, which
does not exhibit exchange, agree well. Simulation establishes that, if only GS magnetization is
present prior to spin lock, such an elevation is an indication of a relatively highly populated excited
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Figure 2.4 Assessment of low spin-lock field limit for R1ρ measurement. Shown are spinlock power (w/2p) and time dependence of on-resonance R1ρ for (A) base carbon C8 and (B)
sugar carbon C1’ of G33, a residue with no exchange. Solid-lines represent best fit to a single
exponential decay for each profile.
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Figure 2.5 Quantification of slow exchange in the ligand-free fluoride riboswitch by low spinlock field R1ρ RD. Shown are spin-lock power (w/2p) and offset (W/2p) dependence of R1ρ for (A)
base C8s and (B) sugar C1’s of G8 and G10, where W = wrf - Wobs is the frequency difference
between spin-lock carrier (wrf) and observed peak (Wobs). Dashed lines are measured R1 rates. Solid
lines represent the best fits to a two-state exchange process using the Bloch-McConnell equation.
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state. This is a condition that is rendered necessary given the slow rate of exchange observed. Due
to this, equilibration of magnetization prior to the spin-lock period would result in too significant
a loss of signal to warrant returning to equilibrium. Independent fitting of each RD profile to a
two-state model gave similar exchange parameters (kex ~ 110 – 120 s-1 and pES ~ 10 – 12%) (Table
2.1). Global fitting of all RD profiles gave values of kex = 121 ± 2 s-1 and pES = 10.8 ± 0.1%, which
are essentially identical to those obtained from CEST. Extracted chemical shift differences for both
base and sugar carbons are also in great agreement between the two methods (Table 2.1). For
example, for C8 of G10, ∆vR1ρ = -4.03 ± 0.02 ppm agrees very well with ∆vCEST = -3.96 ± 0.01
ppm. Therefore, these two methods cross-validated each other as means to accurately study slow
exchange. Moreover, to the best of our knowledge, this is also one of the slowest exchange
processes that have been reported using R1ρ RD experiment.
It is of interest to compare the advantage of CEST and low spin-lock field R1ρ RD in
studying slow exchange involving lowly populated excited state to ZZ-exchange, which is
traditionally used to probe slow exchange, provided that exchanging states are sufficiently
populated56. Despite excited state diagonal peaks being difficult to identify, very weak ground
state/excited state cross-peaks can be observed for G8 and G10, allowing direct ∆v measurement
(Figure 2.6). The obtained values are accurate and agree very well with those from CEST and R1ρ
RD (i.e. ∆vC8 (G10) = -4.03 ± 0.01 ppm, Table 2.1), providing independent validation of the latter
methods in extracting excited state chemical shifts. However, the obtained exchange parameters,
kex(G8) = 65.4 ± 14.7 s-1 and kex(G10) = 90.0 ± 20.5 s-1, are much less accurate. Such deviations are
likely due to the absence of excited state profiles, as well as weak cross-peak intensities, where, as
shown in simulations, small measurement errors can result in large deviations in the extracted
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Figure 2.6 Characterizing slow exchange in the ligand-free fluoride riboswitch by ZZexchange. (A) 1H-13C spectrum of base C8s from ZZ-exchange at 75 ms mixing time. Colored in
orange are diagonal peaks from ground state (GS) and cross-peaks between GS and ES of G8 and
G10. “Invisible” ES diagonal peaks are labeled as open letters. Asterisk is aliased G30 peak. (B)
Mixing-time dependence of diagonal and cross-peak intensities for G8 and G10 from ZZexchange. Solid lines represent the best fits to a two-state exchange process.
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parameters (Figure 2.7), reflecting the limitation of ZZ-exchange in studying exchange involving
lowly populated states.
To this end, we explored the utility of CEST and low spin-lock field R1ρ RD in studying
even slower exchange by carrying out measurements at a lower temperature (25oC) and focusing
on base carbons of G8 and G10. Despite only 5oC difference, a more than two-fold intensity
decrease of these resonances made it prohibitively time consuming to record 2D 13C-CEST with
sufficient signal-to-noise, motivating us to develop a 1D 13C-CEST, which is built on the 1D 13CR1ρ RD scheme36. By focusing on one resonance at a time, the 1D scheme can provide 10-100 fold
time savings compared with its 2D counterpart35,36. We first validated the 1D scheme at 30oC,
where almost identical profiles were obtained between 1D and 2D CEST. We then performed 1D
13

C CEST, R1ρ RD, and ZZ-exchange at 25oC (Figure 2.8). The values of kex = 55.1 ± 3.3 s-1 and

pES = 16.5 ± 0.5% were obtained from global fitting of CEST data. Remarkably, even at such slow
exchange, R1ρ RD still gave accurate values of kex = 61.3 ± 0.8 s-1 and pES = 19.9 ± 0.2%. For ZZexchange, with a relatively higher ES population, the obtained kex = 44.0 ± 6.7 s-1 is in better
agreement with CEST, yet, pES = 29.5 ± 7.2% still shows large deviation. These results further
establish the robustness of CEST and low spin-lock field R1ρ RD experiments in quantifying slow
exchange, especially in the case of sparsely populated exchanging states.
In conclusion, we have presented NMR approaches for accurate quantification of slow
chemical exchange in nucleic acids. The versatility of employing very weak radiofrequency fields
even in the presence of large C-C scalar couplings makes CEST particularly powerful in studying
slow exchange in fully labeled nucleic acids. We further demonstrated that, despite the
conventional R1ρ RD being widely considered as a method for studying fast chemical exchange,68
the low spin-lock field R1ρ RD34-36 is a powerful method in studying slow chemical exchange.
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Figure 2.7 Examination of the utility of the ZZ-exchange experiment in characterizing
slow chemical exchange. To evaluate the utility of ZZ-exchange for this experimental setup,
where ES diagonal-peak cannot be observed, synthetic intensity profiles for GS diagonal-peak
and cross-peaks between GS and ES were generated using the ZZ-exchange equations at TMixing
= 5, 10, 15, 25, 50, 75, 100, 200, and 500 ms with kex = 20, 50, 100 s-1, pE = 10, 20, 40%, R1 =
2.5 Hz, AG = 1, and AE = 0.6 (assuming DR2s ~ 100 s-1 between GS and ES). A Gaussian error
corresponding to the lowest experimental error (2% of pG) was then randomly added to each
calculated intensity to generate a total of 200 randomly perturbed data sets. These 200 data sets
were fit individually to the ZZ-exchange equations to extract kex and pE values. Shown are the
distributions of kex and pE obtained from the above analysis either fixing AE at 0.6 (red) or
allowing AE to be fit (blue), mimicking the situations where R2 (ES) either can be
experimentally measured or can not due to non-detectable ES peaks. For clarity, only error bars
(one s.d.) associated with the blue circles are shown. The kex and pE values shown in the figure
are mean ± standard deviation for the 200 best-fit values. It can be clearly seen that the accuracy
of extracted exchange parameters from ZZ-exchange highly depends on the population of the
exchanging states. When pE is low, small measurement errors can result in large deviations in
extracted exchange parameters, where the best-fit values can be more than 1 s.d. away from the
true value. This is consistent with the commonly held knowledge that the application of ZZexchange in studying slow exchange requires exchanging states to be sufficiently populated.
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Figure 2.8 Quantification of slow chemical exchange in ligand-free Bacillus cereus
fluoride riboswitch at 25°C. (A) B1 field strength and carrier (in ppm) dependence of intensity
profiles of base C8s for G8 and G10. Solid lines represent the best individual fits to a two-state
exchange process using the Bloch-McConnell equation.14 (B) Shown are spin-lock power
(w/2p) and offset (W/2π) dependence of R1ρ for base carbon C8s of G8 and G10, where W = wrf
- Wobs is the frequency difference between the spin-lock carrier (wrf) and the observed peak
(Wobs). Dashed lines are measured intrinsic R1 rates for each spin. Solid lines represent the best
individual fits to a two-state exchange process using the Bloch-McConnell equation. (C)
Mixing-time dependence of intensities of auto- and cross-peaks for G8 and G10 from ZZexchange experiment. Solid lines represent the best individual fits to a two-state exchange
process.
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From a practical point of view, since exchange processes in nucleic acids are often localized
to confined regions,40,41 we suggest initial characterization using the 2D CEST scheme with a large
offset step size (i.e. 50 Hz) at a relatively high B1 field (i.e. 25-50 Hz) to identify residues
undergoing exchange. With this 2D blueprint, complete sets of selective 1D CEST and/or 1D R1ρ
RD can be collected to thoroughly characterize the exchange process for key residues. The
robustness of these methods promises a unique opportunity to facilitate atomic understanding of
slow conformational interconversion that is essential to many vital nucleic acids functions.
2.4

Methods

Sample preparation Unlabeled and guanosine-specifically

13

C/15N-labeled fluoride riboswitch

samples were prepared by in vitro transcription using T7 polymerase (P266L mutant)69 with
synthetic DNA templates as previously described.70 The RNA construct was derived from a
Bacillus cereus fluoride riboswitch,66 where the P2 loop (GCUU) was replaced with a stable
cUUCGg tetraloop and A9-U42 base pair was flipped to U9-A42 to minimize spectral overlap.
The in vitro transcribed RNA samples were ethanol precipitated, gel purified (15% denaturing
polyacrylamide gel), electro-eluted with the Elutrap system (Whatman), and anion-exchange
purified with a 5ml Hi-Trap Q column (GE Healthcare). Using Amicon filtration with 3K MW
cut-off membranes (Millipore), the RNA samples were desalted, initially exchanged to water,
subsequently exchanged to 10 mM sodium phosphate (pH 6.4), 50mM KCl, and 50µM EDTA,
and finally concentrated to ~1mM concentration. For fluoride-bound samples, RNAs were further
exchanged to the same buffer conditions with additional 1mM MgCl2 and 10mM NaF. For H2O
sample, 5% D2O was added. For the D2O sample, the corresponding H2O sample was repeatedly
lyophilized and re-dissolved in the same volume of 99.996% D2O (Sigma).
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NMR Spectroscopy and Data analysis All NMR experiments were carried out on a Bruker
Avance III 600 spectrometer equipped with 5mm triple-resonance cryogenic probes at either 298K
or 303K. The 1D 1H spectra were recorded using unlabeled H2O samples, whereas 13C CEST, R1ρ
relaxation dispersion, and ZZ-exchange experiments were recorded using a G-labeled D2O sample.
The imino proton assignments of both free and fluoride-bound riboswitches were obtained using
2D 11echo-NOESY experiments on unlabeled H2O samples.71 The C8H8 assignments of ligandfree G-labeled riboswitch were obtained using 1H-13C HSQC and 13C ZZ-exchange experiments
in the presence of various magnesium and fluoride concentrations that gave cross peaks to the
fully-bound riboswitch, whose assignments were obtained using standard 2D NOESY, 1H-13C
HSQC, 1H-15N HSQC, HCCNH TOCSY, and HCN experiments on unlabeled and G-labeled H2O
and D2O samples.71-73 The C1’H1’ assignments of ligand-free G-labeled riboswitch were obtained
using HCN experiments72 and the C8H8 assignments of ligand-free G-labeled riboswitch. All
NMR spectra were processed and analyzed using NMRPipe/NMRDraw,74 NMRView,75 and
Sparky 3.110. (University of California, San Francisco, CA).
2D 13C CEST The pulse sequence for the 2D 13C CEST experiment is shown in Figure 1 of the
main text, and is based on a gradient-sensitivity-enhanced HSQC scheme27 and the 2D 15N CEST
experiment60. This experiment is similar to the one used for measuring carbon longitudinal
relaxation rate (R1),26 except a weak carbon B1 field (~10-50 Hz) is applied at different offsets
during the relaxation period (TEX). Narrow (wide) rectangles are hard 90° (180°) pulses, and close
(open) shapes are selective on (off) resonance 180o pulses. All pulses are applied along the x-axis
unless indicated otherwise and all phases are for Bruker Spectrometers. Shaped pulse a selectively
inverts carbon magnetization of interest while shaped pulse b and c selectively refocus and invert
carbon magnetization to refocus carbon-carbon scalar couplings. During the TEX period, with weak
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C B1 field being applied, a 90x240y90x composite pulse,65 as previously described by Kay and

co-workers,60 is used for 1H decoupling to suppress C-H cross relaxation, C-H dipolardipolar/carbon CSA cross-correlated relaxation, and the

13

C multiplet structure in the CEST

experiment.60 The 1H carrier is kept on water resonance throughout the experiment except during
the TEX period, where it is shifted to the center of the region of interest. The 13C carrier is also kept
on-resonance throughout the experiment and is shifted to a desired offset during the TEX period.
Inter-pulse delays are t = 1/4JCH and t’ = g8. The phase cycle used is f1 = {x, -x}, f2 = {y}, f3 =
{2x, 2y, 2(-x), 2(-y)}, f4 = {4x, 4(-x)}, f5 = {4x, 4(-x)}, f6 = {4y, 4(-y)}, receiver = {x, -x, -x, x, x, x, x, -x}. A minimum of four scans can be used. Gradients with smoothed-square shape
(SMSQ10.100) profile are applied with the following strength (G/cm)/duration (ms): g1 = -33/0.8,
g2 = 4.62/0.6, g3 = 46.2/0.8, g4 = 46.2/0.8, g5 = 59.4/0.6, g6 = 4.62/0.6, g7 = 4.62/0.6, g8 = 29.9/0.6.
Quadrature detection is achieved using an enhanced sensitivity gradient scheme in which separate
data sets are recorded during t1 period with (f6, g5) and (f6 + 180o, -g5), and axial peaks are shifted
to the edge of the spectrum by incrementing f2 and receiver phase by 180o for each t1 increment.
13

C and

15

N decoupling during acquisition are achieved using 2.5 kHz GARP and 1.25 kHz

WALTZ-16, respectively. To ensure uniform heating for experiments with variable lengths of TEX,
a heat compensation scheme is employed after the acquisition with length of TMAX - TEX, where
TMAX is the maximum relaxation delay time, and far off-resonance for both 1H and 13C channels.
The third 90o (-x) on the proton channel (prior to the TEX period) serves to eliminate any potential
13

C anti-phase magnetization prior to the spin lock period.59,60,76,77 It is also worth noting that,

although two identical gradients (g4) (Fig. 1) were used successfully in our experiments, they can
be optimized separately. For all 2D 13C CEST experiments, spectra with various B1 offsets and a
3.5 kHz field 90x240y90x pulse were recorded with a recycle delay of 1.5 s, TEX = 0.3 s, and TMAX
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= 0.305 s. Three spectra with TEX = 0 s were recorded for reference in data fitting and error
estimation.
For the CEST experiment on base carbon C8s, the 13C carrier was set to 135.6 ppm with a
spectral width of 6.5 ppm. Selective pulses a, b, and c were 750 µs Q3 (on-resonance), 1000 µs
reburp (on-resonance), 500 µs isnob2 (-5.89 kHz off-resonance), respectively. Three 13C B1 fields
were used: for w/2p = 17.68 Hz, the 13C offset ranged between -990 to 990 Hz with a spacing of
30 Hz; for w/2p = 27.90 and 48.21 Hz, the 13C offset ranged between -1000 to 1000 Hz with a
spacing of 40 and 50 Hz, respectively. A total of 168 2D spectra were recorded. For the CEST
experiment on sugar carbon C1’s, the 13C carrier was set to 88.75 ppm with a spectral width of 4.2
ppm. Selective pulses a, b, and c were 1250 µs Q3 (0.6 kHz off-resonance), 1250 µs reburp (1 kHz
off-resonance), 600 µs iburp2 (-5.76 kHz off-resonance), respectively. Three 13C B1 fields were
used: for w/2p = 17.68 Hz, the 13C offset ranged between -720 to 720 Hz with a spacing of 30 Hz;
for w/2p = 27.90 and 37.84 Hz, the 13C offset ranged between -720 to 720 Hz with a spacing of 40
Hz. A total of 132 2D data were recorded. The spin-lock powers were calibrated according to the
1D approach by Guenneugues et al.78 using the 2D 13C CEST pulse sequence shown in Figure 1
in the main text and focusing on isolated resonances that belong to residues with no exchange.
1D 13C CEST The pulse sequence for selective 1D 13C CEST is built on the selective 1D 13C R1ρ
RD pulse scheme.36 The main difference between these two experiments is simply the removal of
the two pulses to prepare the magnetization from Z to the effective magnetic field prior to the spinlock and to return the magnetization back to Z after the spin-lock. For all 1D

13

C CEST

experiments, spectra were recorded with a recycle delay of 1.5 s, TEX = 0.3 s, and TMAX = 0.305 s.
Delay τeq was set to 30 and 50 ms for experiments at 30oC and 25oC, respectively. Three spectra
with TEX = 0 s were recorded for reference in data fitting and error estimation. For base carbon
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C8s of G8 and G10, three 13C B1 fields are used: for w/2p = 17.68 Hz, the 13C offset ranged between
-1200 to 600 Hz with a spacing of 30 Hz; for w/2p = 27.90 and 48.21 Hz, the 13C offset ranged
between -1200 to 600 Hz with a spacing of 40 and 50 Hz, respectively. For C8 of G33, the 13C
offset ranged from -800 to 800 Hz with a spacing of 40 Hz for w/2p = 27.90 Hz and a spacing of
50 Hz for w/2p = 48.21 Hz. For sugar carbon C1’s of G8 and G10, three 13C B1 fields are used: for
w/2p = 17.68 Hz, the 13C offset ranged between -520 to 920 Hz with a spacing of 30 Hz; for w/2p
= 27.90 and 37.84 Hz, the 13C offset ranged between -520 to 920 Hz with a spacing of 40 Hz. For
C1’ of G33, the 13C offset ranged from -600 to 600 Hz with a spacing of 40 Hz for w/2p = 27.90
and 37.84 Hz.
CEST Data Analysis CEST profiles were obtained by normalizing the peak intensity as a function
of spin-lock offset W, where W = wrf - Wobs is the frequency difference between the spin-lock carrier
(wrf) and the observed peak (Wobs), to the peak intensity recorded at TEX = 0 s. The profiles were
fitted to a two-state exchange model between ground state (G) and excited state (E) based on the
Bloch-McConnell equations,14
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where R1G/E is the longitudinal relaxation rate of the ground/excited state, R2G/E is the transverse
relaxation rate of the ground/excited state, ωG and ωE are the offsets of the applied 13C B1 field
(strength of ω1) from states G and E (ωG is obtained from the observed ground-state peak position
and ωE = wG + Dw, where Dw is the chemical shift difference between the ground and excited
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state). The population of ground and excited states are pG and pE, and the rate constants are defined
as kGE = pE kex and kEG = pG kex, where kex = kGE + kEG is the rate of exchange. Magnetizations at
the beginning of the TEX period are along Z and are assumed to be in equilibrium between ground
and excited states, either due to non-selective excitation in the 2D experiment (neglecting
relaxation differences during INEPT transfer) or due to long equilibration time (teq) after selective
excitation of ground state in the selective 1D experiment to allow equilibration between ground
and excited states magnetizations. Therefore the initial magnetization condition at TEX = 0 is set to
G/E
= 0 . To account for phase cycling in the pulse sequence, an additional set
I zG = pG , I zE = pE , I x,y
G/E
= 0 . The difference in I zG
of initial magnetization condition is set to I zG = - pG , I zE = - p E , I x,y

between the two initial conditions is calculated after a period of TEX for the CEST profile fitting.60
The profiles were fit using an in-house MATLAB® program with a Levenberg-Marquardt

((

)

1 N exp calc
I i - I i / s iexp
algorithm and reduced chi-square values c =
å
N -d
2

)

2

were calculated.

Fitting errors were estimated from both the Jacobian output and from 200 Monte-Carlo
simulations41, and the larger errors from these two methods were reported. For analysis of CEST
profiles from individual spins, the fitting parameters are R1 = R1G = R1E, R2G, R2E, Δω, kex, and pE.
Here, we assumed that R1G = R1E, as the data does not constrain determination of R1E, however,
varying R1E ±2 s-1 from R1G were shown to minimally effect the exchange parameters and chisquared values. On the other hand, R2G and R2E were used during the analysis, as assuming R2G =
R2E gave substantial offsets in the fitted exchange parameters as well as much lager chi-squareds.
For C1’ CEST profiles, an average C-C scalar coupling of 45 Hz due to C2’, which was measured
from a non-decoupled HSQC experiment, were implemented to calculate two CEST profiles, one
representative of C2’ in the ‘down’ state and another in the ‘up’ state.64 The two CEST profiles
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were then averaged in the resulting fit to obtain the observed CEST profile. For global fitting, spinspecific R1, R2G, R2E, and Δω were used, while kex, and pE are input as global exchange parameters.
1D 13C Relaxation Dispersion The on- and off-resonance relaxation dispersion profiles were
measured using the recently developed 1D selective R1ρ experiment by Al-Hashimi and coworkers.36 A constant-time approach described by Kay and co-workers35 was also adapted, where
R1ρ values were obtained from a single delay period (TEX = 32 ms) and only the magnetization
associated with the ground state was prepared and rotated into the effective magnetic field prior to
the spin-lock. With this approach, minor modifications have been made in the pulse sequence,36
where τeq was set to zero and the purge pulse element for suppressing water was not included.
Proton decoupling during the relaxation period was achieved using CW with 8 kHz field strength.
For base carbon C8s of G8 and G10, three 13C spin-lock fields were used: w/2p = 48.21, 102.4,
and 152.5 Hz with the 13C offset ranging between -1200 to 600 Hz and a spacing of 50 Hz. For
sugar carbon C1’s of G8 and G10, three 13C spin-lock fields were used: w/2p = 152.5, 201.9, and
252.0 Hz with the 13C offset ranging between -550 to 950 Hz and a spacing of 50 Hz. For C8 and
C1’ of residue G33, the 13C offset was set to from -800 to 800 Hz with spacing of 100 Hz, with a
smaller spacing of 50 Hz when the 13C offset ranged from -200 to 200 Hz. The spin-lock power of
48.21 Hz was adapted from the CEST experiment, and the remaining spin-lock powers were
calibrated as described previously.36 Relaxation rates were calculated as R1ρ = − ln(I t / I 0 ) / TEX ,
where TEX = 32 ms, It is the decay intensity, and I0 is the reference intensity. Relaxation rates errors
were estimated by intensity deviations among three duplicates at TEX = 0 ms and the signal-tonoise ratios in 1D spectra. The larger of the two errors was reported.
Relaxation Dispersion Data Analysis Dispersion profiles were obtained by measuring the rate of
decay of magnetization over the spin-lock period as a function of spin-lock offset Ω, where W =

35

wrf - Wobs is the frequency difference between the spin-lock carrier (wrf) and the observed peak
(Wobs). Please note, this definition of offset Ω, which is different from the commonly used W =
Wobs - wrf, is used to be consistent with the CEST profiles. The R1ρ values of the ground state are
calculated based on to a two-state exchange model between ground state (G) and excited state (E)
using on the Bloch-McConnell equation,14
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The definition of all the parameters are the same as described above for CEST data analysis.
Because only ground-state magnetization is present prior to the spin-lock and is prepared into the
effective magnetic field for relaxation, the initial magnetization at TEX = 0 is set to I xG = pG sin(q )
E
= 0 , where θ = arctan(ω1 / Ω) is the effective tilt angle. After
, I yG = 0 , I zG = pG cos(q ) , and I x,y,z

the exchange period, the total magnetization is retuned back to Z with a unit vector (sinq 0 cosq 0
0 0) as previously described,35 and the ground state Z magnetization (IZG) is used to calculate the
G
G
/ I z,0
) / TEX . The profiles were fit using in-house MATLAB® program with a
value R1ρ = − ln(I z,t

N

(

2
exp
calc
exp
Levenberg-Marquardt algorithm and chi-squared values χ = ∑ ( R1ρ,i − R1ρ,i ) / σ i

)

2

were

calculated. Fitting errors were estimated from both the Jacobian output and from 200 Monte-Carlo
simulations41, and the larger errors from these two methods were reported. Because of the elevated
baseline, accurate R1G values could not be obtained through fitting and were fixed in the fitting
using the values determined by R1 experiments. Fitting parameters are R2G, R2E, Δω, kex, and pE.
36

Here, we assumed that R1G = R1E, however, varying R1E ±2 s-1 from R1G were shown to minimally
effect the exchange parameters and chi-squares. On the other hand, R2G and R2E were used during
the analysis, as assuming R2G = R2E gave offsets in the fitted exchange parameters as well as lager
chi-squareds. Since the spin-lock power is larger enough to decouple the C-C coupling, the C1’
RD profiles were analyzed the same as C8 profiles. For global fitting, spin-specific R2G, R2E, and
Δω were used, whereas kex, and pE are global exchange parameters.
13

C Spin Relaxation Longitudinal (R1) relaxation rates were measured for base and sugar carbons

(C8 and C1’) using the 2D CEST experiment without the carbon B1 field during the relaxation
period. Relaxation delays were 0, 150, 300ms, and R1 rates and errors for each spin of interest were
determined by fitting intensities to a single-exponential decay, I t = I 0 e− R t .
1

13

C ZZ-exchange The pulse sequence for 2D 13C ZZ-exchange experiment is shown in Figure S4,

where 1H selective pulse is 2500 µs iburp2 centered on 7.65 ppm and 13C selective pulses a and b
are 750 µs Q3 (on-resonance) and 500 µs isnob2 (-5.5 kHz off-resonance), respectively. The 13C
carrier was set to 135.6 ppm with a spectral width of 7.5 ppm. The mixing times were 5 (x2), 10,
15, 25, 50 (x2), 75, 100, 200 (x2), and 500 ms for experiments at 30oC and 5 (x2), 10, 15, 25, 50
(x2), 100, 200 (x2), and 500 ms for experiments at 25oC, where duplicated measurements were
indicated as x2. The intensity errors were estimated based on signal-to-noise ratios and deviations
among duplicated measurements and were set to be 2% for GS diagonal peaks and ES®GS cross
peaks at 30oC and 3% for all the other peaks at 30oC and 25oC. The spectra with highest crosspeak intensities, including 50, 75, and 100ms mixing-time spectra at 30oC and 25, 50, and 100ms
mixing-time spectra at 25oC, were used to calculate ΔϖGE.
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Magnetizations for diagonal (IGG and IEE) and cross (IGE and IEG) peaks that undergo a twostate exchange model between ground state (G) and excited state (E) with different relaxation
properties for the exchanging states can be described by,79
I GG (T ) = AG I G (0) (− ( λ2 − a11 ) e− λ1T + ( λ1 − a11 ) e− λ2T ) / ( λ1 − λ2 )
I EE (T ) =

AE I E (0) (− ( λ2 − a22 ) e− λ1T + ( λ1 − a22 ) e− λ2T ) / ( λ1 − λ2 )

I GE (T ) =

AE I G (0) ( a21e− λ1T − a21e− λ2T ) / ( λ1 − λ2 )

I EG (T ) =

AG I E (0) ( a12 e− λ1T − a12 e− λ2T ) / ( λ1 − λ2 )

(

)

where λ1,2 = ( a11 + a22 ) ± (a11 − a22 )2 + 4kGE kEG / 2 , a11 = R1G + kGE , a12 = −kEG , a 21 = -k GE ,
a22 = R1E + kEG , and IG/E(0) represents the magnetization of the ground/excited state peak at TEX =

0. Compared with the original equation describing magnetizations during ZZ-exchange by Farrow
et al.,56 the above equation by Tollinger et al. contains two additional factors, AG and AE, to account
for differential relaxation of magnetization associated with the ground and excited states during
the reverse INEPT step.23 It was noted that differential relaxations of GS and ES magnetizations
during the INEPT transfer prior to the mixing period are accounted for in the fit parameters
G,E
G,E
G,E
G,E
#
&
IG/E(0).23 Here, AG,E are given by AG,E = exp %− R 2,C + R 2,H × 2τ ( , where R 2,C and R 2,H are
$
'

(

average transverse relaxation rates for

13

)

C and 1H magnetizations associated with ground and

excited states, and τ = 1 / 4JCH is the inter-pulse delay in Figure 4S.23 Both AG and AE can be
G,E

calculated and input as fixed parameters once R 2 is measured. However, since we cannot measure
E

R 2 due to a non-detectable ES peak, we allowed AE to be fit during our analysis while keeping AG

fixed at 1 (AG and AE are correlated, therefore, only one parameter is fit). It is worth noting that,
while the inclusion of AE can take the differential relaxation into account, as shown in the simulated
data (Fig. S5), larger deviations in the extracted exchange parameters can be expected when AE is
fit as a parameter. Peak volumes, which were integrated using Sparky 3.110, were fitted to the
38

above equation using MATLAB® with a Levenberg-Marquardt algorithm and chi-squared values
N

(

χ 2 = ∑ ( Iiexp − Iicalc ) / σ iexp

)

2

were calculated. Fitting errors were estimated from both the Jacobian

output and from 200 Monte-Carlo simulations41, and the larger errors from these two methods
were reported. Because the excited states cannot be observed, the data do not constrain the R1E
values and a single R1 was used in the data analysis. Fitting parameters are IG(0), IE(0), AE, R1, kGE,
and kEG. Excited state population is calculated as pE = kGE / kex, where kex = kGE +kGE. For global
fitting, residue-specific IG(0), IE(0), AE, and R1 were used, and kGE and kEG are global exchange
parameters.
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CHAPTER 3. MEASURING LONG-RANGE ANGULAR CONSTRAINTS IN EXCITED
CONFORMATIONAL STATES OF NUCLEIC ACIDS BY CEST NMR
SPECTROSCOPY2
3.1

Introduction
Nucleic acids are highly dynamic entities that undergo conformational transitions to access

distinct states with unique structural and kinetic properties required for function.10 Over the last
few decades, tremendous progress in determining high-resolution RNA structures by X-ray
crystallography and nuclear magnetic resonance (NMR) spectroscopy has significantly advanced
our understanding of the chemical basis for diverse non-coding RNA functions. While these highresolution structural studies have primarily focused on functional states that are highly populated
and long lived, it has become increasingly recognized that many functionally essential states are
sparsely populated and transiently lived.10 Determining high-resolution structures of these states –
or excited conformational states – of RNA remains a major experimental obstacle, as they often
exist in insufficient abundance and for too little time to be studied by conventional approaches in
structural biology.31,45
NMR spectroscopy has been a powerful tool for structural and dynamic studies of nucleic
acids.31,45 Recent developments in nucleic-acid NMR, including conventional R1ρ relaxation
dispersion (RD),32,33,80 Carr-Purcell-Meiboom-Gill (CPMG) RD,37-39 low spin-lock field R1ρ
RD,34-36,40,41 and chemical exchange saturation transfer (CEST) spectroscopy,57 have opened
avenues for characterizing excited states of RNA that are “invisible” to conventional NMR
2

This chapter previously appeared as an article in Nature Chemical Biology. The original citation is as follows:
Zhao, B., Guffy, S. L., Williams, B. & Zhang, Q. An excited state underlies gene regulation of a transcriptional
riboswitch. Nat Chem Biol 13, 968-974 (2017).
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experiments, where not only their thermodynamics and kinetics can be quantified, but also their
structural properties can be inferred with extracted NMR chemical shifts. The rich structural
information encompassed in chemical shifts81-84 has enabled an exciting strategy for de novo
determination of secondary structures of excited RNA states,41 and given recent progress in 1H
chemical shift guided computational prediction of 3D RNA structures,85,86 makes it feasible for
tertiary structure determination of excited RNA states. However, since the relation between
chemical shifts and high-resolution RNA structures remains semi-empirical,81-84 it is also of
particular interest and importance to obtain direct structural constraints to facilitate atomicresolution structure determination of excited states of RNA. While direct bond orientation
constraints have been obtained for determining excited protein structures87 via the measurement
residual dipolar couplings (RDCs)88,89 using CPMG RD experiments,20,90 application of these
CPMG methods to nucleic acids without specific labeling schemes37-39 can be complicated due to
the presence of extensive 13C-13C scalar couplings in uniformly labeled systems.54
In recent years, the saturation transfer type NMR experiment58 has become a powerful
approach for studying excited states in biomolecules, including protofibrils,59 proteins,21,60,91-93 and
RNA.57 By avoiding complications due to

13

C-13C scalar couplings,94 CEST NMR has

demonstrated accurate characterization of populations, lifetimes and chemical shifts of excited
states in uniformly

13

C/15N labeled proteins91,92 and RNA.57 Here, we present two CEST NMR

approaches for measuring one-bond

13

C-1H RDCs, a type of NMR measurement that provides

unique valuable long-range angular constraints for RNA structure determination by NMR,95-97 in
base and sugar moieties of excited states of RNA.
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3.2

Results
The first approach, based on our nucleic-acid-optimized 13C HSQC CEST experiment,57

employs a recently developed scheme for measuring scalar couplings in excited states of
proteins.93 Here, the key element is to turn off 1H decoupling during the relaxation period (TEX) in
the conventional HSQC CEST experiment, which allows the development of

13

C multiplet

structures due to large one-bond 13C-1H scalar couplings (1JCH ~ 200 Hz) in the CEST profiles. To
demonstrate this approach, we carried out CEST measurements on a guanosine

13

C/15N labeled

Bacillus cereus fluoride riboswitch,66 which regulates the transcription of fluoride transporters.
Recently, we discovered that the ligand-free fluoride riboswitch undergoes a conformational
exchange between an unfolded ground state and a potential pseudoknot-like excited state, where
the P1 apical loop and the unfolded 3’ tail transiently form the excited state P3 stem, a structural
element essential for gene regulation (Figure 3.1A).57 Shown in Figure 3.1B are representative 13C
HSQC CEST profiles measured in the ligand-free riboswitch in isotropic solution. As can be seen,
for G33, a P2 stem residue that has no conformational exchange, single ground state intensity dips
in the conventional 1H-decoupled CEST profiles split into two dips in the absence of 1H
decoupling, which are separated by ground state 1JC8H8 and 1JC1’H1’ couplings for base (C8) and
sugar (C1’) profiles, respectively. For P1 loop residue G10, which transitions between the two
states, both GS and ES intensity dips in the conventional profiles split, resulting in four apparent
dips in the 1H-undecoupled profiles, where splittings between each pair correspond to 1JCH
couplings in GS and ES, respectively. Next, the same set of experiments was carried out in the
presence of 9.7 mg/ml Pf1 phage alignment media (Figure 3.1C). Here, while the 13C-1H HSQC
spectra recorded in the absence and presence of Pf1 phage overlap excellently, dipolar couplings,
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Figure 3.1 Measurement of 13C-1H splittings of the ground state and an “invisible” excited
state in the ligand-free Bacillus cereus fluoride riboswitch by 13C HSQC CEST. (A)
Secondary structures of the ligand-free and bound riboswitches. (B-C) Base (C8) and sugar (C1’)
13
C HSQC CEST profiles of G33 and G10 measured in the absence (B) and presence (C) of 9.7
mg/ml Pf1 phage alignment media. Solid lines represent best joint-fits of 1H-decouped and 1Hundecoupled 13C HSQC CEST profiles.
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due to the RNA being partially aligned, are no longer averaged to zero, resulting in splittings
between pairs of dips in the 1H-undecoupled profiles equal to the sum of 1JCH couplings and onebond 13C-1H RDCs (1DCH). Hence, 1DCH of ground and excited state can be determined by taking
the difference between corresponding

13

C-1H splittings in isotropic and partially aligned

conditions, which can be quantitatively extracted by fitting their CEST profiles with the expanded
Bloch-McConnell equation14 that describe magnetization evolution in a coupled two-spin 13C-1H
system.
Since excited state RDCs cannot be measured directly for cross validation, the accuracy of
this approach was first examined by extracting ground state 1DCH values from CEST profiles,
which can be compared to values measured directly by using conventional methods96. For all
guanosine residues from the stable P2 stem, ground state 13C-1H splittings were extracted by fitting
their individual sets of CEST profiles to a simple one-state model. While other guanosine residues
displayed either multiple or asymmetrically broadened intensity dips in their conventional CEST
profiles as described previously,57 proper analysis of these complex profiles with a unified
exchange model requires a thorough understanding of the underlying global and/or local
conformational transitions, which are currently being investigated. Here, for establishing the
validity of this approach in measuring excited state RDCs, we focus on G8 and G10, the two central
residues of excited state P3 stem, which have been shown to undergo a global conformational
transition between the unfolded GS and the pseudoknot-like excited state.57 To extract ground and
excited state 1JCH values of G8 and G10, all of their base and sugar CEST profiles measured in
isotropic solution were globally fit to a single two-state exchange model. Similarly, all of their
profiles measured in Pf1 phage were globally fit to extract ground and excited state 1JCH+1DCH
values. The resulting global exchange parameters showed overall good agreement, where rate of
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exchange (kex = kGE + kEG) and excited state population (pES) are 108 ± 5 s-1 and 9.4 ± 0.1% for the
isotropic sample, and 88 ± 5 s-1 and 10.1 ± 0.2% for the partially aligned samples. More
importantly, the obtained ground-excited state chemical shift differences (∆v = vES - vGS) agree
very well between the two conditions. For example, for C8 of G10, ∆v(iso) = −3.98 ± 0.01 ppm
is essentially the same as ∆v(phage) = −4.00 ± 0.01 ppm. Together, these results strongly suggest
that not only does Pf1 phage not affect ground and excited state structures, it also minimally
perturbs the conformational exchange of the ligand-free riboswitch.
Shown in Figure 3.2A,B are comparisons between ground state 13C-1H splittings of G8,
G10 and P2 G residues extracted from HSQC CEST profiles and those measured directly. Good
agreement was observed with root-mean-square-deviations (RMSDs) between the two methods
being 1.5 Hz and 2.4 Hz for isotropic and partially aligned samples, respectively. Values of ground
state 1DCH were then calculated by subtracting ground state 1JCH from 1JCH+1DCH, which, as
expected, agree very well between the two methods with an RMSD of 2.0 Hz (Figure 3.2C). It is
worth noting that, despite the presence of large C1’-C2’ couplings in the sugar moiety, accurate
1

JC1’H1’ and 1DC1’H1’ values can be obtained. After establishing this approach in measuring ground

satte 1DCH, excited state base and sugar 1DCH of G8 and G10 were calculated by taking the
difference between their extracted excited state 1JCH and 1JCH+1DCH. While detailed ES structural
analysis with RDCs requires not only additional measurements but also a critical treatment of the
coupling between internal motions and overall alignment98 (a spectroscopy property that often
renders structural and dynamic characterization of flexible nucleic acids intractable), the obtained
excited state 1DCH of G8 and G10 do provide direct insights to support some excited state structural
features of the riboswitch. First, in the ground state, both G8 and G10 are located in the P1 apical
loop, which is flexible and largely unfolded. This structural property is reflected by small 1DCH
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Figure 3.2 Measurement of 13C-1H RDCs by 13C HSQC CEST. (A-B) Comparison of ground
state (GS) 13C-1H splittings determined from CEST and direct measurements in the absence (A)
and presence (B) of 9.7 mg/ml Pf1 phage. (C) GS 13C-1H RDCs (1DCH) determined from CEST
approach agree well with values measured directly. Colored in red are values of G8 and G10. (D)
Comparison of base and sugar 1DCH values of ground and excited states (ES) of G8 and G10.
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values across their bases and sugars, which range between 1–8 Hz. On the contrary, in the excited
state, both residues fold into a helical conformation as part of the P3 stem, whose local flexibility
would be significantly reduced. Consistent with this expectation, much larger ES 1DCH were
observed, ranging from -22 to 20 Hz. Furthermore, as can be seen (Figure 3.2D), ES 1DCH of G8
and G10 showed almost no correlation with their ground tate counterparts, strongly indicating that
the excited state P3 stem has an orientation relative to the external magnetic field that is
dramatically different from the one of the unfolded P1 apical loop in the ground conformation.
With the first approach, we have shown that ground state 1DCH can be accurately
determined by CEST spectroscopy, and for residues undergoing conformational exchange, their
excited state 1DCH can also be measured simultaneously. In order to provide an independent
validation of those extracted excited state 1DCH, we developed an alternative CEST approach for
RDC measurement, where TROSY (transverse relaxation optimized spectroscopy)99 and antiTROSY components of GS/ES 13C magnetizations are individually measured for quantifying GS
and ES 13C-1H splittings. The nucleic-acid-optimized 13C TROSY/anti-TROSY selected (TS/aTS)
CEST experiments (Figure 3.3) were built upon elegant schemes in TS R1ρ RD,19 CPMG RD
RDC,20 TS 15N CEST,21 and nucleic-acid-optimized TROSY-detected (TD) R1ρ spin relaxation26
experiments. Key experimental elements are briefly described here. First, TROSY or anti-TROSY
13

C magnetization is selected via a S3E filter100 prior to the relaxation period (TEX). Second, during

TEX, a S3CT selective-inversion element101 is employed to suppress cross-relaxation between
TROSY and anti-TROSY components. Third, a 1H 180o pulse is applied after TEX in the aTS
experiment, converting anti-TROSY to TROSY
enhanced sensitivity, as described previously.20
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13

C magnetization for better resolution and

Figure 3.3 2D 13C TROSY/anti-TROSY selected (TS/aTS) CEST pulse sequences for
characterizing slow conformational exchange and measuring 13C-1H splittings in the
ground and excited states of nucleic acids. These nucleic-acid-optimized sequences employ
schemes developed in the TS R1ρ RD,19 CPMG RD RDC,20 15N TROSY CEST,21 and nucleicacid-optimized TROSY-detected (TD) R1ρ spin relaxation26 experiments. Narrow (wide)
rectangles are hard 90° (180°) pulses, and close (open) shapes are selective on (off) resonance
180o pulses. All pulses are applied along the x-axis unless indicated otherwise and all phases
are for Bruker Spectrometers. Shaped pulse a selectively inverts carbon magnetization of
interest while shaped pulses b(d) and c selectively refocus and invert carbon magnetization to
refocus carbon-carbon scalar couplings. The hatched bar corresponds to a composite 1H 90xo180yo-90xo pulse. The dashed bar correspond to a 1H 180o pulse present only in the aTS
sequence. The 1H carrier is kept on water resonance throughout the experiment, while the 13C
carrier is kept on-resonance throughout the experiment and is shifted to a desired offset during
TEX. Inter-pulse delays are τ = 1/4JCH, τ' = 1/8JCH, and τ'' = τ - 1/2g10. The phase cycle used is
f1 = {x, -x}, f2 = {4(135o) 4(315o)} for TS and {4(45o) 4(225o)} for aTS, f3 = {y y, -y, -y}, f4
= {-y}, f5 = {-x}, receiver = {x, -x, -x, x, -x, x, x, -x}. Gradients with smoothed-square shape
(SMSQ10.100) profile are applied with the following strength (G/cm)/duration (ms): g1 =
33/1.0, g2 = 3.3/0.25, g3 = 52.8/1.0, g4 = 3.3/0.25, g5 = 26.4/0.5, g6 = 26.4/0.5, g7 = 21.8/1.0, g8
= 46.2/0.6, g9 = 33/0.15, g10 = 46.4/0.15. Quadrature detection is achieved using Rance-Kay
echo-antiecho scheme27,28 in which separate data sets are recorded during t1 period with (f4, f5,
g7) and (f4+180o, f5+180o, -g7),42 and axial peaks are shifted to the edge of the spectrum by
incrementing f3 and receiver phase by 180o for each t1 increment. 15N decoupling during
acquisition is achieved using 1.25 kHz WALTZ-16. To ensure uniform heating, a heat
compensation scheme is employed after the acquisition with length of TMAX - TEX, where TMAX
is the maximum relaxation delay time, and far off-resonance for both 1H and 13C channels.
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Shown in Figure 3.4A,B are representative 13C TS and aTS CEST profiles of G10 measured
in isotropic and partially aligned conditions. Similar overall shapes to the conventional 1Hdecoupled HSQC CEST profiles were observed, which display two intensity dips, one for GS and
one for ES. However, positions of these dips in TS and aTS profiles are downfield and upfield
shifted relative to those observed in the conventional profile, respectively, which correspond to
chemical shifts of TROSY and anti-TROSY

13

C magnetizations of GS and ES. To determine

distances between pairs of TROSY and anti-TROSY intensity dips, hence values of 1JCH or
1

JCH+1DCH, TS and aTS CEST profiles can be jointly fit using the same Bloch-McConnell equation

for a coupled two-spin 13C-1H system.
To this end, we analyzed 13C TS/aTS CEST profiles using the same procedure as described
for 13C HSQC CEST data. Specifically, GS splittings of all P2 guanosine residues were extracted
by fitting each individual set of TS/aTS profiles to a single-state model. For G8 and G10, their
ground and excited state splittings were simultaneously extracted by global fitting of all their
isotropic (partially aligned) TS/aTS profiles to a single two-state exchange model. The ground
state 1JCH, 1JCH+1DCH, and 1DCH values extracted from TS/aTS CEST profiles agree very well with
those measured directly, establishing the validity of this approach in measuring ground state 1DCH
(Figures 3.4C). Excited state 1DCH of G8 and G10 were then calculated based on extracted excited
state 1JCH and 1JCH+1DCH. This independent set of excited state 1DCH agrees well with those
determined in the first approach, with an RMSD of 4.0Hz, which is similar to experimental errors
(Figure 3.4D). Moreover, it is worth noting that the TS/aTS CEST experiments also provided
accurate characterization of the conformational exchange in the ligand-free riboswitch. The
resulting global exchange parameters (i.e. kex(iso) = 110 ± 9 s-1 and pES(iso) = 9.0 ± 0.2%) as well
as excited state chemical shifts (i.e. ∆v(iso) = −3.99 ± 0.01 ppm for C8 of G10) are in excellent
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Figure 3.4 Measurement of 13C-1H splittings and RDCs of ground and excited states in the
ligand-free fluoride riboswitch by 13C TROSY/anti-TROSY selected (TS/aTS) CEST. (A-B)
Base (C8) and sugar (C1’) 13C TS/aTS CEST profiles of G10 measured in the absence (A) and
presence (B) of Pf1 phage. Solid lines represent best fits of TS/aTS CEST profiles. (C) Ground
state 1DCH agree well between TS/aTS CEST and direct measurements. Colored in red are G8 and
G10. (D) Excited state 1DCH of G8 and G10 agree well between the HSQC and TS/aTS CEST
measurements.
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agreement with those obtained from the conventional HSQC CEST experiment. Therefore, these
two CEST approaches cross-validate each other as means to accurately quantify conformational
transitions and determine excited state RDCs of nucleic acids. One final note is that, while G8 and
G10 do not benefit from the TROSY effect due to their intrinsic high flexibilities, the TROSYbased experiment can be valuable for studying large RNAs, where a pronounced TROSY effect
can provide a significant advantage.26
In summary, we have presented two approaches based on 13C CEST NMR spectroscopy
for measuring residual dipolar couplings, hence long-range angular constraints, in sparsely
populated and transiently lived conformational states of nucleic acids. The set of HSQC- and
TROSY-based CEST methods provides a versatile approach for characterizing excited states of
nucleic acids across a wide range of molecular weights, where not only direct structural constraints
in terms of RDCs, but also empirical structural constraints using chemical shifts, can be
simultaneously obtained. It has become increasingly clear that nucleic acids are highly dynamic
entities that sample excited conformational states with distinct functional roles.10 A deep
mechanistic understanding of these fascinating nucleic-acid functions requires comprehensive
structural knowledge of their diverse conformational states. The experimental approaches
presented here, jointly with developments in secondary structure determination of RNA ES41 and
chemical shift guided 3D RNA structure prediction,85,86 pave a way for de novo high-resolution
structure determination of functional excited states of nucleic acids.
3.3

Methods

Sample preparation Guanosine-specifically 13C/15N-labeled Bacillus cereus fluoride riboswitch
samples were prepared as described previously.57 Briefly, after in vitro transcription and
purification, the RNA samples were exchanged and concentrated to 1mM concentration in NMR
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buffer (10 mM sodium phosphate with pH 6.4, 50mM KCl, 50µM EDTA), which were
subsequently lyophilized and re-dissolved in the same volume of 99.996% D2O (Sigma).
NMR Spectroscopy and Data Analysis All NMR experiments were carried out on a Bruker
Avance III 600 spectrometer equipped with 5mm triple-resonance cryogenic probes at 303K. 13C
HSQC and TROSY/anti-TROSY selected CEST experiments are detailed below. One-bond 13C1

H RDCs were measured using 2D 1H-13C S3CT-HSQC102 in 9.7 mg/ml Pf1 phage alignment

media (ASLA Biotech, Ltd) as described previously.96 Errors in RDC measurements were
calculated based on errors in
splittings in 1H and

13

13

C-1H splittings that were estimated based on measurements of

C dimensions. All NMR spectra were processed and analyzed using

NMRPipe/NMRDraw,74

NMRView,75 and Sparky 3.110. (University of California, San

Francisco, CA).
2D

13

C HSQC CEST 2D

13

C HSQC CEST experiments were carried out using our previously

developed nucleic-acid-optimized 13C CEST pulse sequence57 with and without a 3.5 kHz field
90x240y90x composite pulse for 1H decoupling during the CEST relaxation period (TEX). For
completeness, the 1H-undecoupled 13C HSQC CEST pulse sequence is included in Figure S1. A
recycle delay of 1.5 s, TEX = 0.3 s, and TMAX = 0.305 s were used for all

13

C HSQC CEST

measurements. Three spectra with TEX = 0 s were recorded for reference in data fitting and error
estimation.
For experiments on base carbon C8s, the 13C carrier was set to 135.75 ppm with a spectral
width of 6.5 ppm. Selective pulses a, b, and c were 750 µs Q3 (on-resonance), 1000 µs reburp (onresonance), 500 µs isnob2 (-5.89 kHz off-resonance), respectively. Two 13C B1 fields were used:
w/2p = 16.44 Hz with a 13C offset ranging from -990 to 990 Hz and a spacing of 30 Hz; w/2p =
26.04 with a 13C offset ranging between -1000 to 1000 Hz with a spacing of 40. For experiments
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on sugar carbon C1’s, the

13

C carrier was set to 88.75 ppm with a spectral width of 4.2 ppm.

Selective pulses a, b, and c were 1250 µs Q3 (0.6 kHz off-resonance), 1000 µs reburp (1.5 kHz
off-resonance), 600 µs iburp2 (-5.76 kHz off-resonance), respectively. Two

13

C B1 fields were

used: w/2p = 16.44 Hz with a 13C offset ranging from -720 to 720 Hz and a spacing of 30 Hz; w/2p
= 26.04 with a 13C offset ranging between -720 to 720 Hz with a spacing of 40 Hz. These spinlock powers were calibrated according to the 1D approach by Guenneugues et al.78 as previously
described.57 A total of 864 2D data were recorded for 1H-decoupled and 1H-undecoupled HSQC
CEST measurements in the absence and presence of 9.7 mg/ml Pf1 phage alignment media.
2D 13C TROSY/anti-TROSY selected CEST The pulse sequences for 2D 13C TROSY99 selected
(TS) and anti-TROSY selected (aTS) CEST experiments are shown in Figure S4, and employ
various schemes developed in TS R1ρ RD,19 CPMG RD RDC,20 15N TROSY CEST,21 and nucleicacid-optimized TROSY-detected (TD) R1ρ spin relaxation26 experiments. The 15N TROSY CEST
experiment was developed for determining ES hydrogen exchange rates in excited states of
proteins,21 except the S3CT (spin-state-selective coherence transfer) selective inversion pulse was
exempt during the CEST relaxation period (TEX). Here, the TROSY or the anti-TROSY

13

C

magnetization is first selected via a S3E (spin-state-selective excitation) filter100 prior to TEX.
During TEX, a S3CT selective-inversion element101 is employed to suppress cross-relaxation
between the TROSY and the anti-TROSY components. During the subsequent chemical shift
coding and detection period, the TROSY components are maintained throughout the experiment
for TS CEST pulse sequence. For aTS CEST pulse sequence, the anti-TROSY components are
converted to TROSY components after TEX via a 1H 180o pulse, a scheme that was previously
employed in the CPMG-RD based RDC measurements.20 By this conversion, the aTS experiment
delivers apparent TROSY spectra with better resolution and enhanced detection, but reports
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exchanges between anti-TROSY components of ground and excited states, where the resulting
CEST profiles display positions of intensity dips that match corresponding anti-TROSY chemical
shifts. Given different relaxation properties of TROSY and anti-TROSY 13C magnetizations, TEX
delays were optimized for each experiment as described below. To ensure uniform heating, a
recycle delay of 1.5 s and TMAX = 0.305 s were used for all 13C TS/aTS CEST measurements. Three
spectra with TEX = 0 s were recorded for reference in data fitting and error estimation.
For experiments on base carbon C8s, the 13C carrier was set to 136.45 ppm with a spectral
width of 6.5 ppm. Selective pulses a, b, c, and d were 750 µs Q3 (on-resonance), 470 µs reburp
(on-resonance), 500 µs isnob2 (-5.89 kHz off-resonance), a 1000 µs reburp (on-resonance),
respectively. Two 13C B1 fields were used: for w/2p = 16.04 Hz, the 13C offset ranged between 1080 to 900 Hz with a spacing of 30 Hz; for w/2p = 26.04, the 13C offset ranged between -1080 to
920 Hz with a spacing of 40. Because of the different relaxation behavior of the TROSY and antiTROSY components, TEX delays of 0.3s and 0.16s were used for TS and aTS experiments,
respectively. For experiments on sugar carbon C1’s, the 13C carrier was set to 89.3 ppm with a
spectral width of 4.2 ppm. Selective pulses a, b, c, and d were 1250 µs Q3 (0.6 kHz off-resonance),
780 µs reburp (2.1 kHz off-resonance), 600 µs iburp2 (-5.76 kHz off-resonance), and a 1000 µs
repurb (1.5 kHz off-resonance), respectively. Two 13C B1 fields were used: w/2p = 16.44 Hz with
a 13C offset ranging between -810 to 630 Hz with a spacing of 30 Hz; w/2p = 26.04 with a 13C
offset ranging from -800 to 640 Hz with a spacing of 40 Hz. TEX delays of 0.25s and 0.2s were
used for TS and aTS experiments, respectively. A total of 864 2D data were recorded for TS and
aTS CEST measurements in the absence and presence of 9.7 mg/ml Pf1 phage alignment media.
CEST Data Analysis All CEST profiles (HSQC and TS/aTS) were obtained by normalizing the
peak intensity as a function of spin-lock offset W, where W = wrf - Wobs is the frequency difference
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between the spin-lock carrier (wrf) and the observed peak (Wobs), to the peak intensity recorded at
TEX = 0 s. Errors in CEST measurements were estimated based on triplicate data points at TEX = 0
and standard deviations in baselines of CEST profiles. The profiles of residues displaying
conformational exchange were fit to a two-state exchange between ground state (G) and excited
state (E) based on the Bloch-McConnell equation14 that describes magnetization evolution in a
coupled two-spin

13

C-1H system.103,104 For residues without conformational exchange, the two-

state exchange model was simplified to a one-state model by fixing all exchange parameters (rate
of exchange kex and excited-state population pES) to 0. For individual state (i), the evolution of its
magnetization (vi) as a coupled two-spin 13C-1H system is described by,103
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dipolar-dipolar/carbon CSA cross-correlated relaxation between the 13C longitudinal and two-spin
order elements, ηxyi is C-H dipolar-dipolar/carbon CSA cross-correlated relaxation between

13

C

transverse and antiphase magnetizations, ωCi is the offset of the applied 13C B1 field (strength of
ω1) from state i (here ωGS is obtained from the observed ground-state peak position and ωES =
wGS + Dw, where Dw is the chemical shift difference between the ground and excited states), and
JCHi is the 13C-1H splitting that corresponds to 13C-1H scalar coupling in isotropic solution and the
sum of 13C-1H scalar coupling and residual dipolar coupling in the presence of alignment media.
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For TS/aTS experiments, since the observed ground-state peak has the chemical shift of the
TROSY 13C magnetization, the wGS is input as wobsGS –JGSCH/2. In addition, for joint analysis of
HSQC CEST profiles measured in the absence and presence of 1H decoupling, all two-spin
relaxation parameters (R1HCi, R2HCi, ηzi, ηxyi, and JCHi) were set to 0 for the 1H-decoupled CEST
profiles. For a two-state exchange model, the evolution of magnetizations of ground and excited
states is described by,
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where vGS/ES and RGS/ES are magnetization and relaxation matrices for ground and excited states as
detailed above, 06 and 16 are 6x6 null and identity matrices, and kGE and kEG are forward and
backward exchange rates, which are defined as kGE = pE kex and kEG = pG kex. Here, kex = kGE + kEG
is the rate of exchange, and pG and pE are populations of ground and excited states, respectively.
Magnetizations at the beginning of the TEX period are along Z and are assumed to be in equilibrium
between ground and excited states (neglecting relaxation differences during INEPT transfer).
Hence, the initial magnetization conditions at TEX = 0 for ground and excite states are set to be
their corresponding populations as pG and pE. For HSQC CEST, the initial magnetizations are pure
13

C magnetization, and for TS/aTS CEST experiments, the initial magnetizations are TROSY/anti-

TROSY

13

C magnetization components. In addition, for TS/aTS CEST experiments,

13

C

magnetizations were first simulated for TEX/2, then selectively inverted by the S3CT element, and
subsequently simulated for a second TEX/2. For residues from the stable P2 stem, a simple onestate model is employed in fitting their individual set of CEST profiles, whose fitting parameters
are R1G, R2G, ηzG, ηxyG, R1HCG, R2HCG, and JCHG. For G8 and G10, since they have been previously
shown in undergoing a global exchange process, all their CEST profiles are fit with global
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exchange parameters (kex and pE) and individual relaxation rates, chemical shift differences and
13

C-1H splittings (R1G/E, R2G/E, ηzG/E, ηxyG/E, R1HCG/E, R2HCG/E, Δω, and JCHG/E). During the analysis,

we assumed that R1G = R1E, ηzG = ηzE, and R1HCG = R1HCE, as the data does not constrain
determination of these longitudinal relaxation parameters. While different R2G and R2E are essential
for accurate data analysis as described previously,57 we found that different ηxyG/E values are not
required, as including different values does not improve overall fitting quality. In addition, we
employed a previously reported relationship between relaxation rates (R2HCG/E = R2G/E + R1HC - R1)
to further simply data analysis.93 In summary, for a spin that undergoes a two-state exchange
model, there are a total of 11 fitting parameters, 2 of which are global parameters and 9 of which
are spin-specific parameters. As described previously,57 for C1’ CEST profiles (HSQC and
TS/aTS), C1’-C2’ scalar couplings with an averaged value of 45 Hz measured from a nondecoupled HSQC experiment were implemented to calculate two CEST profiles, one
representative of C2’ in the ‘down’ state and another in the ‘up’ state.64 The two CEST profiles
were then averaged in the resulting fit to obtain the observed CEST profile. The profiles were fit
using an in-house MATLAB® program with a Levenberg-Marquardt algorithm and chi-square
N
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/ σ iexp
values χ = ∑ I i − I i
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2

were calculated. Fitting errors were estimated from both the

Jacobian output and from 200 Monte-Carlo simulations41, and the larger errors from these two
methods were reported.
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CHAPTER 4. AN EXCITED STATE UNDERLIES GENE REGULATION OF A
TRANSCRIPTIONAL RIBOSWITCH3
4.1

Introduction
Riboswitches are a class of non-coding RNAs located at the 5’ untranslated region of

mRNAs that regulate gene expression by controlling transcription termination, translation
initiation, or RNA cleavage in response to specific cellular cues105-107. Functional studies have
established a general mechanistic view of riboswitch regulation, where structural changes in the
metabolite-sensing (aptamer) domain upon ligand binding are transduced to conformational
rearrangements of the downstream expression platform to tune gene expression108. Over the past
decade, tremendous progress in determining high-resolution ligand-bound (holo) aptamer
structures of almost all known riboswitches has provided significant insights into the molecular
basis of specific ligand recognition108,109. Solution studies at molecular and single-nucleotide
resolutions have indicated that the ligand-free (apo) aptamer is flexible and exists as an ensemble
with distinct global conformations that undergoes ligand-induced structural changes and converges
to a single structured ligand-bound state48,50,110-119. However, the vast majority of crystal structures
of apo riboswitch aptamers are highly similar to their holo counterparts118-124, making it difficult
to directly examine the structural basis for switching mechanisms that underlie gene regulation by
riboswitches.

3

This chapter previously appeared as an article in Nature Chemical Biology. The original citation is as follows:
Zhao, B., Guffy, S. L., Williams, B. & Zhang, Q. An excited state underlies gene regulation of a transcriptional
riboswitch. Nat Chem Biol 13, 968-974 (2017).
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Here, we set out to study the regulatory mechanism of the transcriptional Bacillus cereus
fluoride riboswitch66 using solution-state NMR, chemical exchange saturation transfer (CEST)
spectroscopy, and single-round transcription assays. Fluoride riboswitches are a class of
riboswitches present in many bacteria and archaea66. Upon specific fluoride recognition, these
riboswitches activate the expression of genes involved in fluoride toxicity response, such as
fluoride exporters66,125. We determined the solution structure of the apo B. cereus fluoride
riboswitch aptamer by NMR (Figure 4.1), which represents, to our knowledge, the first highresolution solution structure of an apo riboswitch aptamer. Surprisingly, the ligand-free aptamer
does not adopt an ensemble with distinct global conformations, but instead folds into a single stable
conformation that is highly similar to the crystal structure of the fluoride-bound, transcriptionally
active Thermotoga petrophila fluoride riboswitch aptamer67. By applying CEST NMR
spectroscopy, we uncovered a ‘hidden’ difference in conformational dynamics between the apo
and holo aptamers, which evades detection by conventional techniques. In the absence of fluoride,
the aptamer accesses an exceptionally low-populated (~1%) and short-lived (lifetime ~3 ms)
conformational state referred to as an excited state. We show that these fleeting dynamics occur
locally and unravel the critical ‘linchpin’ reverse Hoogsteen base pair at the interface between the
structured aptamer and the downstream expression platform. This process exposes the aptamer for
strand invasion, which in turn signals transcription termination. Fluoride binding at a site distal
from the ‘linchpin’ allosterically suppresses dynamic transitions to the excited state and activates
transcription. We demonstrate that this excited state-mediated switching mechanism enables the
riboswitch to achieve fluoride-specific gene activation within a narrow range of ligand
concentrations over a wider range of transcription rates, thus ensuring robust fluoride toxicity
response for survival across diverse cellular environments.
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Figure 4.1 Solution structure of the apo B. cereus fluoride riboswitch aptamer. (a)
Sequence and secondary structure of B. cereus fluoride riboswitch aptamer used in NMR study.
The long-range base pairing between A5 and U35 and between A37 and U45 are highlighted
with lines. (b) Superposition of 20 lowest energy solution structures of the apo aptamer. (c)
The lowest energy structure of the apo aptamer. (d) Long-range reverse Watson-Crick A5•U35
base pair. (e) Long-range reverse Hoogsteen A37•U45 base pair, and long-range hydrogen
bond between A37–2’OH and G7–N7. (f) Long-range hydrogen bonds between U38–2’OH
and A40–N7 and between U38–N3H3 and C41–O2P.
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4.2

Results

Solution structure of the apo B. cereus fluoride riboswitch aptamer
Specific fluoride recognition by the B. cereus fluoride riboswitch aptamer requires Mg2+,
which is consistent with a previous study on the T. petrophila fluoride riboswitch aptamer67. In the
absence of Mg2+, the 47-nucleotide aptamer domain adapted from the B. cereus fluoride riboswitch
only forms stable P1 and P2 stems and does not bind fluoride (Figure 4.2). In the presence of Mg2+,
the unfolded aptamer undergoes a major structural transition, with an apparent single-magnesium
Kd,Mg of 405 ± 46 µM obtained from NMR titration, to a fluoride-binding competent conformation
(Figure 4.2). The resultant apo aptamer recognizes fluoride with an apparent single-fluoride Kd,F
of 100 ± 20 µM (Figure 4.2), similar to Kd,F of 60 – 135 µM reported for the Pseudomonas syringae
and T. petrophila fluoride riboswitch aptamers66,67.
We determined the solution structure of the apo B. cereus aptamer domain using a
comprehensive set of NMR restraints measured in the presence of 2 mM Mg2+, which include
NOE distances, dihedral angles, and residual dipolar couplings (RDCs) (Table 4.1). The ensemble
of the 20 lowest-energy structures is well determined with a root-mean-square deviation to the
mean of 0.67 ± 0.22 Å for all heavy atoms (Figure 4.1B). Strikingly, this apo solution structure
preserves all key tertiary interactions (Figure 4.1C) observed in the highly similar crystal structure
of the holo T. petrophila fluoride riboswitch aptamer67 (Figure 4.3A), including reverse WatsonCrick (WC) A5•U35 pair and reverse Hoogsteen (HG) A37•U45 pair (Figure 4.1D,E). Further
measurements confirmed three rare long-range hydrogen bonds formed between highly conserved
residues: A37-2’OH to G7-N7, U38-2’OH to A40-N7, and U38-H3 to C41-O2P (Figure 4.1E,F
and Figure 4.2). In addition, the fluoride-binding pocket, which is formed by phosphates from five
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cross-strand residues, only differs subtly between the apo and holo states and features an open
entrance for fluoride (Figure 4.3B,C).
Table 4.1 NMR and refinement statistics
apo fluoride riboswitch
NMR distance and dihedral constraints
Distance restraints
Total NOE
Intra-residue
Inter-residue
Sequential (|i – j| = 1)
Nonsequential (|i – j| > 1)
Hydrogen bond
Total dihedral angle restraints
Base pair
Sugar pucker
Backbone
Based on A-form geometry
Total RDCs (1DCH and 1DNH)
Structure statistics
Violations (mean and s.d.)
Distance constraints (Å)
Dihedral angle constraints (°)
Dipolar couplings Q factor
Max. dihedral angle violation (º)
Max. distance constraint violation (Å)
Deviation from idealized geometry
Bond lengths (Å)
Bond angles (°)
Impropers (°)
Average pairwise r.m.s. deviationa (Å)
All heavy atoms (residues 1-47)
All heavy atoms (residues 1-46)
MolProbity analysis
Clashscore
Pucker outliers (%)
Backbone outliers (%)
Bond outliers (%)
Angle outliers (%)
Suiteness

903
356
336
118
93
260
47
47
25
141
77

0.0098±0.0007
0.040±0.011
0.103±0.002
1.20
0.14
0.00381±0.00005
0.574±0.004
0.366±0.005
0.67±0.22
0.49±0.09

1.70±0.66
0.00±0.00
10.32±1.86
0.00±0.00
0.00±0.00
0.74±0.02
a
Pairwise r.m.s. deviation was calculated from 20 lowest-energy structures.
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Figure 4.2 NMR characterization of the apo and holo states of the B. cereus fluoride
riboswitch aptamer domain. (a) 1D imino 1H spectra of 0.1 mM aptamer domain in the
absence of Mg2+ (free), in the presence of 30 mM F- without Mg2+ (free + 300xF-), in the
presence of 2 mM Mg2+ (apo), and in the presence of 2 mM Mg2+ and 2 mM F- (holo). (b) 1H13
C HSQC spectra of base carbon (C8 and C6) region of uniformly 13C/15N labeled aptamer
domain in the free, apo and holo states. Resonance assignments of the apo state are labeled.
Inserts are titration curves based on resonance intensities of G39 for quantifying apparent
binding affinity of Mg2+ and F-, which are Kd,Mg = 405 ± 46 µM and Kd,F = 100 ± 20 µM,
respectively. While there could be multiple weak/nonspecific interactions between the ions and
the RNA, these titration data were analyzed using a two-state model with a single major binding
event, which is consistent with the previous study on the T. petrophila fluoride riboswitch25.
Error bars, peak intensity uncertainties (s.d.) estimated from signal-to-noise ratios in n = 8 2D
spectra. (c) 1D imino 1H and 2D 1H-31P HSQC spectra of the apo and holo aptamers, which
provide spectroscopic support for the U38-H3 to C41-O2P hydrogen bond. (d) 2D 1H-15N
HSQC spectra of the apo and holo aptamers, which provide spectroscopic support for the A372’OH to G7-N7 and U38-2’OH to A40-N7 hydrogen bonds, where hydrogen-bonded N7s of
G7 and A40 show clearly upfield-shifted resonances.
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Figure 4.3 The fluoride riboswitch aptamer adopts structurally similar apo and holo
states. (a) Comparison between the apo solution structure of B. cereus aptamer and the holo
crystal structure of T. petrophila aptamer. Shown in red and green spheres are the fluoride and
Mg2+ ions in the holo crystal structure, respectively. (b, c) Structures of the fluoride-binding
pocket in (b) the apo B. cereus aptamer and (c) the holo T. petrophila aptamer, where
phosphorus and phosphate oxygens are shown in yellow and pink spheres, respectively.
Coordination of fluoride and Mg2+ ions to phosphates is highlighted in dashed lines in (c). (d)
Correlation between 2R2-R1 values measured in the apo and holo states of B. cereus fluoride
riboswitch aptamer. Symbols are colored as the secondary structure in Figure 1. Error bars,
experimental uncertainties (s.d.) estimated from fitting n = 3 independently measured peak
intensities to a mono-exponential decay using a Monte-Carlo based method. (e) Correlation
between RDCs measured in the apo and holo states of B. cereus fluoride riboswitch aptamer.
Symbols are colored as the secondary structure in Figure 1. Error bars, experimental
uncertainties (s.d.) estimated from splittings measured in 1H and 13C/15N dimensions, n = 89
(apo state) and n = 88 (holo state). (f) Fluoride-dependent single-round transcription assay in
the presence of 5 mM Mg2+ and 1 mM NTPs with a B. cereus fluoride riboswitch template and
E. coli RNAP holoenzyme. Shown on top is the autoradiogram of a 10% PAGE denaturing gel
separating the full-length (F) and terminated (T) RNA products from a single-round
transcription assay. Shown on bottom are fluoride-dependent read-through, F/(F+T), for the
wild type (WT) and U6C mutant, where EC50s are highlighted in vertical red lines. For the
U6C mutant, the EC50 is estimated by assuming that it can achieve the same level of
transcription activation as the WT at high fluoride concentrations because the mutant and the
WT aptamers adopt highly similar fluoride-bound, transcription-ON states. Data are mean ±
s.d. from n = 2 independent assays for each construct.
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A holo-like apo state is essential for transcription activation
To assess whether the apo and holo states differ in their conformational dynamics, we
measured NMR 13C spin relaxation rates, which report conformational flexibility at the pico-tonanosecond timescale, and residual dipolar couplings (RDCs), which provide long-range angular
information on structures and also report conformational flexibility up to the micro-to-millisecond
timescale31. Remarkably, both relaxation rates and RDCs exhibit a high degree of correlation
between the two states (R2 = 0.94 and 0.99, respectively) (Figure 4.3D,E), suggesting that the B.
cereus aptamer domain not only adopts identical structures in solution but also undergoes highly
similar dynamics across a wide range of timescales with or without fluoride.
Given these structural and dynamic similarities, we examined whether the apo and holo
states do give rise to distinct functional outcomes as reported previously66. Indeed, single-round
transcription assays confirmed fluoride-dependent transcription activation of the B. cereus
riboswitch, which has an EC50 – the effective fluoride concentration to cause a 50% change in
transcription – of 515 ± 78 µM (Figure 4.3F). The observed difference between the EC50 and Kd
(~100uM) values indicate that transcriptional regulation of the B. cereus fluoride riboswitch is
likely governed by the kinetic, rather than thermodynamic, properties of fluoride binding. Since
the regulatory process is cotranscriptional, the RNA polymerase can reach the decision point of
transcription termination at the poly-U stretch before ligand binding achieves thermodynamic
equilibrium, hence, requiring a ligand concentration higher than the Kd to ensure a sufficient ligand
on-rate to cause a 50% change in transcription within the limited time window126. The importance
of ligand binding kinetics in the regulation of fluoride riboswitch is further corroborated by a
mutation, where we perturbed a water-mediated hydrogen bond between U6-O4 to an Mg2+ distal
from the ligand-binding pocket67. This single-nucleotide mutation (U6C) destabilizes the
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structured Mg2+-bound apo aptamer but does not significantly affect the holo conformation (Figure
4.4). Despite having an apparent fluoride off-rate constant (koff,U6C = 0.21 ± 0.01 s-1) similar to the
wild-type (WT) (koff = 0.41 ± 0.02 s-1), the U6C mutant exhibits a much slower ligand on-rate
constant, manifested as a 13-fold decrease in fluoride binding affinity (Kd,F,U6C = 1.29 ± 0.18 mM)
(Figure 4.4). The slowing of ligand-binding kinetics leads to an even larger effect (170-fold) on
EC50 (88 ± 5 mM) than predicted by the change in Kd,F (Figure 4.3F) and renders a switch that is
only responsive at concentrations well beyond the ~1 mM minimum inhibitory concentration
(MIC)66. Together, these results illuminate the functional role of the holo-like apo state, which
effectively lowers the kinetic barrier for ligand binding to enable efficient fluoride sensing for
transcription activation before reaching the toxicity threshold. However, the mechanism by which
this holo-like apo state achieves the transcription OFF state remains hidden.
A ‘hidden’ fleeting process differentiates the apo and holo states
Recent

developments

in

NMR

R1ρ

relaxation

dispersion41,127,128

and

CEST

spectroscopy57,59,60 have made it possible to study RNA excited conformational states that are too
low-populated and short-lived to be detected by conventional techniques. By applying 13C CEST
spectroscopy57 on individually G and A/U

13

C/15N labeled aptamers, we uncovered distinct

propensities of the apo and holo states to access excited states. For the holo aptamer, base
(C2/C6/C8) and sugar (C1’) CEST profiles uniformly displayed single intensity dips, suggesting
one stable conformation (Figure 4.5a). In contrast, a subset of apo CEST profiles exhibited second
and asymmetrically broadened intensity dips, indicating the presence of conformational exchange
to excited states in the apo aptamer (Figure 4.5b). With the exception of A17, which is singly
stacked on P1 and may undergo local dynamics, residues that undergo chemical exchange are
spatially clustered around
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Figure 4.4 NMR characterization of the U6C B. cereus fluoride riboswitch aptamer
domain. (a) 1D imino 1H spectra of 0.1 mM U6C aptamer domain in the absence of Mg2+
(free), in the presence of 5 mM Mg2+ (sat), and in the presence of 5 mM Mg2+ and 5 mM F(holo). Unlike the wild type, the U6C remains largely unfolded even in excess Mg2+. (b) Transhydrogen-bond JNN-COSY experiment confirms the presence of “linchpin” reversed
Hoogsteen A37•U45 pair in the holo state of U6C. (c) Overlay of 1H-13C TROSY HSQC
spectra between wild type and U6C in the free, apo (Mg2+-bound), and holo states. Almost
identical spectra are observed between the wild type and U6C in the free and holo states,
suggesting similar structures. However, unlike the wild type, U6C remains largely unfolded in
the presence of 10 mM Mg2+ (saturated condition). Insert is the titration curve based on
resonance intensities of G39 for quantifying apparent fluoride binding affinity as Kd,F = 1.29 ±
0.18 mM. Error bars, peak intensity uncertainties (s.d.) estimated from signal-to-noise ratios in
n = 5 2D spectra.
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Figure 4.5 The apo B. cereus fluoride riboswitch aptamer populates an excited state. (a,
b) CEST profiles depicting carrier (in ppm) dependence of intensity in the (a) holo and (b) apo
states. Error bars, experimental uncertainties (s.d.) estimated from n = 3 independently
measured peak intensities. Spheres shown on the structures are the sites where CEST data were
measured. Gray spheres are carbon probes fit to a single-state model and red spheres are carbon
probes fit to a two-state exchange model. (c) Schematic secondary structures of the apo ground
state and the apo excited state for the B. cereus fluoride aptamer with exchange parameters. (d)
Comparison of base C8 chemical shifts of G7 for the apo ground state, the apo excited state,
and Mg2+-free ground and excited states of wild type and mutants.
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the junction of P3, J13, J23, and 3’-tail, suggesting a concerted transition (Figure 4.5b). Indeed,
these CEST data can be globally fitted to a single two-state (ground state Û excited state)
exchange that is directed towards an excited state with population (pES) of 1.4 ± 0.1% and lifetime
(tES = 1/kEG) of 3.2 ± 0.3 ms (Fig. 3c).
The excited state unlocks the conserved linchpin to signal transcription termination
To gain structural insights into the apo excited state, we examined excited state base and
sugar carbon chemical shifts extracted from CEST profiles, which are sensitive probes to local
chemical environments. Except for the excited state chemical shifts of P3 A42, which remains
close to those of helical residues, all excited state chemical shifts are significantly shifted toward
those of single nucleotides. Together with the lack of exchange observed in helical residues, these
excited state chemical shift fingerprints indicate that the apo excited state possesses well-folded
P1, P2, and P3 stems, but the network of tertiary interactions formed by J13, J23, and 3’-tail is
missing. In particular, the P3-capping reverse Hoogsteen A37•U45 pair may be disrupted in the
apo excited state, as suggested by downfield-shifted excited state base chemical shift of P3
terminal residue G7 (136.2 ppm) towards that of uncapped P1 terminal residue G1 (136.9 ppm).
Thus, the apo excited state adopts a pseudoknot-like structure distinct from the apo ground state
and the unfolded aptamer.
To test key features of the proposed apo excited state structure – the absence of A37•U45
pair and the presence of P3, we designed site-specific mutations (Figure 4.5D and Figure 4.6).
Remarkably, both A37•U45 deletion mutations – A37C and 3’ tail deletion (D3) – deleteriously
impact Mg2+ and F- binding and result in largely unstructured aptamers in the presence of ligands
(Figure 4.6A). These results not only unveil an unexpected role of the A37•U45 pair as the
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Figure 4.6 Characterizing excited state structure by 13C CEST spectroscopy. (a) 1D imino
1
H spectra of 0.1 mM wild-type aptamer domain, A37C mutant, and D3 mutant at different
RNA to Mg2+ ratios and different RNA to F- ratios in the presence of 5 mM Mg2+. (b) G7 13C
CEST profiles at an intermediate Mg2+ concentration, where 6-fold Mg2+ was added directly
to the Mg2+-free G-labeled sample. Shown in the middle panel is the 1H-13C HSQC spectrum
with G7 peaks from both the Mg2+-free (red) and the Mg2+-bound apo (orange) states present.
G7 CEST profiles of the free and apo peaks are shown in the left and right panels, with solid
lines representing the best fits to a global three-state model. Shown in the bottom panel are
schematic secondary structures of the Mg2+-free, the apo excited state and the apo ground state
for the B. cereus fluoride aptamer with exchange parameters. (c) G7 CEST profiles of the WT,
A37C, D3, and CAA constructs in the absence of Mg2+. Red dashed lines are single-state fits
to highlight excited state positions. Error bars in (b, c), experimental uncertainties (s.d.)
estimated from n = 3 independently measured peak intensities.
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‘linchpin’ for aptamer folding, explaining their conservation across all fluoride riboswitches66, but
also emphasize the importance of evaluating the behaviour of A37•U45 in the excited state.
However, the significantly broadened NMR signals observed upon Mg2+ addition (Figure 4.6A)
make it infeasible to directly compare these mutants to the WT for examining the excited state
structure. Alternatively, CEST profiles of a partially Mg2+-bound WT aptamer showed that the apo
excited state is a state shared between the Mg2+-bound apo ground state and the Mg2+-free unfolded
aptamer (Figure 4.6B). Given the WT aptamer samples the apo excited state in the absence of Mg2+
(Figure 4.6C), we examined whether the Mg2+-free A37•U45-deletion mutants also populate the
same apo excited state. Indeed, CEST profiles showed good agreement among all three G7 excited
state chemical shifts, supporting the absence of A37•U45 pair in the excited state (Figure 4.5 and
Figure 4.6C). Similarly, we confirmed the presence of P3 in the excited state, where the A42C43C44
to C42A43A44 (CAA) mutation, which disrupts P3, abolishes excited state sampling (Figure 4.5D
and Figure 4.6C). It is remarkable that, despite being distant from the binding pocket, fluoride
binding is able to allosterically suppress the linchpin-unlocked excited state without affecting the
ground state conformation.
Relative to otherwise indistinguishable apo and holo states, the apo excited state may
represent the pivot state needed to achieve transcription termination in the absence of ligand. Since
the regulatory process is cotranscriptional, the communication between the aptamer and terminator
residues occurs when A64 exits the RNA polymerase and competes with the aptamer for U45
(Figure 4.7). At this point, due to the encapsulated ~ 12-nt RNA footprint of the
polymerase114,129,130, transcription will have reached the poly-U stretch (U71-78). Hence, the
pairing of A64 – U45 not only represents the first step of aptamer-terminator communication, but
also marks the decision point of transcription termination. To evaluate the thermodynamic
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Figure 4.7 Single-round transcription assay of the B. cereus fluoride riboswitch in the
absence of fluoride. (a) Secondary structures of the full-length B. cereus fluoride riboswitch
shown in the termination (left) and readthrough (right) states. The G U -to-U A mutation
(M18), which abolishes fluoride responsiveness by destabilizing the P3 helix , is employed
here as an internal control to measure intrinsic termination efficiency. (b) Mg dependence of
transcription activation by the B. cereus fluoride riboswitch (WT) and the baseline transcription
activation due to imperfect termination efficiency (M18). Shown are n = 2 independent
replicates for each construct.
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signatures of transcription intermediates around this pivot point, we carried out pseudocotranscriptional RNA folding measurements by NMR. In the absence of A64, the apo aptamer
remains well folded in the holo-like apo ground state, which ensures efficient fluoride sensing.
Remarkably, when the transcript ‘reaches’ A64, the folded apo aptamer, in contrast to the holo
aptamer, becomes significantly destabilized, where the A64 – U45 interaction further leads to a
largely unfolded P3 that in turn favors the strand invasion process towards terminator formation.
Surprisingly, when the complete terminator sequence is present, terminator stem outcompetes both
the structured apo and holo aptamers, demonstrating that the transcription-OFF conformation of
the riboswitch is the most thermodynamically stable state. Together, these results not only indicate
that the termination process is governed by the kinetic, rather than thermodynamic, properties of
terminator formation, they also suggest the A64 – U45 interaction may play a pivot role in this
regulatory process.
Hence, by unlocking U45 from the ‘linchpin’, the apo excited state could underlie a
kinetically favorable pathway that facilitates A64 – U45 pairing and achieves efficient terminator
formation. Therefore, if the apo excited state activates transcription termination, perturbing the
ground-excited state dynamic will alter the transcriptional outcome. Since Mg2+ stabilizes the apo
ground state, we expect that increasing Mg2+ concentration, which disfavors apo excited state
formation, will reduce termination efficiency and enhance transcription activation. To examine
this hypothesis in a transcriptional context, we carried out Mg2+-dependent single-round
transcription assays in the absence of fluoride. Indeed, a dramatic increase was observed in readthrough from 7% at 3 mM Mg2+ to 43% at 30 mM Mg2+ over baseline reduction in termination
efficiency with apparent read-through only increased from 5% to 21% (Figure 4.7B), which not
only strongly supports the proposed functional role of the apo excited state in transcription
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termination but also suggests that, like the holo state, the structurally equivalent apo ground state
can activate transcription.
The fluoride riboswitch delivers robust transcription regulation
Taken together, these results reveal a novel switching mechanism where, without altering
the tertiary architecture of the ligand-sensing aptamer domain, dynamic transition to an excited
state signals transcription termination whereas allosteric suppression of this fleeting state upon
ligand binding activates continued transcription. To provide a rigorous description of this
mechanism, we integrated the sensing, communication, and termination processes into a unified
model that depicts the most likely pathway for function. The underlying kinetic scheme was
completed by combining the NMR-derived aptamer folding rate constants and the apparent rate
constants of terminator formation that were extracted from single-round fluoride-free transcription
assays at different NTP concentrations1 (Figure 4.8 and Figure 4.9). It is worth noting that
characterizing the terminator folding rates in a transcriptional context is necessary for developing
a kinetic scheme that properly represents the regulatory process131,132. Given fluoride is toxic to
cells, the riboswitch must be able to activate gene expression, regardless of cellular conditions,
before fluoride levels significantly exceed the toxicity threshold (MIC ~ 1 mM)66. Cellular
conditions can greatly impact the overall speed of RNA transcription1,133, a major factor for
transcriptional riboswitch regulation126. Therefore, we employed kinetic simulations to examine
functional outcomes at different effective transcription rates, defined as the combined time needed
for transcribing from the aptamer to the expression platform and pausing at the poly-U stretch1,133.
Remarkably, over a wide range of effective transcription rates, the riboswitch is predicted to
maintain not only tight fluoride response (EC50 ~ 174 µM – 3.1 mM) but also effective switching
efficiency (64 – 93%), which is defined as the dynamic range of ligand-dependent transcription
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activation (Figure 4.9B). We further examined this predicted response using single-round
transcription assays at different NTP concentrations, and the experimentally determined EC50
(129 ± 9 µM – 2.7 ± 0.3 mM) and switching efficiency (71 – 93%) values agree very well with the
simulated results (Figure 4.9C). This robust switching is achieved by the rapid ground-excited
state interconversion. Slowing the ground-excited state rate (kGE) from 4.5 to 0.45 s-1 predicts an
unbalanced switch: while the fluoride response remains tight (EC50 ~ 209 µM – 2.2 mM), the
switching efficiency becomes more dependent on transcription rates with a range from 36% to
93%. In contrast to the WT aptamer, the U6C mutant, which employs the conventional mechanism
of distinct apo and holo aptamer structures, lacks robustness in regulation: although excellent
switching efficiency is obtained in both simulation (86 – 96%) and functional assays (84 – 96%),
the fluoride response (EC50 ~ 7 – 490 mM and ~ 24 ± 2 – 329 ± 67 mM for simulation and assays,
respectively) is deficient relative to physiological fluoride toxicity levels (Figure 4.9D,E). These
results highlight the importance of the excited state-mediated switching mechanism for the
function of the fluoride riboswitch in toxicity response66.
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Figure 4.8 Measurement of the pausing duration and effective terminator formation rate
with single-round transcription assay of the B. cereus fluoride riboswitch. (a, b)
Measurement of pausing duration at the poly-U stretch at different NTP concentrations in the
presence of 5 mM Mg2+ using a previously established protocol 1,2. A representative gel at
[NTP] of 100 µM is shown in (a) and data fitting for the all NTP concentrations is shown in
(b). (c) NTP dependence of transcription activation by the B. cereus fluoride riboswitch and
intrinsic transcription activation due to imperfect termination efficiency (M18). Data are mean
± s.d. from n = 2 independent assays for each construct. (d) Extracting effective rate constants
of terminator formation from the in vitro transcriptional process. Shown is NTP-dependent
transcription activation of WT and M18 in the presence of 5 mM Mg2+ (n = 2; mean ± s.d.) as
a function of the combined time, which includes the elongation time at 20 nt/s and the NTPdependent pausing duration at the poly-U stretch. Solid lines are global fits of WT and M18
data to the kinetic scheme.
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Figure 4.9 Transcription regulation by the B. cereus fluoride riboswitch. (a) A schematic
kinetic mechanism of transcription regulation by the B. cereus fluoride riboswitch. Depicted in
red arrows are the proposed pathways towards the formation of the terminator (T) for
transcription termination. Depicted in green arrows are the proposed pathways that retain both
the aptamer and the anti-terminator (AT) intact for transcription activation. Experimentally
established kinetic parameters for this model are detailed in Supplementary Figure 9. (b)
Simulation of fluoride- and time-dependent transcription activation by the B. cereus fluoride
riboswitch in 5 mM Mg2+ at an RNA elongation rate of 20 nt/s with varying pause time at polyU. Simulations at other rates are shown in Supplementary Figure 11a. (c) Experimental
fluoride-dependent transcription activation by the B. cereus fluoride riboswitch in 5 mM Mg2+
at different NTP concentrations. Data are mean ± s.d. from n = 2 independent assays for each
NTP concentration. (d) Simulation of fluoride- and time-dependent transcription activation by
the U6C riboswitch in 5 mM Mg2+ at an RNA elongation rate of 20 nt/s with varying pause
time at poly-U. (e) Experimental fluoride-dependent transcription activation by the U6C
riboswitch in 5 mM Mg2+ at different NTP concentrations. Data are mean ± s.d. from n = 2
independent assays for each NTP concentration.
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4.3

Discussion
Here, by integrating structural, dynamic, kinetic and functional analyses of the B. cereus

fluoride riboswitch, we identified a novel switching mechanism for riboswitch function, which is
distinct from the current paradigm involving the aptamer domain adopting different tertiary and
even secondary structures in the presence and absence of ligand108. We found that the fluoride
riboswitch aptamer folds into essentially identical tertiary structures with and without ligand. This
holo-like apo conformation allows fluoride sensing in a direct and efficient manner, and is critical
for the riboswitch to effectively activate toxicity response given the marginal gap between its
fluoride binding affinity (Kd ~ 0.1 mM) and the threshold of toxic fluoride levels (MIC ~ 1 mM)66.
However, a potential disadvantage of employing structurally indistinguishable states is that the
ligand-free aptamer is functionally competent in triggering gene activation. Yet, the fluoride
riboswitch only activates transcription upon specific fluoride recognition and effectively limits
unintended gene expression when fluoride is absent.
We show that this ligand-specific gene activation is achieved by controlling highly
localized fleeting dynamics. The apo aptamer transiently accesses an excited state; in contrast, the
holo aptamer turns off these conformational transitions. Despite being sparsely populated and
short-lived, this excited state defines the functional difference between the apo and holo states.
Rapid transition to the excited state, which unlocks the highly conserved linchpin base pair located
at the interface between the aptamer domain and the expression platform, opens the gate for strand
invasion and provides a path to transcription termination. In contrast, fluoride binding
allosterically suppresses excited state access and ensures continued gene transcription. Recently,
transcription regulation by the B. cereus fluoride riboswitch was also characterized using a
chemical probing approach based on selective 2'-hydroxyl acylation analyzed by primer extension
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sequencing (SHAPE-seq)134. This elegant cotranscriptional SHAPE-seq technique provides a
powerful approach for studying transcriptional processes at nucleotide resolution, and enabled
detection of a series of folding intermediates along the transcription coordinate of the fluoride
riboswitch. However, due to limited spatial and temporal resolution, the fleeting conformational
transition uncovered here evaded detection by the SHAPE-seq experiment, and subsequently, the
regulatory role of the conserved reverse Hoogsteen A37•U45 base pair remained hidden. This
resulted in an apparent pathway that adopts the conventional view of riboswitch mechanism
composed of different apo and holo aptamer structures. Hence, the case of fluoride riboswitch
highlights the necessity of high-resolution tertiary structural and dynamic measurements in
solution for illuminating the underlying regulatory mechanism of riboswitch function.
By completing a kinetic scheme of our excited-mediated mechanism, we were able to
reveal an unexpected capability of this transcriptional riboswitch. Numerical simulations of this
scheme, corroborated by functional assays, showed that the riboswitch is capable of achieving both
tight fluoride response and effective switching efficiency over a wide range of effective RNA
transcription rates. This robust switching behavior is a likely prerequisite for functional response
to fluoride toxicity in diverse cellular environments. We speculate this mechanism may underlie
regulatory functions of other riboswitches that are involved in various toxicity responses135,136.
Our findings were made possible by recent advances in NMR techniques41,57,59,60,127,128,
and specifically, the development of CEST NMR spectroscopy57,59,60. The uncovered functional
excited state is a high-energy state that falls outside detection of all other techniques used in
riboswitch studies to date. Our observation further raises the possibility that excited state-mediated
switching mechanisms may be at play in some riboswitches where similar ligand-free and ligandbound aptamer structures have been observed119-123. In light of recent discoveries of similar
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mechanisms in allosteric proteins137,138, we anticipate this excited state-mediated molecular
strategy may be general among biomolecules and hence present in functions of other regulatory
non-coding RNAs. Furthermore, it has become increasingly clear that many non-coding RNAs
fold and interconvert between distinct conformational states for function10. Our study presents, to
our knowledge, the first functionally established excited state in complex RNAs, providing direct
evidence for the emerging view that RNA encodes excited states as a ‘hidden’ layer for
regulation32,33,41,139. By demonstrating a new mode of ligand-dependent RNA function, our study
suggests that, despite being composed of simple building blocks, RNA, like proteins140, can
effectively explore conformational landscapes and incorporate functional excited states to direct
biological outcomes. Developing a mechanistic understanding of how these ‘hidden’
conformational states regulate RNA function further promises new opportunities for rational
design of RNA-based regulatory devices and RNA-targeted therapeutics.
4.4

Methods

Sample preparation. Unlabeled, uniformly 13C,15N-labeled, and base-specifically (G and A/U)
13

C/15N-labeled fluoride riboswitch samples and mutants were prepared as previously described57.

Briefly, the in vitro transcribed RNA samples were ethanol precipitated, gel purified (15%
denaturing polyacrylamide gel), electro-eluted with the Elutrap system (Whatman), and anionexchange purified with a 5 ml Hi-Trap Q column (GE Healthcare). Using Amicon filtration
systems with 10K MW cut-off membranes (Millipore), the RNA samples were desalted, initially
exchanged to water, and subsequently exchanged to 10 mM sodium phosphate (pH 6.4), 50 mM
KCl, and 50 µM EDTA. For the Mg2+-free samples, RNAs were concentrated directly to ~1 mM
concentration. For the apo (Mg2+-bound) samples, the Mg2+-free RNA samples were further
exchanged to the same buffer conditions with additional 10 mM MgCl2, and subsequently

80

concentrated to ~1 mM concentration with the same buffer conditions with 2 mM MgCl2. For the
holo (fluoride-bound) samples, the apo RNA samples were further exchanged to the same buffer
conditions with 2 mM MgCl2 and 10 mM NaF. For the Mg2+-saturated U6C samples, the Mg2+free RNA samples were exchanged to the same buffer conditions with additional 10 mM MgCl2.
For H2O sample, 5% D2O was added. For D2O sample, the corresponding H2O sample was
repeatedly lyophilized and re-dissolved in the same volume of 99.996% D2O (Sigma).
NMR spectroscopy. All NMR experiments were carried out on Bruker Avance III 500 and 600
spectrometers equipped with 5 mm quadruple-resonance (QCI) and triple-resonance (TCI)
cryogenic probes, respectively. Exchangeable proton spectra were recorded using H2O samples at
283 K, and non-exchangeable proton spectra were recorded on H2O and D2O samples at 303 K.
NMR spectra were processed and analyzed with TOPSPIN 3.2 (Bruker), NMRPipe74, and Sparky
3.110. (University of California, San Francisco, CA). The assignments were obtained using 2D
NOESY, 2D TOCSY, 1H-15N HSQC, 1H-13C HSQC, 2D HCCH-COSY, 3D HCCH-TOCSY,
HCCNH TOCSY, and HCN experiments on the unlabeled, uniformly labeled and base-specifically
13

C,15N-labeled RNA samples71-73. The

31

P spin-echo difference CT-HSQC and spin-echo

difference CH-HCCH correlation experiments were used to determine the e and b dihedral angles
of the backbone141. The interactions between imino protons and phosphate oxygens were
characterized using 1H-31P HSQC experiments142.
Structure calculation. For structure calculation of the apo B. cereus fluoride riboswitch, NOE
restraints for inter-proton distances of non-helical regions were obtained from the 2D NOESY and
2D Watergate NOESY spectra acquired on D2O and H2O samples. A total of 293 experimental
NOE distances were obtained, which were classified as very strong (2.5 Å), strong (3.5 Å), medium
(4.5 Å), and weak (5.5 Å). For helical regions, 517 idealized A-form inter-proton distances were
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used as supported by RDC analysis (see below) and were categorized into 1.8-3.0 Å, 2.5-4.0 Å,
3.5-5.0 Å, and 4.5-6.0 Å ranges. Dihedral angle restraints (A-form values of a = -62.1 ± 30°, b =
180.1 ± 30°, g = 47.4 ± 30°, n2 = 37.3 ± 30°, and z = -74.7 ± 30° for helical residues, and
experimentally determined values for e, b, c, and d), hydrogen bond distance and weak planarity
restraints for 17 base pairs were incorporated in the structure calculations as previously
described70. Initially, 200 structures were calculated from an extended and unfolded starting RNA
structure using all restraints except RDCs following standard XPLOR protocols143. Structures with
no experimental restraint violations (distances >0.5 Å and dihedral angles >5°) were further refined
with 77 RDCs. All one-bond C-H and N-H RDCs were normalized to a C-H bond length of 1.0 Å
for structure calculation using Xplor-NIH as described previously70. The choice of 1.0 Å is for
referencing and does not affect structure calculations. The optimal values for the magnitude and
asymmetry of the alignment tensor are Da = 23.2 Hz and R = 0.44. The force constant for RDCs
was gradually increased from 0.1 to 0.5 kcal·mol–1·Hz–2. The 50 lowest-energy structures were
subject to final refinement with a database potential144,145 together with RDCs, where the force
constant for the database potential was gradually increased from 0.01 to 0.2 kcal·mol–1·Hz–2. The
20 lowest-energy structures from the final refinement are reported. Structures were viewed and
analyzed with MOLMOL146, PYMOL (DeLano Scientific LLC), and MolProbity147.
13

C spin relaxation measurements. Longitudinal (R1) and rotating-frame (R1ρ) relaxation rates

were measured for base carbons (C2, C6 and C8) using TROSY detected pulse sequences26. The
same experimental parameters were used for the apo and holo riboswitches. The carrier position
was set to 144 ppm and the spin-lock offset was 3750 Hz. The high-power off-resonance spin-lock
field was calibrated as nSL = 4335.1 ± 44.6 Hz. Relaxation delays were 20 and 600 (x2) ms for R1
experiments, and 4 and 40 (x2) ms for R1ρ experiments, where duplicated measurements are
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indicated as x2. Relaxation rates and experimental uncertainties (s.d.) were determined by fitting
intensities to a mono-exponential decay, I t = I 0 e− R×t , using NMRView75 and in-house software
with a Monte-Carlo based method26. The transverse relaxation rates (R2) were obtained from R1ρ
and R1 rates using R1ρ = R1 cos(2θ) + R2 sin(2θ), where θ = arctan(nSL/Ω) is the effective tilt angle
in the spin-lock field and Ω is the resonance offset from the spin-lock carrier frequency in Hz.
RDC measurements. One-bond C-H and N-H RDCs were measured on uniformly 13C,15N-labeled
apo and holo riboswitch samples in ~13 mg/ml Pf1 phage (ASLA Biotech, Ltd) at 303 K on 600
MHz spectrometer using 2D 1H-13C S3CT-HSQC102 and standard 1H-15N HSQC experiments.
NMR spectra for RDCs were processed and analyzed using NMRPipe/NMRDraw74. A total of 89
and 88 RDCs were measured for the apo and holo samples, respectively. Experimental
uncertainties (s.d.) in RDCs were estimated from splittings measured in 1H and

13

C/15N

dimensions. For analyzing apo-state RDCs in helical regions, idealized A-form helices of P1, P2
and P3 were used as input coordinates for program RAMAH148. Back calculated RDCs from these
idealized A-form helices agree excellently with experimental RDCs with Q values of 0.11, 0.09,
and 0.16 for P1, P2 and P3, respectively, suggesting idealized A-form geometries for the apo
helical regions.
13

C CEST measurements.

13

C CEST experiments were conducted at 600 MHz as previously

described57. For CEST experiments on G-labeled apo (Mg2+-bound) riboswitch,

13

C B1 fields

(w/2p) of 26.04 Hz and 35.44 Hz were used. For base carbon C8s, the 13C carrier was set to 135.6
ppm with a spectral width of 7.5 ppm, and the

13

C offsets ranged from -1120 to 1000 Hz with

spacing of 40 Hz. For sugar carbon C1’s, the 13C carrier was set to 90.9 ppm with a spectral width
of 2.8 ppm, and the

13

C offsets ranged from -800 to 800 Hz with spacing of 40 Hz. For CEST
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experiments on AU-labeled apo (Mg2+-bound) riboswitch, 13C B1 fields (w/2p) of 26.04 Hz and
35.44 Hz were used. For base carbon C2s/C6s/C8s, the 13C carrier was set to 144.6 ppm with a
spectral width of 8.5 ppm. The 13C offsets ranged from 540 to 1740 Hz for C2s, and from -1800
to 80 Hz for C6s/C8s with spacing of 40 Hz. For sugar carbon C1’s, the 13C carrier was set to 90.0
ppm with a spectral width of 11 ppm, and the 13C offsets ranged between -800 to 800 Hz with
spacing of 40 Hz. 1D-selective 13C CEST experiments were further carried out to measure CEST
profiles for A37 and U38, which were either outside of the offset range or overlapped in 2D CEST
experiments, respectively.

13

C B1 fields (w/2p) of 26.04 Hz and 35.44 Hz were used with

13

C

offsets ranging from -640 to 1000 Hz for A37 and from -840 to 760 Hz for U38 with spacing of
40 Hz. For CEST experiments on G-labeled holo (F--bound) riboswitch, a single

13

C B1 field

(w/2p) of 26.04 Hz was used. For base carbon C8s, the 13C carrier was set to 135.0 ppm with a
spectral width of 5.5 ppm, and the 13C offsets ranged from -1120 to 1000 Hz with spacing of 40
Hz. For sugar carbon C1’s, the 13C carrier was set to 90.7 ppm with a spectral width of 3.5 ppm,
and the 13C offsets ranged from -800 to 800 Hz with spacing of 40 Hz. For CEST experiments on
AU-labeled holo (F--bound) riboswitch, a single 13C B1 field (w/2p) of 26.04 Hz was used. For
base carbon C2s/C6s/C8s, the 13C carrier was set to 138.9 ppm with a spectral width of 12 ppm.
The 13C offsets ranged from 1440 to 2640 Hz for C2s and from -1000 to 1000 Hz for C6s/C8s with
spacing of 40 Hz. For sugar carbon C1’s, the 13C carrier was set to 89.0 ppm with a spectral width
of 11.8 ppm, and the 13C offsets ranged between -800 to 800 Hz with spacing of 40 Hz. For CEST
experiments on G-labeled riboswitch at an intermediate Mg2+ concentration, where 6-fold Mg2+
was added directly to the Mg2+-free sample, the 13C carrier was set to 135.6 ppm with a spectral
width of 6.5 ppm. Two 13C B1 fields were used: for w/2p = 10.64 Hz, the 13C offset ranged from 1110 to 990 Hz with spacing of 30 Hz; for w/2p = 26.04 Hz, the 13C offset ranged from -1120 to
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1000 Hz with spacing of 40 Hz. For CEST experiments on G-labeled Mg2+-free riboswitch, the
13

C carrier was set to 135.6 ppm with a spectral width of 6.5 ppm. Two 13C B1 fields were used:

for w/2p = 17.68 Hz, the 13C offset ranged from -990 to 990 Hz with spacing of 30 Hz; for w/2p
= 27.90 Hz, the

13

C offset ranged from -1000 to 1000 Hz with spacing of 40 Hz. For CEST

experiments on G-labeled Mg2+-free A37C and D3 mutants, the 13C carrier was set to 137.3 ppm
with a spectral width of 10 ppm. 13C B1 fields (w/2p) of 27.9 Hz and 37.84 Hz were used, and the
13

C offsets ranged from -1240 to 1200 Hz with spacing of 40 Hz. For CEST experiments on G-

labeled Mg2+-free CAA mutant, the 13C carrier was set to 135.6 ppm with a spectral width of 6.5
ppm. A single 13C B1 field (w/2p) of 27.9 Hz was used, and the 13C offset ranged from -1000 to
1000 Hz with spacing 50 Hz.
13

C ZZ-exchange measurements. ZZ-exchange experiments were conducted on H2O samples at

303 K as previously described57. The mixing times were 200, 300, 400, 500, 600, 700, 800, 1000,
and 1200 ms for both wild type and U6C samples. The intensity errors are estimated to be twice
the signal-to-noise ratios in 2D spectra. Magnetizations for diagonal (IAA and IBB) and cross (IAB
and IBA) peaks were fitted to a two-state (A Û B) model using the following equation as previously
described57,
I AA (T ) = I A (0) (− ( λ2 − a11 ) e− λ1T + ( λ1 − a11 ) e− λ2T ) / ( λ1 − λ2 )
I BB (T ) = I B (0) (− ( λ2 − a22 ) e− λ1T + ( λ1 − a22 ) e− λ2T ) / ( λ1 − λ2 )
I AB (T ) = I A (0) ( a21e− λ1T − a21e− λ2T ) / ( λ1 − λ2 )
I BA (T ) = I B (0) ( a12 e− λ1T − a12 e− λ2T ) / ( λ1 − λ2 )

where

(

)

λ1,2 = ( a11 + a22 ) ± (a11 − a22 )2 + 4kAB kBA / 2 ,

a11 = R1A + kAB ,

a12 = −kBA ,

a21 = −kAB ,

a22 = R1B + kBA , and IA/B(0) represents the magnetization of the states A and B at Tmixing = 0. Data
were fitted to the above equation using an in-house MATLAB® program with a Levenberg-

85

Marquardt algorithm and the fitting errors were obtained from the Jacobian output and MonteCarlo simulations.
CEST data analysis. All CEST profiles were obtained by normalizing peak intensity as a function
of spin-lock offset to the peak intensity recorded at TEX = 0 s. Errors in CEST measurements were
estimated based on triplicates at TEX = 0 and the baseline of CEST profiles. Profiles of residues in
the apo WT, Mg2+-free A37C and Δ3 aptamers that display conformational exchange were fit to a
two-state exchange between the ground state (G) and the excited state (E) based on the following
Bloch-McConnell equations14,
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C

transverse relaxation rate of the ground/excited state, wG/E is the offset of the applied 13C B1 field
(strength of w1) from the ground/excited state (wG is measured from the observed ground-state
peak position and wE is defined as wG + Dw, where Dw is the chemical shift difference between
the ground and excited states), pG/E is the population of the ground/excited state, and the rates are
defined as kGE = pE kex and kEG = pG kex, where kex = kGE + kEG is the rate of exchange. For global
fitting of CEST profiles, two global exchange parameters (kex and pE) are used together with
individual relaxation rates (R1G/E, R2G/E) and chemical shift differences (Δw). During analysis, we
assumed R1G = R1E, as the data does not constrain determination of these longitudinal relaxation
parameters57. For analyzing CEST profiles of C1’, an average C1’-C2’ scalar coupling of 45 Hz
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was implemented to calculate two CEST profiles, one representative of C2’ in the ‘down’ state
and another in the ‘up’ state64. For analyzing CEST profiles of C6, an average C6-C5 scalar
coupling of 65 Hz was implemented to calculate two CEST profiles, one representative of C5 in
the ‘down’ state and another in the ‘up’ state64. For residues without conformational exchange, the
two-state exchange model was simplified to a one-state model by fixing all exchange parameters
(pE and kex) to zero. CEST profiles of G7 in the intermediate Mg2+ concentration with complex
three-state behavior were fit to a three-state exchange model between the free (F), apo excited (E),
and apo ground (G) states based on the following Bloch-McConnell equations14,
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where R1i is the 13C longitudinal relaxation rate of state i, R2i is the 13C transverse relaxation rate
of state i, wi is the offset of the applied 13C B1 field from state i (wG is the observed ground-state
peak position; wF is the observed free-state peak position; wE = wF + DwFE , where DwFE is the
chemical shift difference between the free and apo excited states). The population is pi and the
rates are defined as, kGE = pE k1 / (pG+ pE), kEG = pG k1 / (pG+ pE), kFE = pE k2 / (pF+ pE), kEF = pF k2 /
(pF+ pE), and pG + pE + pF =1. G7 CEST profiles of both the free and apo ground states were jointly
fitted using five global exchange parameters (k1, k2, pE, pG, and ΔwFE) and individual relaxation
parameters R1F = R1E, R1G, R2F, R2E, and R2G. For fitting WT G7 profile obtained in the absence of
Mg2+, which also displays three-state exchange behavior, the same three-state Bloch-McConnell
equation and data analysis procedure was employed, except the symbol (G) is referred to as a
second excited state sampled by G7, which is not present in the apo state and is subject to future
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investigation. All profiles were fitted using an in-house MATLAB® program with a LevenbergMarquardt algorithm.
Single-round transcription assay. Single-round transcription assays were carried out at 303 K
(30oC), the same temperature at which NMR measurements were performed, using a protocol
adapted from previously described methods2. E. coli RNAP (New England Biolabs®) elongation
complexes were paused on a DNA template containing a lPR promoter, a 26-nt C-less spacer (A26:
AUGUAGUAAGGAGGUUGUAUGGAAGAC), followed by the full length riboswitch, in which
an adenine within the wild-type poly-U stretch was removed to improve termination efficiency.
Transcription was initiated in a solution containing 150 µM ApU (TriLink BioTechnologies), 2.5
µM GTP, 2.5 µM UTP, 1 µM ATP, 1U RNAseOUT®, 5% glycerol, and a-32P-radiolabeled ATP
in 1x transcription buffer (20 mM Tris-HCl, pH 8.0, 20 mM NaCl, 100 µM EDTA, 14 mM 2mercaptoethanol, and 5 mM Mg2+) by addition of 0.75U RNAP to the DNA template (18.75 nM)
and incubation at 303 K (30oC) for 10 min. In the absence of CTP, the RNAP pauses at the end of
the 26-nt spacer immediately upstream of the riboswitch. Prior to elongation, a DNA
oligonucleotide complementary to A26, which prevents A26 from interfering with riboswitch
folding, was added at 1 µM final concentration in 1x transcription buffer at varying Mg2+
concentrations defined by individual experiments and incubated at ambient temperature for 5 min
to ensure hybridization. To initiate elongation, 5 µL of paused complex was added to 2 µL of
chase, which contained all four NTPs at varying concentrations (3 µM – 1 mM final concentration),
varying fluoride concentrations (0 – 50 mM, where the range of concentration is limited due to the
solubility of MgF2), and 1 mg/mL heparin in 1x transcription buffer, and incubated at 303 K (30oC)
for 15 min. Reactions were quenched in stop buffer (1x transcription buffer, 7 M Urea, 30 mM
EDTA, and trace bromophenol blue and xylene cyanol). Time points for measuring pausing
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duration were collected in quintuplicate before being combined and analyzed following the
established protocol1,2. Samples were then run on a 10% PAGE denaturing gel and visualized by
phosphorimager using ImageJ software149. Data obtained from independently performed singleround transcription assays agree well between individual duplicate data points, demonstrating the
high accuracy of the assay in measuring transcription read-through and EC50. Data are represented
as mean ± s.d., where n = 2 independent assays were carried out for each experiment.
Data analysis and simulation of transcription regulation. The kinetic scheme for transcription
regulation by the riboswitch can be described as two continuous stages, a sensing stage during the
transcription elongation period (dt1) and a communication stage during the poly-U stretch pausing
period (dt2). The initial elongation time (dt1) is determined by RNAP elongation rate and the 21ntdistance between U57 (~12 nt RNA footprint for RNAP114,129,130 after residue U45) to the last polyU residue (U78). Given the expression platform is still being transcribed during this period, only
aptamer folding occurs, which is described by the following kinetic equations,
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where pH is the population of the holo state, pG is the population of the apo ground state, pE is the
population of the apo ES, and kij is the exchange rate constant between states i and j. Here, the
unimolecular rate constants, kHG and kGE, are obtained directly from NMR ZZ-exchange and CEST
measurements, respectively. The apparent bimolecular rate constants, kGH and kEG, are derived
from kGH = kHG [F-] / Kd,F and kEG = kGE [Mg2+] / Kd,Mg, respectively, where Kd,F and Kd,Mg are NMRdetermined dissociation constants of fluoride and magnesium binding, and [F-] and [Mg2+] are
fluoride and magnesium concentrations. The initial condition at dt1 = 0 is set to be pH = pG = 0 and
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pE = 1. Three RNAP elongation rates114,133,150 of 4, 20, and 40 nt/s were used to calculate dt1 values
as input for three simulations. For simulating U6C, the kinetic equations were simplified to contain
only two states by removing parameters for the excited state. The unimolecular rate constant
kHG,U6C is obtained directly from NMR ZZ-exchange measurement, and the apparent bimolecular
rate constant kGH,U6C is derived from kGH,U6C = kHG,U6C [F-] / Kd,F,U6C, where Kd,F,U6C is the NMRdetermined dissociation constant of fluoride binding by the U6C aptamer, and [F-] is fluoride
concentration. The initial condition at dt1 = 0 is set to be pH = 0 and pG = 1. Upon reaching the
poly-U stretch, RNAP pauses for a time period (dt2)131,132. Given the length of pausing is dependent
on cellular conditions1,126, dt2 is a variable in simulations. This pausing period is the time window
during which the terminator stem forms, a rate limiting step that is coupled with melting of the
DNA-RNA hybrid131,132. Based on structural data, we introduced an intermediate state between
the apo excited state and the terminator state during this pausing period, where the unlocked U45
is sequestered into a base pair with residue A64. The rationale for this intermediate state is as
follows. First, while most expression-platform residues involved in strand invasion of P3 are still
within RNAP due to the ~12 nt RNA-footprint114,129,130, residue A64 just exits RNAP and is
spatially available to base pair with the unpaired U45. Second, the rate constant of closing a
terminal base pair, such as the formation of U45•A64 pair, is on the order of 1.0x106 s-1 (ref. 151),
which is fast enough for this event to occur during the time period (dt2). Third, the formation of
U45•A64 pair also sequesters U45 from forming the essential ‘linchpin’ A37•U45 pair, which can
further destabilize the structured apo aptamer as shown in ‘linchpin’-deletion mutants. Therefore,
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during this pausing period, the process of aptamer folding and terminator formation is described
by the following equations,
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where pH is the population of the holo state, pG is the population of the apo ground state, pE is the
population of the apo excited state, pI is the population of the intermediate state, pT is the population
of the termination state, and kij is the exchange rate constant between states i and j. The initial
condition at dt2 = 0 is set as pH = pH,dt1, pG = pG,dt1, pE = pE,dt1, and pI = pT = 0, where pH,dt1, pG,dt1,
and pE,dt1 are populations of the holo state, the apo ground state, and the apo excited state at the
end of the dt1 period, respectively. For simulating U6C, the kinetic equations are simplified to
contain four states of pH, pG, pI, pT, with direct exchange rate constants between states G and I. For
extracting the effective folding rate constants of terminator formation (kIE, kEI, kIT, and kTI) in the
context of RNAP, we employed the kinetic scheme to globally fit fluoride-free NTP-dependent
transcriptional activation of WT and M18 as a function of the elongation time calculated at 20 nt/s
(dt1) and the experimentally determined pausing duration at given NTP concentrations (dt2). The
input [Mg2+] is 5 mM based on conditions in transcription assays. We fixed kEI = 1.0x106 s-1 based
on literature151, as our data does not constrain determination of this fast rate constant, resulting in
kIE = 6.4 ± 2.6 x104 s-1, kIT = 1.2 ± 0.2 s-1, and kTI = 0.05 ± 0.02 s-1. However, varying kEI from
1.0x107 to 1.0x103 s-1 only scales kIE accordingly without affecting kIT and kTI values. Analyses
and simulations were conducted using an in-house MATLAB® program with a LevenbergMarquardt algorithm being applied for data fitting.
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CHAPTER 5. DYNAMIC TERTIARY INTERACTION PROMOTES CLEAVAGE IN AN
EXTENDED HAMMERHEAD RIBOZYME4
5.1

Introduction
The initial discovery of catalytic RNAs (ribozymes) nearly thirty years prior marked the

beginning of a revolution in our understanding of RNA and its role in gene expression and
regulation3,4,6,152. Thereafter, catalytic RNAs have been discovered in all domains of life, where
they have been proposed and subsequently shown to play important regulatory roles153-158.
However, despite a heroic effort in characterizing RNA folding and catalysis9,18,23,24,159-164, our
understanding of how RNA performs catalysis is still incomplete. A major challenge is that both
folding and catalysis is often a multi-step process involving sparsely populated transient species
that cannot be easily captured using conventional methods, such as X-ray crystallography and
NMR spectroscopy9,160.
Hammerhead ribozyme is a well-studied classic ribozyme system that has served as a
paradigm for understanding RNA catalysis18,153,165,166, with multiple high-resolution crystal
structures solved at various stages along its catalytic pathway167-169. The hammerhead ribozyme
motif was first discovered in 1986 in the satellite RNA of tobacco ringspot virus and is involved
in rolling cycle replication170. Subsequent hammerhead ribozymes have been discovered in all
domains of life153,166. Hammerhead ribozyme consists of three stems oriented around an open
pocket that makes up the catalytic core. In certain variants, the presence of tertiary interactions
serve to force the hammerhead ribozyme to adopt a catalytically active conformation171,172.
4

The text and figures from this chapter were adapted from experiments undertaken in collaboration with an
undergraduate student, Quoc Mac, on the study of hammerhead ribozyme.
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Together, these static snapshots paint the picture of a dynamic process of catalysis where
hammerhead ribozyme must recognize and bind to its substrate (RzSU), dock into a catalytically
active conformation (RzSD), cleave (RzPD), undock (RzPU), and dissociate the product from the
enzyme (Figure 5.1). However, the only dynamic studies of ribozyme catalysis, while revealing
slow motions consistent with such a model, largely lack the resolution to detail the atomic motions
underlying the catalytic cycle172.
Here, we apply the NMR CEST methodology described in chapter 2 to the study of the
c10orf118 hammerhead ribozyme. Unlike the minimal ribozyme, this highly conserved
mammalian ribozyme contains additional secondary structure features consistent with the
formation of loop-bulge interactions (Figure 5.2) that have been shown to enhance the catalytic
rate of the ribozyme171,173-177. In this study, we focus on studying the pre-cleavage states and show
that c10orf118 loop residues are sensitive to a low populated transient state that is abrogated in
mutants and correlate these observations to catalytic activity.
5.2

Results
A recent bioinformatics study has revealed the presence of hammerhead ribozymes in all

domains of life, and more remarkably, identified two hammerhead ribozymes present in humans.
To understand the nature of these interactions, we focused our study on the c10orf118 ribozyme
due to the similarity of its predicted loop-bulge interaction with that of the well characterized
Schistosoma mansoni hammerhead ribozyme167. We designed unimolecular constructs based on
the minimal hammerhead ribozyme (mHHU), extending stems I and II to match the stems for the
c10orf118 ribozyme (eHHU), as well as a mutant C10 ribozyme that only includes the predicted
pseudoknot-tertiary interactions153 (pkHHU) (Figure 5.2). We introduced a G12A mutation178 into
all constructs to minimize the cleavage rate and ensure a stable sample amenable to NMR study.
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Figure 5.1 Schematic representation of the reaction pathway and energy landscape of
hammerhead ribozyme catalysis. Catalysis begins by binding of the ribozyme (Rz) to substrate
(S), to form a complex that then reorders to adopt an extended undocked conformation (Rz•SU).
The ribozyme then folds into a catalytically active docked state (Rz•SD) either via a transition state
(Rz•S*) or an intermediate state (Rz•SI). In this conformation, the ribozyme is cleavage competent,
passing through the reaction transition state (Rz•S‡) to cleave. After cleavage, the ribozyme with
the cleaved product strands (P) unfold from the docked state (Rz•PD) to an undocked state (Rz•PU)
through similar mechanisms to the substrate complex and subsequently undergo the release of
products. The states depicted as hollow letters represent low-populated transient states that usually
evade detection by conventional biophysical methods or transition states that cannot be detected.
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Figure 5.2 Tertiary interactions increase hammerhead ribozyme cleavage rate. (A)
Hammerhead ribozyme constructs to mimic c10orf118 tertiary interaction. All constructs contain
a G12A mutation highlighted in red. pkHHU and eHHU are loop/stem swap mutants of mHHU
designed to include the tertiary interactions of c10orf118 hammerhead ribozyme. A 44-hr cleavage
assay shows differentially cleavage between constructs with an increase in cleavage by pkHHU
and eHHU. (B) 1H-13C HSQC spectra of base (C8) region of fully 13C/15N labeled hammerhead
ribozymes. Black spectrum corresponds to mHHU, blue to pkHHU and red to eHHU.
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Despite this mutation, given enough time and magnesium, the constructs are still capable of
cleavage (Figure 5.2). Notably the pkHHU has increased cleavage compared to the minimal
hammerhead with the eHHU having the fastest cleavage rate. Notably, the G12A mutation reduces
cleavage in the absence of magnesium to a rate undetectable even after 44 hours. This demonstrates
the feasibility of studying the pre-cleavage conformational landscape of these constructs without
the need for additional modification to prevent cleavage. Initial 1H-13C HSQCs reveal well
dispersed, highly similar spectra for all three constructs. Due to the modular nature of RNA, full
assignment of mHHU enabled the ready assignment of pkHHU and eHHU.
Given these well behaved constructs, we proceeded to probe for the presence of chemical
exchange in these constructs. Initial CEST study of these three constructs did not detect chemical
exchange in either mHHU or pkHHU. The absence of detectable exchange in mHHU, while it
does not preclude the movement of stems, a chemical exchange requires a difference in chemical
shift between states, suggests that there is no large scale native rearrangement of the catalytic core
in the absence of magnesium. Furthermore, the lack of exchange detected in pkHHU shows that
the predicted pseudoknot tertiary interaction153 does not form. However, we detected a series of
peaks with exchange in C10 that map to the 5’ stem I bulge and stem II bulge (Figure 5.3 and
Table 5.1).
Table 5.1 Individual and global fit values for residues in eHHU.
Residue
A31
A32
A28
G08
U07
G29
G33

pES (%)
0.55 ± 0.01
0.54 ± 0.01
0.75 ± 0.01
0.93 ± 0.01
0.87 ± 0.01
0.53 ± 0.01
1.1 ± 0.1

kex (s-1)
190 ± 98
240 ± 260
210 ± 50
260 ± 40
330 ± 100
400 ± 180
300 ± 70

Global Fit

0.84 ± 0.01

270 ± 30
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ΔϖGE (ppm)
1.13 ± 0.04
-1.26 ± 0.12
-1.90 ± 0.03
-2.34 ± 0.03
-1.87 ± 0.06
-1.22 ± 0.09
1.93 ± 0.04

Figure 5.3 Quantification of the “invisible” state present in an extended hammerhead
ribozyme. Secondary structure of eHHU where residues with detected chemical exchange
highlighted by circles. Colored circles correspond to the presented CEST profiles. 13C B1 field
strength and carrier (in ppm) dependence of intensity profiles of base C8s for G29, G08, A28, and
U07. Solid lines represent the best fits to a global two-state exchange process using the BlochMcConnell equations.
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Global fitting of all residues reveals a population of 0.8% and a rate of exchange of 273s-1. The
different behaviors between constructs is consistent with the detection of a loop-bulge interaction
involving the 5’ bulge of stem I interacting with the loop of stem II.
To confirm the nature of this interaction, we made further mutations to eHHU by replacing
the stem II loop for a UUCG tetraloop (eHHU-UUCG), serving to abrogate the other side of the
tertiary interaction. Remarkably, while eHHU-UUCG is deficient for cleavage as predicted, the
cleavage rate is even slower than the minimal hammerhead (Figure 5.4). Computational modeling
of this mutation by domain swap with the S. mansoni crystal structure reveal a steric clash between
the UUCG tetraloop and extended stem I bulge, resulting in a ribozyme that is incapable of
reorienting into a cleavage competent conformation. To rule out the possibility that the detected
dynamics represent local rearrangements, we studied the individual stems, stem I and stem II.
CEST profiles of the individual stems show uniform single dips consistent with an absence of
chemical exchange. Furthermore, combining both stems in solution do not result in detectable
chemical exchange, showing that the tertiary interaction detected in the full length eHHU requires
the pre-ordering of stems relative to each other in order to successfully form. In sum, we show that
the c10orf118 hammerhead ribozyme forms transient tertiary interactions that greatly enhance the
cleavage rate by positioning the stems to favor a cleavage-competent conformation.
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Figure 5.4 Cleavage rate of hammerhead ribozyme mutants. Hammerhead ribozyme
constructs to mimic c10orf118 tertiary interaction. All constructs contain a G12A mutation
highlighted in red. pkHHU, eHHU, and eHHU-UUCG are loop/stem swap mutants of mHHU
designed to include the tertiary interactions of c10orf118 hammerhead ribozyme. A 110-hr
cleavage assay shows differentially cleavage between constructs with an increase in cleavage by
pkHHU and eHHU. Notably, there is comparatively little cleavage by the eHHU-UUCG mutant
even compared to mHHU.
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5.3

Methods

Sample preparation Unlabeled and fully

13

C/15N-labeled hammerhead ribozyme samples and

mutants were prepared by in vitro transcription using T7 polymerase (P266L mutant)69 with
synthetic DNA templates as previously described70. The RNA construct was derived from the
minimal hammerhead ribozyme179 as well as the c10orf118 hammerhead ribozme153 including a
mutation to the catalytic core, G12A, which has been shown to greatly reduce cleavage activity178.
The in vitro transcribed RNA samples were ethanol precipitated, gel purified (15% denaturing
polyacrylamide gel), electro-eluted with the Elutrap system (Whatman), and anion-exchange
purified with a 5ml Hi-Trap Q column (GE Healthcare). Using Amicon filtration with 3K MW
cut-off membranes (Millipore), the RNA samples were desalted, initially exchanged to water,
subsequently exchanged to 10 mM sodium phosphate (pH 6.4), 50mM KCl, and 50µM EDTA,
and finally concentrated to ~1mM concentration. For the D2O sample, the corresponding H2O
sample was repeatedly lyophilized and re-dissolved in the same volume of 99.996% D2O (Sigma).
NMR spectroscopy. All NMR experiments were carried out on Bruker Avance III 600 and 700
spectrometers equipped with 5 mm quadruple-resonance (QCI) and triple-resonance (TCI)
cryogenic probes, respectively. Exchangeable proton spectra were recorded using H2O samples at
283 K, and non-exchangeable proton spectra were recorded on H2O and D2O samples at 303 K.
NMR spectra were processed and analyzed with TOPSPIN 3.2 (Bruker), NMRPipe74, and Sparky
3.110. (University of California, San Francisco, CA). The assignments were obtained using 2D
NOESY, 2D TOCSY, 1H-15N HSQC, 1H-13C HSQC, 2D HCCH-COSY, 3D HCCH-TOCSY,
HCCNH TOCSY, and HCN experiments on the unlabeled, uniformly labeled and base-specifically
13

C,15N-labeled RNA samples71-73.
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13

C CEST measurements.

13

C CEST experiments were conducted at 600 MHz as previously

described57. For all CEST experiments, 13C B1 fields (w/2p) of 26.04 Hz and 35.44 Hz were used
with 13C offsets ranged from -12440 to 1200 Hz with spacing of 40 Hz. For C10 and C10-UUCG
constructs, the 13C carrier was set to 137.3 ppm with a spectral width of 10 ppm. For individual
stem constructs, the 13C carrier was set to 137.6 ppm with a spectral width of 10 ppm.
CEST Data Analysis CEST profiles were obtained by normalizing the peak intensity as a function
of spin-lock offset W, where W = wrf - Wobs is the frequency difference between the spin-lock carrier
(wrf) and the observed peak (Wobs), to the peak intensity recorded at TEX = 0 s. The profiles were
fitted to a two-state exchange model between ground state (G) and excited state (E) based on the
Bloch-McConnell equations,14
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where R1G/E is the longitudinal relaxation rate of the ground/excited state, R2G/E is the transverse
relaxation rate of the ground/excited state, ωG and ωE are the offsets of the applied 13C B1 field
(strength of ω1) from states G and E (ωG is obtained from the observed ground-state peak position
and ωE = wG + Dw, where Dw is the chemical shift difference between the ground and excited
state). The population of ground and excited states are pG and pE, and the rate constants are defined
as kGE = pE kex and kEG = pG kex, where kex = kGE + kEG is the rate of exchange. Magnetizations at
the beginning of the TEX period are along Z and are assumed to be in equilibrium between ground
and excited states, either due to non-selective excitation in the 2D experiment (neglecting
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relaxation differences during INEPT transfer). Therefore the initial magnetization condition at TEX
G/E
= 0 . To account for phase cycling in the pulse sequence, an
= 0 is set to I zG = pG , I zE = pE , I x,y
G/E
= 0 . The
additional set of initial magnetization condition is set to I zG = - pG , I zE = - p E , I x,y

difference in I zG between the two initial conditions is calculated after a period of TEX for the CEST
profile fitting.60 The profiles were fit using an in-house MATLAB® program with a Levenberg-

((

)

1 N exp calc
I i - I i / s iexp
Marquardt algorithm and reduced chi-square values c =
å
N -d
2

)

2

were

calculated. Fitting errors were estimated from both the Jacobian output. For analysis of CEST
profiles from individual spins, the fitting parameters are R1 = R1G = R1E, R2G, R2E, Δω, kex, and pE.
Here, we assumed that R1G = R1E, as the data does not constrain determination of R1E. For global
fitting, spin-specific R1, R2G, and Δω were used, while kex, and pE are input as global exchange
parameters.
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