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DISSERTATION ABSTRACT
Janson Erich Hoeher

Doctor of Philosophy in Chemistry

Title: Using Circular Dichroism and Fluorescence Spectroscopy to Study the Impact of 2-
Aminopurine on RNA Folding

RNA is an important biological molecule, with its function helping out with different
processes in cells. How RNA functions is related to its structure, with different structured RNA
behaving in different ways. Studying RNA structure is thus important to understand its function.
One example of this are riboswitches, which help regulate gene expression. By binding a ligand,
the riboswitch refolds, causing a change in gene expression. One method of studying RNA
structure is by utilizing fluorescent base analogues of the native bases. To study the riboswitch,
the fluorescent base analogue 2-aminopurine (2-AP) was substituted into six different locations
in the L3 region of the preQ: riboswitch. Using circular dichroism (CD) and fluorescence
spectroscopy, along with fluorescence lifetimes, it was discovered that all modified locations
were detrimental to the riboswitch’s ability to bind the ligand. In addition, fluorescence-detected
circular dichroism (FDCD) was used to study short RNA molecules containing 2-AP, of up to
three nucleotides in length. By comparing FDCD to CD, it was determined that in dinucleotides,
the fluorescence came almost entirely from unstacked populations. Comparatively, while most
of the fluorescence from the trinucleotide came from unstacked populations, some came from

stacked populations. Through FDCD and CD, the amount of each construct in stacked and
unstacked populations can be determined.

This dissertation includes previously published co-authored material.
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CHAPTER 1

INTRODUCTION

Biological Significance of RNA and RNA Structure

Ribonucleic acid (RNA) is an important biological macromolecule that was originally
determined to be an intermediate between DNA and proteins. There are many different types of
RNA with different functions, such as mRNAs that encode proteins, snRNAs that help to
catalyze splicing, and siRNAs that mediate post-transcriptional gene silencing.!> RNA is a
polymer that includes a negatively charged sugar-phosphate backbone and a series of planar
aromatic ring systems called “bases”, with the rings differing between bases.> Four of the
common bases found in RNA are adenine (A), guanine (G), cytosine (C), and uracil (U), which
are known as the “native” bases.

RNA structure and function go hand in hand, with the structure determining the function
and how flexible the RNA is.>* How RNA folds depends on various factors including base
sequence, local structure, local chemical environment, and hydrogen bonding with nearby bases.
The most basic property that impacts RNA folding is the specific sequence of bases that make up
the RNA, also known as the primary structure.* On a larger scale, the structure is determined by
hydrogen bonding (known as the secondary structure), and stacking between bases. This leads to
specific structural features of RNA such as double helices, which are formed through hydrogen
bonding between G and C, and between A and U. The tertiary structure is the global structure of
the RNA that defines the 3-dimensional arrangement of all the local structural features. The
global and local structure of RNA can be impacted by external factors such as interactions with

proteins. In addition, cations can interact with the negatively charged backbone of RNA,
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inducing it to fold into a more compact structure, with magnesium being of particularly high
biological significance.” How the RNA folds determine its function, so understanding RNA

function requires experimental methods that probe the aspects of structure discussed above.

Fluorescent Base Analogues

Many useful methods for probing RNA structure are based on fluorescence. One such
approach uses modified bases known as fluorescent base analogues (FBAs), which are
chemically modified bases that can be substituted in for the native bases. This difference in
structure allows the FBA to absorb light at a longer wavelength than the native bases (which
have absorption maxima near 260 nm) and causes them to have a significantly higher
fluorescence quantum yields. Ideally, FBAs are similar in structure to the native bases, with
particular attention to maintaining the functional groups that engage in hydrogen bonding.®
Several hundred different FBAs have been reported, allowing for different bases to be replaced at
specific locations of interest in RNA.” This can be used to study local structure in RNA, as the
fluorescence is impacted by changes in base stacking and/or hydrogen bonding.” The most
commonly used FBAs are particularly sensitive to base stacking, which occurs when neighboring
bases align with each other on the same side of the backbone and plays an important role in
helping to stabilize single stranded RNA.#!° Due to their fluorescence intensity changing with
changing structure, FBAs can be used to study refolding of RNA.”

Different FBAs exhibit different relationships between their photophysics and RNA
structure and sequence.® Many FBAs are quenched when placed in DNA or RNA, with the
extent of quenching being sequence- and conformation-dependent.” In stacked structures,

interactions with the native bases can change the energies and oscillator strengths of the

11



electronic transitions of FBAs, as well as altering the potential energy surfaces of the excited
states that determine which relaxation pathways are most favorable.!’!? In addition, some FBAs
can change their emission wavelength if the local environmental changes.®!?

The most extensively studied FBA is 2-aminopurine (2-AP), which was also one of the
first to be discovered back in the 1960s.%!'4 2-AP is an analogue of adenine, with the location of
an amine group changing from position 6 in adenine to position 2 in 2-AP (Fig. 1.1). 2-AP
absorbs at ~305 nm and emits at ~370 nm, and has been utilized in both DNA and RNA.° While
2-AP is primarily used as an analogue of adenine, it can base pair with cytosine and guanine in
addition to uracil, meaning it can be used in place of other bases as well.” When free in solution,
2-AP has a fluorescence quantum yield of 0.68, compared to adenine’s quantum yield of ~10.°
The fluorescence intensity of 2-AP can decrease by up to 100 times when it is incorporated into
RNA or DNA. 2-AP’s fluorescence is sensitive to its sequence context. Guanine, the base that
most easily undergoes electron transfer to 2-AP, can quench 2-AP from up to ~14 angstroms
away,”!> while cytosine quenches 2-AP the least.!®!® In time-resolved fluorescence
measurements, 2-AP exhibits multiple excited state lifetimes when incorporated into RNA and
DNA, which are impacted by the bases surrounding 2-AP along with whether it is in a single-
stranded or double-stranded region.>!> The lifetimes are typically shorter in base-stacked and

double-stranded environments.’
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Figure 1.1 A. Structure of adenine base-pairing with uracil. B. Structure of 2-AP base-

pairing with uracil. C. Absorbance (purple) and emission (blue) spectra of RNA labeled
with 2-AP.

Model RNA Systems under Investigation

The work reported in this thesis pursued the dual aims of studying the fundamental
relationship between RNA structure and 2-AP photophysics (Chapter 3), and utilizing 2-AP as a
probe in complex RNA structures (Chapter 4). Model systems with limited structural degrees of
freedom were used to investigate the nuances of how RNA structure impacts 2-AP photophysics.
RNA constructs of up to three nucleotides in length used to investigate RNA in its simplest
form.!” Small RNA constructs like this can help to reveal information about how bases next to
each other interact without the influence of larger structural features like a double helix.

Additional consideration arise when fluorophores are used in structures more complex
than di- or trinucleotides. For example, their differences in structure from native bases can
impact the structure of the RNA being studied, causing it to no longer function properly.
Structural impacts are observed with fluorophores other than FBAs as well. For example, adding
the dye Cy3 has been shown to over stabilize the helical structure of single stranded DNA,
making the bases less accessible for base pairing.!® This was found to be due to n-n stacking

between the DNA bases and the aromatic groups of Cy3. In addition, the location of the
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modification impacts the extent of perturbation, with locations closer to important sites like
binding pockets where hydrogen bonding plays an important role having more of an impact.'’
Different fluorophores can have different impacts on folding, so a fluorophore can be chosen to
have a lesser or greater perturbation on the structure depending on what is being investigated.
When working with FBAs and RNA, the FBA can be placed in a weakly conserved region where
disruptions to the bases should be of lesser impact, or in a location that can potentially be more
disrupting.?®?! Both options can be of interest. Less conserved regions can be used to study
RNA without mutating it, while substitution in more conserved regions can reveal how mutations
impact the RNA. In this aim, I used 2-AP to investigate base-stacking in a functional RNA while
also characterizing the perturbations it induced.'

As a model RNA system for this study, we investigated a riboswitch. Riboswitches are
segments of mRNAs that help to regulate gene expression by sensing ligands that include small
molecules, ions, and other RNAs. They are most commonly found in bacteria.?*?* A riboswitch
is made up of two domains, an aptamer domain that binds the ligand and an expression platform
that refolds in response to ligand binding. This structural change either enhances or suppresses
expression of downstream genes, depending on the specific riboswitch. Due to this, investigating
the structure of riboswitches and how it relates to their function is an important area of study.
Riboswitches can control gene expression at different stages, most commonly at the
transcriptional or translational level.?* The aptamer domain can range in size from around 30
nucleotides in length up to around 250 nucleotides, allowing for the riboswitch to be highly
specific in the ligand that it senses.?® Riboswitches are promising targets to help develop
antibiotics due to their control over gene expression, and work has been done to develop

26,27

synthetic ligands meant to help turn off gene expression. Riboswitches are classified based
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on the aptamer domain and the ligand they bind, with over 40 different classes known to exist
currently.?’?8 The aptamer domain is typically highly conserved among species. A typical
riboswitch has a high affinity for the ligand it binds, with the Kp often being under 10 nM, and
decreases in affinity of two orders of magnitude even for closely related compounds.?’

Certain properties are advantageous for a riboswitch to be a good antibacterial target.
The riboswitch needs to be in a pathogenic bacteria and act as an off switch for expression of an
essential gene or for multiple synthetically lethal genes.?’?° In addition, the aptamer domain
needs to have a high affinity for a drug-like ligand. Some riboswitches can be found in several
different bacteria, which would allow one drug to target multiple bacteria at once. For this, the
binding sites would need to be of similar size and polarity.?’ Other riboswitches are only found
in specific bacteria, allowing for narrow spectrum antibiotics that would help prevent the spread
of antibacterial resistance.
The work reported here focuses on the class I preQ; riboswitch from Bacillus Subtilis, one of the
smallest known to date with only 37 nucleotides in its aptamer domain (Fig. 1.2A).24*° When
the riboswitch binds its ligand, preQ: (Fig. 1.2B), the aptamer domain folds into an H-type
pseudoknot, causing a terminator loop to form in the expression platform which causes gene
expression to stop at the transcriptional stage.?**! The preQ; riboswitch is a good model system
for studying the interplay between the structure and photophysics of 2-AP, and the structure of
the RNA it resides within, due to a string of adenosine residues near the 3’ end of the riboswitch

(“L3”). This string of A’s offers sites that are expected to impact ligand binding (due to
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proximity to the ligand binding pocket) and are not expected to impact ligand binding (due to

being farther away).

5G

Figure 1.2 A. The structure and sequence of the preQ: riboswitch from Bacillus subtilis in Leontis-Westof notation.
B. Chemical structure of the ligand preQ:. Panel A adapted from ref. 29.

2-AP has been utilized extensively in the preQ: riboswitch from Thermoanaerobacter
tengcongensis.>> 2-AP was substituted into the riboswitch in different areas to probe different
areas in the riboswitch, looking at the P1, P2, and L2 regions. Different nucleotides were found
to rearrange upon ligand binding at different rates. Nucleotides that were investigated in the P2
and L2 regions had similar folding rates of around 40,000 M-!'s!, while the P1 region had a
folding rate of around 11,000 M-!s"!. In contrast, there had been only minimal usage of 2-AP in
the preQ; riboswitch from Bacillus subtilis.>* Furthermore, the impacts of 2-AP substitution on
the structure and function of RNA had not been studied in detail.

The work reported in this thesis provided insight into the ligand binding affects the local
structure around adenosine residues in the preQ riboswitch, and helps to clarify the
perturbations 2-AP can exert when substituted into RNA. It also sheds light on the relationship
between 2-AP photophysics and its local base stacking environment. These insights will allow 2-
AP to be used productively in a wide range of complex RNA structures, and will allow

measurements of its fluorescence to be analyzed more deeply.
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CHAPTER IT

METHODS

RNA structure is complex and important to its biological function. Due to this, methods
to investigate the structure have been developed. Different experimental techniques reveal
different information, from the global structure, to local structure, to changes in structures when
a system is perturbed.

In the work presented in this thesis, various spectroscopic methods were used to study
RNA labeled with 2-AP. Among these is circular dichroism (CD) spectroscopy, which measures
the difference in absorbance is measured when a sample is excited with left- or right-handed
circularly polarized light, as seen in Figure 2.1.343% A polymer like RNA is made up of smaller
subunits (nucleotides in the case of RNA) that combine to form a larger structure. The CD
spectrum for a particular RNA strand has contributions from all the smaller subunits; in other
words, CD reports on the global structure of the system.*>>37 CD is a useful technique for
observing differences in global structure between different molecules or in the same molecule as
it undergoes a structural change such as refolding or binding another molecule.®® The native
bases and FBAs contribute to the CD spectrum in different spectral regions. Native bases have
absorption maxima around 260 nm and contribute to the CD signal below 300 nm, while FBAs
typically have their lowest-energy transitions above 300 nm.>”# Due to this, changes in the CD
spectrum in the 200-300 nm range indicate changes in the arrangement of the natives bases.
Features in the CD spectrum above 300 nm can sometimes be attributed to the FBA and its
immediate environment, but in larger systems, such features are obscured by the much larger

overlapping signal from the native bases.!*37-**4% In addition, CD and overall sample absorbance
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(typically measured at 260 nm) can be used to investigate the thermal stability of biological
molecules. Upon heating, the CD and absorbance change due to the unfolding of the RNA.> As
the RNA unfolds, the CD typically decreases due to an increase in conformational disorder,
while the absorbance increases due to unstacking of the bases (termed “hyperchromicity”).
Depending on the structure of the RNA or protein, different domains can unfold at different
temperatures, leading to the observation of multiple transitions. Melting curves, in which CD
and absorbance are measured as a function of temperature, can be fit to extract thermodynamic

parameters for each transition. This can be particularly useful when studying RNA that has been

chemically modified to determine how the modification impacts stability.!®’

Emission
detector

Emission
LCP filter

e QOO W 000
w ) -l - Gl
Sl O O Transmission

Monochromator ~ RCP cell detector
and PEM

Figure 2.1. CD and FDCD experimental layout. A sample is excited with alternating left- and right-handed
circularly polarized light (LCP; RCP). A CD measurements detects light transmitted by a sample (right),
while an FDCD measurement detects emission following removal of scattered lamp light by a filter (top).

Fluorescence-detected circular dichroism (FDCD) is a spectroscopic technique that
combines CD with fluorescence detection to study samples that are both chiral and fluorescent.*!

The FDCD signal is the difference in fluorescence intensity that results from the sample being
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excited with left- and right-handed circularly polarized light (Figure 2.1). While the principles of
FDCD are well established, it has not been used frequently in the roughly fifty years since it was
first reported.*>* In some cases, FDCD can be measured with sample concentrations orders of
magnitude lower than used for standard CD, though this depends on the fluorophore being used,
so each case needs to be considered separately.***’ In addition, due to FDCD relying on
fluorescence, the only chromophores that generate signal are those that are fluorescent, unlike in
CD. This reveals information about the local structure around the fluorophore. For a nucleic acid
labeled with an FBA, this may include whether it is in a stacked or unstacked conformation.*3
Through theory, FDCD data can be converted to a predicted CD spectrum of the fluorescent
species in a sample using the following equation:

Aeg 0 CD In10 « CD = 10~4

&~ 12323 732980+ 4  32980(1 =104

Here, Aer = €rL - err Where erp and err are the extinction coefficient of the fluorophore from
excitation with left- and right-handed circularly polarized light, 8 is the FDCD signal in units of
millidegrees per volt, CD is the total CD signal in millidegrees, and A is the total absorbance.

If the system exists with multiple different conformations with different fluorescence
quantum yields, theory can also be used to determine the populations of each conformation.*? If
the converted FDCD spectrum and measured standard CD spectrum agree with each other, then
the signal in FDCD comes from all species in proportion to how prevalent they are in the sample.
A simple example is when only one optically active species is present, as seen for 2-AP riboside
(Figure 2.2 A). If the converted FDCD and CD disagree with each other, then multiple species
exist with different fluorescence quantum yields (Figure 2.2 B). Each species contributes to the
standard CD in proportion to how prevalent it is, and to the FDCD in proportion to how

prevalent it is and its fluorescence quantum yield.
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Figure 2.2 CD and converted FDCD for (A) 2-AP nucleoside and (B) 2-AP dinucleotide, adapted from Ref. 19.

A potential problem that can arise with FDCD is that the fluorescence can be polarized if
the fluorophore cannot freely rotate on a faster timescale than emission.*>>>* In this situation, the
observed FDCD signal depends on the angle between the excitation light and the axis of the
detector. Early investigation into this identified a workaround using a cylindrical sample cell and
two perpendicular photomultiplier tubes, but this requires having more specialized
instrumentation than a standard commercial CD spectrometer.’! More recently, Nehira et al have
developed a cell holder that places the sample cell at a focus of an ellipsoidal mirror, collecting
the fluorescence emitted by the sample in all directions. Utilizing this device removed the
polarization artifacts seen previously while improving the signal collection efficiency.*’

In addition to CD and FDCD, the excited state lifetime of the fluorophore can be used to

study the structure of RNA. The most common method of collecting information about the
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lifetime of the fluorophore is time-correlated single-photon counting (TCSPC).>? In a TCSPC
measurement, the system is excited with a pulsed light source and the time between excitation
and the emission of a photon is measured by the instrument. This is done repeatedly to populate

a histogram of photon arrival times (Figure 2.3).

104 _
(2-AP)(2-AP)
1000} — Fit
£ — IRF
3 100}
(@]
10}
1 -
L - - ' t(ns)
0 50 100 150

Figure 2.3 TCSPC histogram recorded on a dinucleotide of 2-AP and 2-AP, (2-AP)(2-AP), and associated IRF and
fit.

The precision of a TCSPC system is determined by its Instrument Response Function
(IRF). In an ideal system, the IRF is infinitely narrow due to an infinitely sharp excitation pulse
and infinitely accurate detectors and electronics. In practice, finite duration of the excitation
pulse, timing uncertainty of the detector and timing jitters in the electronics lead to a broadening
of the IRF. In some cases, the excited state lifetime of the system can be shorter than the
duration of the IRF. In some cases, the lifetime can still be extracted through a reconvolution fit
that accounts for impact of the finite width of the IRF on the observed fluorescence decay. The
photon arrival time histogram is fitted, typically with a single- or multi-exponential decay, and
the lifetime of the fluorophore is defined to be the time constant of a given exponential

component. The equation for fitting is:

-t -t
I(t) =a,et +aet + -
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Where a; is the weight and 7; is the lifetime of component i. Multi-exponential decays are
typically interpreted to result from conformational heterogeneity, with the weights representing
the prevalence of different conformations, and conformations in which the fluorophore is less
quenched exhibiting longer lifetimes. If multiple components are observed, as seen in Figure 2.3,
it can be useful to visualize their weights using a pie chart (Figure 2.4). Here, the area of each
section of the chart shows the population that exists in the conformation that contributes the
lifetime indicated inside or adjacent to the section. If there is a change in the system (e.g. due to
a change in solvent polarity or cations present), it can be reflected in a change in weight of each

component, allowing a way to visualize shifts in population between different structures.

9.46 ns

2.03 ns

Figure 2.4 Pie chart of 2-AP dinucleotide lifetimes from Figure 2.3 adapted from Ref. 19.

In the case of 2-AP, the fluorescence lifetime has been shown to depend on
environmental factors like solvent, base stacking, and temperature.”> The lifetime of a
fluorophore will also change if there is a structural change, like with riboswitch refolding due to
ligand binding. Short lifetimes caused by quenching are seen in rigid, stacked conformations>* or
nonpolar solvents.>> The lifetime of free 2-AP in solution is ~10 ns.>*>” When placed into larger

molecules like DNA, it is possible for it to have multiple lifetimes, which is indicative of
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multiple conformations.?#6-7

Longer lifetimes, close to that of free 2-AP, are possible, and are
likely due to solvent exposed extra-helical conformations of 2-AP.>%7 1t is also possible for a
sample to have a dark population, where the lifetime is faster than what the instrument can
measure.’® In 2-AP-modified nucleic acids, dark populations occupy very stacked structures that
undergo rapid nonradiative relaxation. The dark population suppresses the steady state
fluorescence intensity without impacting the observed TCSPC data. Thus, the presence of a dark
population can be ascertained by taking the ratio of the lifetime observed for a sample of interest
to that of a reference sample assumed to have no dark population, and comparing it to the ratio of
the steady-state emission intensities of the two samples. For example, the weight of the dark
(<100 ps) population shown in Fig. 2.4 was determined using 2-AP nucleoside as the reference.
As demonstrated in the following chapters, CD, FDCD, and fluorescence lifetimes can all

be used to study different aspects of RNA structure. Each technique reveals different

information that reflects how the RNA folds, both globally and locally.
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CHAPTER III
BASE-STACKING HETEROGENEITY IN RNA RESOLVED BY FLUORESCENCE-

DETECTED CIRCULAR DICHROISM SPECTROSCOPY

The contents of this chapter have been previously published in whole or in part. The text present
here has been modified from the publication below:

Widom, J. R.; Hoeher, J. E. Base-Stacking Heterogeneity in RNA Resolved by Fluorescence-

Detected Circular Dichroism Spectroscopy. J. Phys. Chem. Lett. 2022, 13 (34), 8010-8018.
https://doi.org/10.1021/acs.jpclett.2c01778.

MAIN TEXT

The functions of biological macromolecules are intimately linked to their structures. Ribonucleic
acid (RNA) can fold into a wide variety of 3-dimensional structures that endow it with unique
catalytic and regulatory properties. RNA structure is determined by several different types of
interactions.! Cations such as Na* and Mg?* enable RNA to adopt compact conformations by
neutralizing the negatively charged sugar-phosphate backbone and, in some cases, binding at
specific sites.>? Hydrogen bonding between nucleobases gives rise to the phenomenon of
Watson-Crick base pairing, in which adenine (A) residues base-pair with uracil (U), and guanine
(G) base-pairs with cytosine (C). Many types of non-Watson-Crick base pairs also occur in
RNA.* In addition, Van der Waals interactions between the aromatic nucleobases help to
stabilize structures in which the bases stack on top of one another.> Base stacking contributes
significantly to the stability of both RNA and DNA structures,’ and stacking between
nucleobases and aromatic amino acids plays a role in RNA binding by certain proteins.”® Bases

9,10

fluctuate between stacked and unstacked conformations on a microsecond timescale,”>'’ and

these transient structures may provide targets that are kinetically trapped by ligand or protein
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binding. Base stacking heterogeneity therefore plays a crucial role in nucleic acid structure

and function.

A powerful approach to monitoring base stacking is the use of fluorescent base analogues
(FBAs). These are variants of the natural bases that are chemically modified in order to render
them fluorescent, with the goal of exerting minimal perturbations on the nucleic acid they are
used to study. Many FBAs have been developed,'*?° but the adenine analogue 2-aminopurine (2-
AP) is by far the most widely utilized.?! When free in solution, 2-AP riboside (Figure 3.1A;
R=ribose) exhibits redshifted absorption relative to the natural bases and strong fluorescence
with a quantum yield of ~0.68 and a lifetime of ~10 ns (Figure 3.1B-C).2!"2> Upon incorporation
into nucleic acids, it is quenched up to 100-fold in a sequence- and structure-dependent
manner.?!?*2> This change can be ascribed to alterations in the relative energies of bright -m*
and dark n-m* transitions that result from stacking interactions and charge transfer with

neighboring bases. 26

Incorporation into RNA and DNA also leads to complex decays in time-
resolved fluorescence experiments that can be fit with multiple exponential decay components,?®

continuous lifetime distributions,?® or a combination thereof,*® indicating the presence of base
stacking heterogeneity.

In this work, we use standard (transmission-detected) and fluorescence-detected circular
dichroism spectroscopy (CD and FDCD, respectively) and time-correlated single photon
counting (TCSPC) to probe base stacking in 2-AP-labeled RNA oligonucleotides. In
dinucleotides containing 2-AP, we detect fluorescence only from unstacked conformations with

spectra that are nearly identical to isolated 2-AP riboside. In contrast, fluorescence is observed
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from stacked conformations in a trinucleotide, enabling us to determine the populations and

relative fluorescence quantum yields of stacked and unstacked conformational states using a

parameter-free model. This work provides a unique window into the distribution of
conformations that are present in solution, as well as the effects of oligonucleotide structure on

2-AP photophysics.
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Figure 3.1. (A) Watson-Crick base pairs between adenine and uracil (left), and 2-AP and uracil (right). Chemical
modification is indicated in red. (B-C) Absorbance (left) and fluorescence emission (right) spectra of the samples
used in this study in aqueous phosphate buffer (B) or phosphate buffer containing 30% ethanol (C). Absorbance
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spectra have been scaled so that the longest-wavelength absorbance peak has a value of 2 for 2-AP dinucleotide
(orange) and 1 for all other samples. Fluorescence spectra report the intensity per 2-AP residue and have been scaled
such that free 2-AP riboside in aqueous buffer has a peak intensity of 1.

We first recorded fluorescence, CD and FDCD spectra of 2-AP riboside and dinucleotide.
2-AP dinucleotide exhibited 9.7-fold fluorescence quenching relative to 2-AP riboside (Figures
3.1B and A1), and significant dark (t < 200 ps) and partially quenched (t = 2 ns) populations
were observed through TCSPC (Table 3.1 and Figure A2). As previously observed for 2-AP
(deoxyribo)dinucleotide,?! 2-AP (ribo)dinucleotide exhibited a sigmoidal CD spectrum arising

22.32 with features centered around its

from coupling between strong n-n* transitions on each base,
electronic transition bands at 220 and 310 nm (Fig. 3.2C). In contrast, 2-AP riboside exhibited a
weak CD signal that was nonzero only at wavelengths <240 nm, arising from coupling between
high-energy electronic transitions on the ribose sugar and the base (Figure 3.2B).>? Surprisingly,
the FDCD spectra of both samples exhibited extremely similar lineshapes (Figure A3). This led
us to hypothesize that fluorescence from 2-AP dinucleotide was produced almost entirely by

emitting species that are unstacked (Figure 3.2A). The CD spectra of these conformations would

contain only contributions similar to those observed in the nucleoside.

Sample Solvent | (t)obs | @0 (%) [aic |T1(nS) [ 02e | T2 03¢ 13

2-APriboside | B 9.17 |0 29 1258 [97.1 |9.37
2-APriboside | B+E 8.40 [0 109 ]1.25 [89.1 |9.28
(2-AP)(2-AP) |B 295 |68.6 27.512.03 [3.9 |9.46
(2-AP)(2-AP) |B+E 4.16 |42.3 47.713.55 [10.0 |7.05
(2-AP)C B 5.02 | 543 40 1029 [28.7]3.65 [13.0 |9.49
C(2-AP) B 2.51 [42.0 1151023 (413243 (52 |835
C(2-AP)C B 4.11 |77.0 1521259 (7.8 |7.11
C(2-AP)C B+E 5.14 |55.8 15.112.77 [29.1 |6.36

Table 3.1. Observed average lifetime ({t)obs) and populations (aic) and lifetimes (i) of individual decay components
obtained through TCSPC. oo is a dark population whose decays are not resolved (t <200 ps). The populations oic
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have been corrected to account for the presence of the dark population (see methods for details). “B”: Aqueous
buffer. “B+E”: Buffer containing 30% ethanol.
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Figure 3.2. (A) Schematic of 2-AP dinucleotide in a stacked conformation (top) in which it is highly quenched, and a
brighter unstacked conformation (bottom). (B) Spectra of 2-AP riboside. (C) Spectra of 2-AP dinucleotide. Magenta:
FDCD spectra processed with eq 1; Green: FDCD spectra processed with eq 2; Blue: standard CD spectra. (D)
Magenta: FDCD spectrum of 2-AP dinucleotide processed using eq 1 under the assumption that all observed
fluorescence comes from unstacked “nucleoside-like” structures. This spectrum shows strong agreement with the
nucleoside FDCD (green) and CD (blue) spectra. (E) Illustration of how CD and FDCD report on different
conformational subpopulations. The inhomogeneously broadened absorbance spectrum of 2-AP dinucleotide
contains contributions (sticks) from stacked (blue) and unstacked (red) conformations. Labels below absorption
bands indicate whether the stacked and/or unstacked conformations contribute to that band’s FDCD and/or CD
signal. Nonzero CD is observed when 2-AP has optical activity, while nonzero FDCD is observed when 2-AP is
fluorescent AND optically active.

To test this hypothesis quantitatively, we used established theory?? to convert our FDCD
spectra into predicted CD spectra of the fluorescent species in the sample: Aer = gz - €rr, Where
erLw) 1s the extinction coefficient of the fluorophore only under excitation with left (right)-
handed circularly polarized light. These predictions will henceforth be called “processed” FDCD
spectra. der can be predicted using eq 1, termed the “general FDCD equation”, where r is the
polarization-independent extinction coefficient of the fluorophore only, 0 is the FDCD signal in

units of millidegrees, CD is the total CD signal (including both fluorescent and nonfluorescent

species) in units of millidegrees, and 4 is the total absorbance:
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The right-hand side of eq 2 will henceforth be abbreviated as “FDCD.q”, as it contains the raw
FDCD signal # adjusted to account for the overall absorbance and CD of the sample. If there are

no species present that absorb but are nonfluorescent, then Aer/er = 44/A4. Given that CD =
Aer32980cl, where c is the concentration of the fluorophore and / is the pathlength, eq 1 can be

modified to eq 2, termed the “1-species FDCD equation”:

0-(1-10-4
s, =2 ) @)
32980-c- - 1074

The measured CD spectrum of 2-AP riboside agrees closely with the processed FDCD
spectrum, with both the lineshape and the intensity being accurately predicted (Figure 3.2B). In
contrast, the CD and processed FDCD spectra bear little resemblance for 2-AP dinucleotide
(Figure 3.2C), indicating the presence of multiple structures that interconvert on a timescale
slower than the fluorescence lifetime. If, as hypothesized above, the “fluorophore” in the
dinucleotide sample is a “nucleoside-like” unstacked species (Figure 3.2A), then eq 2 must be
altered such that ¢r is that of the nucleoside rather than the dinucleotide. When this adjustment is
made, the processed FDCD spectra of both samples agree closely with each other and with the
nucleoside’s measured CD spectrum (Figure 3.2D), indicating that the fluorescent species in the
dinucleotide sample has the same CD spectrum as the nucleoside. A similar conclusion was
previously drawn in an FDCD study of dinucleotides containing the fluorophore 1,N%-

ethenoadenosine.>* We confirmed the chemical purity of our samples using thin layer
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chromatography, demonstrating that the fluorescence arises from an unstacked conformational
subpopulation rather than monomers generated by chemical degradation of 2-AP dinucleotide
(Figure A4).

We next investigated a series of dinucleotides and trinucleotides in which 2-AP was
placed adjacent to cytosine residues. Cytosine was chosen to avoid the complicating factors of
energy transfer from adjacent bases to 2-AP, which is most efficient for adenine,*> and quenching
of 2-AP fluorescence due to charge transfer to neighboring bases, which is most efficient for
guanine.’®*” The dinucleotide (2-AP)C exhibited 4.0-fold fluorescence quenching relative to
free 2-AP riboside and a strong CD signal across the UV, including at wavelengths >300 nm
where only 2-AP absorbs directly (Figure 3.3A). C(2-AP) exhibited 6.3-fold quenching and
minimal CD signal >300 nm (Figure 3.3B). For both dinucleotides, FDCD spectra processed
using eq 1 predicted that the CD spectra of the fluorescent species in the sample were nearly
identical to that of the free nucleoside (Figure 3.3D). In 2-AP dinucleotide, (2-AP)C and C(2-
AP), TCSPC measurements identified populations with lifetimes of 2-4 ns and 8-10 ns, as well
as a significant (40-70%) dark population with lifetime <200 ps (Table 3.1). The FDCD spectra
suggest that even the partially quenched (t = 2-4 ns) population is sufficiently unstacked to have
a CD spectrum that lacks contributions from base-base coupling. We conclude that in all three
dinucleotides, fluorescence comes almost exclusively from an ensemble of nucleoside-like

unstacked conformations that includes both unquenched and partially quenched subpopulations.
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Figure 3.3. FDCD and CD spectra of (2-AP)C (A), C(2-AP) (B) and C(2-AP)C (C). Magenta: FDCD spectra
processed with eq 1; Green: standard CD spectra. (D) Overlay of FDCD spectra for all aqueous samples, processed

with eq 1.

In the trinucleotide C(2-AP)C, fluorescence was quenched to a greater degree (9.7-fold
relative to 2-AP riboside), indicating a shift in the conformational ensemble toward stacked
structures. In addition, nonzero FDCD signal was observed in the lowest-energy absorption band

of 2-AP around 310 nm, indicating that some fluorescence was originating from conformations
with optical activity at that wavelength (Figure 3.3C). However, the FDCD spectrum predicts a
CD intensity that is smaller than what is observed experimentally. To determine the implications
of the discrepancy between the trinucleotide’s CD and FDCD spectra, we assumed that it exists
in equilibrium between an ensemble of unstacked conformations with the same fluorescence
quantum yield and CD spectrum as 2-AP riboside, and an ensemble of stacked conformations
(Figure 3.4A). In aqueous buffer, we observed 9.7-fold fluorescence quenching in the

trinucleotide compared to the nucleoside, allowing us to write:
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¢nucc nuc = 97( ¢ lmc un + (’bstcst)

where cuue, cun and ¢ are the concentrations of the nucleoside, stacked population, and unstacked
population, respectively, and @uuc, Pun , and ¢ are their fluorescence quantum yields. Assuming
that the quantum yield of the unstacked population is equal to that of the nucleoside, and
accounting for the fact that the sum of the concentrations of stacked and unstacked populations is

equal to the total sample concentration, we obtain eq 3:
R¢'Ctot=9'7[R¢(Czoz_csz) +Cst] 3)

where ¢y 1s the total sample concentration and Ry = @uuc/Ps: 1s the ratio of the quantum yields of

the nucleoside and stacked conformation.

At wavelengths longer than ~300 nm, native base absorption is negligible and Ae;/er = AA4/A
could potentially apply. Indeed, the 1-species and general equations agree with each other at
these wavelengths, indicating that the signals are not impacted by direct absorbance by the C
residues. 2-AP riboside exhibits no CD signal at these wavelengths (Figure 3.2B), so the CD of
the trinucleotide comes entirely from the stacked population (eq 4). This step sorts the continuum
of structures potentially adopted by an oligonucleotide into an ensemble of unstacked
conformations with zero CD signal at the wavelengths being considered, and an ensemble of

stacked conformations that contribute the entire CD signal.

c -Ae (1) =
stost 32980

The FDCD spectra of samples containing multiple fluorescence species can be processed using
eq 5, where i counts over all fluorescent species, whose contributions are weighted by their

quantum yields ¢; and concentrations c;:
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Plugging in the properties of the stacked and unstacked populations into eq 5 yields eq 6:

B €oon= € )A€, (D) + A (1)
P e €™ ) Eic W) + by 2 ()

nuc st st st

=FDCD () (6)

Noting that A¢,.,~0 at the wavelengths being considered and plugging in eq 4 for ¢y 45 (M), we

obtain eq 7:

CD(A) /32980

gnuc( /1) Rd)( Ctot_ cst) + 831( /1) Cst

=FDCDadj( A) (7)

One obtains estimates of Ry and ¢y by solving the system of eqs 3 and 7 at each wavelength
based on the experimental measurements of CD, A4, 6 and ¢ (Figure 3.4 and Table 3.2), with no
free parameters required. We investigated a model in which the extinction coefficient of the
nucleoside was used for both the stacked and unstacked populations (€uuc = €un = ), and one in
which they have different extinction coefficients (Figures A5-A6). For the latter, the difference in
extinction coefficient between the two states was estimated by measuring absorbance of 2-AP
riboside and C(2-AP)C as a function of temperature, which yielded &5 = 0.86* &, = 0.86* £,
(Figure A7; see methods for details). For C(2-AP)C, the resulting values of Ry and cy are stable
across the range of wavelengths in which the stated assumptions hold and the sample exhibits

appreciable signal (300-320 nm), and are largely independent of whether data smoothing is used
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and whether one or two extinction coefficients are used (Table 3.2). For example, with data
smoothed using a 5 nm rolling average and £,=0.86*¢.,, we obtain Ry =23 + 1 and an unstacked
population of 6.3 + 0.2 % of the total (mean + standard deviation across all data points from 300
to 320 nm). This indicates that the stacked conformation is quenched to a greater extent than one
might assume based on the overall 9.7-fold fluorescence intensity ratio (free
nucleoside:trinucleotide), and that a minor unstacked population of only 6.3% of the total gives

rise to 61% of the fluorescence emitted by the sample.

Buffer 30% Ethanol
Smoothing | & | Ry % un. % fl.un. [ Ry % un. % fl. un.
None 1 22+4 [59+0.7 |58 6+1 11+4 42
5 nm 1 122+1 [6.0+£03 |59 5705 [11+£2 42
None 2 123+4 [62+06 |61 6+1 1243 48
5 nm 2 123+£1 [63+02 |61 62+05 [12+1 47

Table 3.2. Quenching ratios and unstacked populations for C(2-AP)C. Results are shown for models with and
without smoothing by a 5 nm rolling average, and with (¢=2) and without (¢=1) accounting for hypochromicity of 2-
AP in the stacked conformation. Ry = quenching ratio (¢un / dst); % un. = percent unstacked; % fl. un. = % of total
fluorescence that comes from the unstacked population. Mean + standard deviation of the results obtained at all
datapoints in the range of 300 to 320 nm.

We repeated these measurements on 2-AP dinucleotide and C(2-AP)C in phosphate
buffer containing 30% v/v ethanol (mole fraction ~0.1), which is thought to shift population

away from stacked conformations.! Addition of ethanol at this concentration increases the
viscosity of pure H,O from 0.89-10° Pa's to approximately 2-103,%® and decreases its dielectric

constant from 78.41 to approximately 66.% It has previously been shown that a decrease in
dielectric constant of this magnitude impacts the morphology of double-stranded DNA
condensates*® and promotes folding of certain RNA species,*! potentially by enhancing

counterion condensation around the phosphate backbone. This is not expected to be a dominant
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factor for our short single-stranded oligonucleotides, which have only 1-2 phosphate groups per

molecule.

As expected from the known effects of ethanol on base stacking, the oligonucleotides
were quenched to a lesser degree in 30% ethanol (3.5-fold for 2-AP dinucleotide and 3.7-fold for
C(2-AP)C relative to 2-AP riboside in the same solvent; Figures 3.1C and A1). In TCSPC
measurements, the slowest decay component shortened and increased in amplitude, while the
dark population decreased (Table 3.1). The CD spectrum of 2-AP dinucleotide decreased in
intensity and its lineshape changed at long wavelengths, whereas the FDCD spectrum remained
nearly unchanged (Figure A8). With fluorescence coming almost exclusively from unstacked
conformations even in aqueous buffer, it was unsurprising that the same observation held when
ethanol was used to shift the stacking equilibrium. The CD spectrum of C(2-AP)C showed more
complex changes when ethanol was added (Figures 3.4 and A8). Our model suggested that the
quenching ratio Ry decreases significantly to only 6, while the unstacked population doubles to
12% of the total, resulting in 53% of fluorescence being emitted by the unstacked population
(Table 3.2). The increase in unstacked population was expected, but the large decrease in the
quenching ratio suggests that ethanol alters the structure of the stacked population, mitigating its
quenching. An alteration of the stacked structure is consistent with the complex changes in the

CD spectrum that are observed upon addition of ethanol to C(2-AP)C.

2-AP-labeled dinucleotides and trinucleotides have previously been investigated by CD
and time-resolved fluorescence measurements,?+3%31:4243 although the DNA versions of these
small model systems have been far more studied than their RNA counterparts. Two decay
components (8.1 and 1.1 ns) were resolved using frequency-domain fluorescence lifetime

measurements for 2-AP deoxyribodinucleotide [d(2-AP)d(2-AP)]. The slower (8.1 ns) and
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Figure 3.4. Fluorescence quenching and stacking heterogeneity in C(2-AP)C. (A) Model used for data analysis. In
the unstacked (“un”) conformation, 2-AP has properties characteristic of the free nucleoside “nuc”, while the
stacked conformation (“st”) has a different CD signal and fluorescence quantum yield. c=concentration,
e=extinction coefficient, Ae=gL-er, ¢=quantum yield. (B) Results of the “smoothed, 2 extinction coefficient” model
for C(2-AP)C in aqueous buffer. Top: Closeup of the long-wavelength region of Fig. 3C. Magenta: FDCD spectra
processed with eq 1; Green: FDCD spectra processed with eq 2; Blue: standard CD spectra. Middle: Value of the
quenching ratio Ry obtained at each wavelength by solving the system of eqs 3 and 7. Bottom: Value of the fraction
unstacked fun = (ctot-Cst)/Ctot Obtained at each wavelength. Dashed lines indicate the wavelength range over which
parameter values were quantified. (C) Analogous plots for C(2-AP)C in buffer containing 30% v/v ethanol.
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predominant (~64%) component approached the 9.0 ns lifetime of free 2-AP determined in that
study.?! We similarly observed decays of 9.5 and 2.0 ns in 2-AP ribodinucleotide, but the shorter
(2.0 ns) one was predominant, a pattern that was recapitulated in (2-AP)C and C(2-AP). Similar
behavior was previously observed in d(2-AP)dC* and dCd(2-AP),>* each of which exhibits a
minor population (~2% at 20 °C) with a lifetime of about 8 ns, a larger population (~36%) with a
lifetime of about 2.5 ns, and two sub-nanosecond decay components. These results show that the
members of this family of deoxyribo- and ribodinucleotides have minor unquenched
conformational states that persist for at least the fluorescence lifetime, in addition to larger
partially quenched populations. Significantly, our FDCD results demonstrate that these partially
quenched populations are still highly unstacked, with CD spectra that are nearly identical to free
2-AP riboside. Consequently, the ensemble of conformations that gives rise to the CD signal at

wavelengths >240 nm has minimal overlap with the ensemble that gives rise to fluorescence.

Three exponential decay components were observed in 2-AP-labeled DNA trinucleotides
dXd(2-AP)dX, but the slowest was only ~3.5 ns at 20 °C, significantly shorter than the lifetime
of free 2-AP. It was concluded that 2-AP persists in a fully unstacked conformation for less than
10 ns, with fluctuations back to stacked conformations “gating” decay to the ground state.*
Slower stacking dynamics on the timescale of microseconds have been observed through single-
molecule FRET® and temperature-jump infrared spectroscopy.'® Gating appears to be less
significant in C(2-AP)C, which exhibits a slowest decay component of 7.1 ns in aqueous buffer.
The lifetime of this component decreases to 6.4 ns in 30% ethanol despite an increase in
viscosity that would be expected to slow the stacking/unstacking kinetics, suggesting that gating
is not responsible for the reduction in lifetime. Furthermore, because FDCD is a fluorescence-

detected excitation spectroscopy, the spectral intensity and lineshape reflect species that are
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present on the timescale of absorption rather than emission (fs rather than ps-ns). Dynamics
occurring on timescales faster than the fluorescence lifetime would alter the apparent quantum
yields of different conformations but would not alter their excitation spectra. Our results suggest
that there is a population present in 2-AP-labeled RNA dinucleotides and trinucleotides that is
sufficiently unstacked to lack CD contributions from coupling between 2-AP and the adjacent

bases.

The 2-state model presented here sorts intermediate structures into stacked or unstacked
ensembles based on whether they contribute to the CD spectrum. In the dinucleotides studied
here, the “zero CD” ensemble includes both unquenched and partially quenched subpopulations
identified through TCSPC. In contrast, in C(2-AP)C, the prevalence of the least quenched
subpopulation alone is comparable to (in buffer) or larger than (in 30% EtOH) the entire “zero
CD” population (Tables 3.1 and 3.2). Free energies determined through NMR*# and
temperature-dependent UV spectroscopy*® show that stacking is slightly disfavorable in rArC
and rCrA, while molecular dynamics simulations predict it to be slightly favorable.*” Assuming
that 2-AP exhibits similar stacking thermodynamics to A, this is consistent with the assertion
above that the ensemble of unstacked conformations encompasses more structures and is more
populated than the minor unquenched conformation observed in lifetime measurements. For C(2-
AP)C, the free energy change resulting from a transition from the stacked to the unstacked
structure depicted in Fig. 3.4A can be very roughly estimated by adding together the enthalpies
of unstacking of rArC and rCrA, and averaging their entropies of unstacking and multiplying by
1.5 (because complete trinucleotide unstacking liberates three bases rather than two). Using

values from ref. (46), AG=AH-TAS yields a rough estimate of AGunstack = +2.1 kcal/mol at 298 K,
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corresponding to an unstacked population of 3%. This suggests that our model’s estimate of 6%

is a reasonable value based on stacking energetics.

Base stacking plays a critical role in determining the structural free energy landscapes of
RNA and DNA. The work presented here provides insight into the thermodynamics of base
stacking in RNA and the photophysical behavior of the FBAs that are widely used to study it.
Future work will include FDCD measurements on more complex RNA systems and FDCD

measurements with FBAs other than 2-AP.

EXPERIMENTAL METHODS

Materials

RNA di- and trinucleotides were purchased from Dharmacon (Horizon Discovery) and
deprotected and desalted by the manufacturer. 2-AP riboside was purchased from TriLink
Biotechnologies and 2-AP nucleobase was purchased from Sigma Aldrich. Except where
otherwise noted, all measurements were performed in a buffer containing 20 mM NaiPO4 and

100 mM NacCl at pH 7.5.

Spectroscopy

FDCD and CD measurements were performed on a Jasco J1500 circular dichroism spectrometer
with the sample in a 1 cm pathlength cylindrical cell inserted into a Jasco FDCD-551 cell holder.
This holder envelops the cell in an elliptical mirror,*® which directs fluorescence into a PMT
(Hamamatsu R374) at 90 degrees to the excitation light. A long-pass colored glass filter with a
380 nm cutoff was placed in front of the fluorescence detector to remove scattered light. Scans
were performed with an excitation bandwidth of 4 nm, an integration time of 4 s, and a scan

speed of 20 nm/minute. The spectra that are shown are the average of 10 scans for FDCD and 5
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scans for CD, and samples were measured at a concentration of 5 pM. The measurement
channels “FDCD” and “DC” were both recorded, with the former yielding signal proportional to
F1-Fp, and the latter yielding signal proportional to F1+Fr (essentially, the fluorescence
excitation spectrum without correction for lamp intensity at different wavelengths) (Figure A2).
FDCD baselines were recorded individually for each sample using the achiral 2-AP nucleobase
(Figure 3.1A, R=H) at a concentration that yielded the same brightness as the sample when

excited at 305 nm. CD, absorbance and fluorescence baselines were recorded using buffer.

Thermal ramps were carried out at a concentration of 20 pM, ramping from 7 °C to 80 °C
at a rate of 1 °C per minute while monitoring absorbance at 308 nm. Fluorescence emission
spectra were recorded on a Molecular Devices SpectraMax 13 fluorometer using a plate reader
attachment with excitation at 295 nm and the sample at a concentration of 500 nM. Fluorescence
lifetime measurements were performed on a Horiba Fluoromax-5 with a TemPro lifetime system
using a NanoLED340 pulsed light source and the same long-pass filter used for FDCD. Sample
concentrations were 1 uM for 2-AP riboside and 5 uM for all other samples. Instrument response
functions were collected using a dilute suspension of Ludox. The full width at half-maximum
(FWHM) of the instrument response function (IRF) was approximately 900 ps and the bin width

was 55 ps.

Thin-layer chromatography

TLC experiments were performed using silica gel 60G F254 plates and a solvent system
consisting of 50:40:3:15 n-butanol:acetone:33% ammonia:water, as previously described.* 1
nanomole of nucleoside or dinucleotide was spotted and, after development, the plate was

imaged on a 302 nm ultraviolet transilluminator.
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Data analysis

Most data processing and analysis was performed in Mathematica (Wolfram Alpha). The FDCD
spectrum of 2-AP nucleobase was subtracted from the FDCD spectrum of the sample, and the
DC spectrum of the solvent was subtracted from the DC spectrum of the sample. § was then
calculated by dividing the FDCD spectrum by the DC spectrum (Figure S3). We utilized the
absorption spectra of 2-AP nucleoside in pure H>O as a proxy for the absorption spectra of the

fluorophore for all aqueous samples containing a single 2-AP residue. Its spectrum was scaled to
a value of 6,000 L/mol-cm at its longest-wavelength absorption peak, generating ¢, which was

then utilized in processing of FDCD spectra.®® The absorption spectrum of 2-AP dinucleotide in

pure H20O was used to generate its own er spectrum by scaling to a peak value of 12,000
L/mol-cm. Likewise, absorption spectra of 2-AP nucleoside and dinucleotide in 30% ethanol
were used to generate ¢r spectra for analysis of the corresponding FDCD spectra.

The relative hypochromicity of the stacked conformation of C(2-AP)C was estimated by
calculating the difference in 308 nm absorbance between C(2-AP)C and 2-AP nucleoside at the
minimum and maximum temperatures sampled (7 °C and 80 °C, respectively; Figure A7). The
difference at 80 °C was then subtracted from the difference at 7 °C, and the resulting value was
divided by the absorbance of the trinucleotide at 7 °C. This yielded a value of 0.16, so we
concluded that the extinction coefficient of the unstacked conformation was 1.16 times that of
the stacked conformation. Taking €., = €nuc, we thus used & = 0.86 €uuc in our 2-extinction
coefficient models. The system of eqs 3 and 7 has two solutions when separate extinction
coefficients are used for the stacked and unstacked conformations, but only one is physically

meaningful (the other has a stacked concentration that exceeds the overall sample concentration).
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Fluorescence lifetime data were analyzed in Horiba Decay Analysis Software v6.6. 3-
exponential models were used for all samples, and inclusion of additional exponentials yielded
negligible improvement in the y? value and residuals (fitting parameters are in Table A1). Due to
the 900 ps IRF width, decays with apparent time constants below 200 ps were considered
unreliable and were subsumed into the dark population in downstream analysis. With <200 ps
components excluded, the average observed lifetime was calculated according to (T)obs = ZaiiTi,
where 7; is the time constant of exponential decay component i and a; is its amplitude. The dark
population of molecules with lifetimes that were too short to resolve, ao, was calculated
according to ao = 1- (Tnuc)/({Tsampte)R), Where (Tauc) is the average lifetime of 2-AP riboside,
(Tsample) 1S the average lifetime of the sample, and R is the ratio of the steady-state fluorescence
intensity of 2-AP riboside to the sample.’® The amplitudes of the decay components were then

corrected to account for the dark population according to aic = ai(1-0o).

ASSOCIATED CONTENT

Supporting Information Available: Quantification of fluorescence intensities of all samples,
TCSPC data and fits, unprocessed FDCD spectra, TLC image, plots of Ry and c., under different

models, thermal ramp data, comparison of spectra in buffer and 30% ethanol are in Appendix A.
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CHAPTER IV
PROBING AND PERTURBING RIBOSWITCH FOLDING USING A FLUORESCENT BASE

ANALOGUE

The contents of this chapter have been previously published in whole or in part. The text present
here has been modified from the publication below:

Hoeher, J. E.; Sande, N. E.; Widom, J. R. Probing and Perturbing Riboswitch Folding Using a
Fluorescent Base Analogue. Photochem. Photobiol. n/a (n/a). https://doi.org/10.1111/php.13896.

BRIDGE

While FDCD is a powerful tool for studying RNA, it has been underutilized in the years
since it was first used. Due to this, experiments were needed on smaller systems to properly
understand what was happening. With CD and fluorescence spectroscopy being more well-
established techniques, more complicated systems could be investigated to understand how
perturbations in RNA structure impact its function. Work was done on the smaller system, and

then moving to the more complex system.

INTRODUCTION

Riboswitches are mRNA segments that regulate gene expression in response to
environmental cues, and are most commonly found in bacteria.! A riboswitch contains an
aptamer domain, which binds to a ligand, and an expression platform, which re-folds in response
to ligand binding to regulate downstream genes in cis. Riboswitches typically control the
transcription or translation step of gene expression, although other mechanisms have also been
observed.>* Since their discovery, riboswitches have been the subjects of intensive study due to

their utility as molecular sensors>® and antibiotic targets.”®
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The structures and dynamics of riboswitches are intimately linked to their biological
functions. As a result, many techniques have been used to probe riboswitch structure and
dynamics, including x-ray crystallography,” NMR,!%!! single-molecule Forster resonance energy
transfer (smFRET)'?!° and bulk fluorescence spectroscopy.*!® For studies utilizing bulk
fluorescence spectroscopy, a powerful approach is to replace a base within the riboswitch with a
fluorescent base analogue (FBA), with the most commonly used FBA being the adenine (A)
analogue 2-aminopurine (2-AP; Fig. 4.1).!7 Fluorescence from 2-AP is modulated by its
structural context, with stacking on neighboring bases typically inducing quenching,'® and
changes in polarity additionally inducing spectral shifts.!” While FBAs are designed to preserve
the Watson-Crick base pairing properties of the corresponding native bases, 2-AP has been
shown to alter the structure and dynamics even of double-stranded DNA.?° FBAs may impact
structural features that rely on non-Watson-Crick interactions to an even greater degree, and such
interactions are common in the complex 3-dimensional structures that riboswitches and other
RNAs can adopt.?! Some FBAs have been reported that preserve both the Watson-Crick and
Hoogsteen faces of adenine, providing effective surrogates in a wide range of structural and
enzymatic contexts,?>>* but lack of commercial availability has significantly limited their uptake.
Due to this factor and its decades-long record as a useful probe, 2-AP remains by far the most

widely used FBA despite having suboptimal structural and photophysical properties.

To minimize structural perturbations, 2-AP is ideally placed at locations containing non-
conserved nucleotides whose hydrogen bonding interactions are not altered by 2-AP substitution.

It has been noted that these criteria are satisfied by as many as 10-15% of nucleotides in various
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Figure 4.1 2-Aminopurine and the preQ1 riboswitch. (A) Chemical structure of a Watson-Crick base pair between

adenine and uracil. (B) Chemical structure of a Watson-Crick base pair between 2-AP and uracil. The re-positioned
amine group is shown in purple. (C) The preQ, riboswitch in its docked pseudoknot conformation, shown in Leontis

Westof notation.?> The P1, P2 and L3 domains are indicated in blue, green and red, respectively, and preQ, is shown
in cyan. Adenosine residues in L3 are numbered according to the color scheme used in subsequent figures.

riboswitches.?>?® However, certain sites may be of interest precisely because of their high

degree of conservation and non-canonical hydrogen bonding interactions. In these circumstances,

2-AP substitution may act as a perturbing “mutation” that serves concurrently as a spectroscopic
probe. If its structural impacts are accounted for, 2-AP can be a useful tool even at highly
conserved or structurally complex sites. The approach of using an FBA as a concurrent probe and
mutation would be particularly valuable for the study of riboswitches for which high-resolution
structures are not available. For such riboswitches, the significance of particular residues is
typically inferred through mutagenesis and biochemical methods such as chemical secondary
structure probing. FBAs such as 2-AP offer a chemical library of potential “mutations" that
expands the 3-member library of native base substitutions, and, like the varied reagents used for
secondary structure probing,?’ different FBAs are sensitive to different aspects of RNA structure
(for example, see ref. (28) for a comparison of 2-AP and the cytosine analogue pyrrolocytosine).
Combining biochemical and spectroscopic approaches thus offers the potential to expand the

level of insight that can be gained in the absence of high-resolution structures.
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We utilized 2-AP as a concurrent probe and mutation to study the significance of tertiary
interactions involving highly conserved adenosine residues in the Class 1 preQ riboswitch from
Bacillus subtilis (Bsu; Fig. 4.1c), which is responsible for regulating genes involved in synthesis
of the hypermodified nucleobase queuosine.?’ This riboswitch binds to the metabolic
intermediate preQi, causing a conformational change that suppresses expression of genes
involved in the production of queuosine by enhancing transcription termination.!? Its aptamer
domain contains a stem-loop structure (P1) followed by an A-rich tail (L3), and preQ: binding
stabilizes a pseudoknot-structured “docked” conformation containing a second helix, P2.° The L3
domain of this riboswitch contains a stretch of 6 highly conserved A residues that participate in a
complex network of hydrogen bonding with the minor groove of the P1 helix and the ligand-
binding pocket (Fig. 4.1c).”!! 2-AP has been utilized extensively in Class I preQ; riboswitches,
particularly those from Thermoanaerobacter tengcongensis (Tte)**! and Fusobacterium
nucleatum (Fnu),* with some prior work in Bsu,'¢ but L3 residues have gone mostly
uninvestigated. The kinetics of structural rearrangements of residue A24 in the 7te preQ:
riboswitch (most closely analogous to A28 in Bsu; Fig. 4.1c) were investigated using 2-AP,
revealing almost no change in fluorescence in response to Mg?* and a moderate decrease in
response to preQ;.>* However, that base resides in a different sequence context, A(2-AP)C, than
the corresponding residue A28 in the Bsu riboswitch, A(2-AP)A, and the L3 domain is one

nucleotide longer in Tte.

We investigated riboswitch variants in which 2-AP replaced subsets of the six
consecutive A residues in the L3 domain. Rather than pursuing structurally neutral FBA labeling
sites, this work uses 2-AP to introduce site-specific disruptions in the structure. We used

fluorescence spectroscopy to investigate how ligand binding affects the local environment at
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each labeling site, and to determine the affinity of each variant for preQ;. These measurements
revealed a rich variety of photophysical impacts on 2-AP, which can be attributed to changes in
both base stacking and local polarity that occur upon ligand binding.!” Fluorescence lifetime
measurements on a subset of variants revealed that 2-AP samples multiple local environments
and that ligand binding changes their relative prevalence. We additionally performed absorbance-
based measurements that allowed us to directly compare the native riboswitch to the 2-AP-
modified variants, which is not possible using fluorescence spectroscopy. Specifically, we used
circular dichroism (CD) spectroscopy and thermal denaturation experiments to study the effects
of 2-AP and preQ: on the structure and stability of the riboswitch. We found that at every
labeling site tested, 2-AP decreases the affinity of the riboswitch for preQ, but the riboswitch
still undergoes a global conformational change of a similar nature at sufficiently high ligand
concentrations. Placing 2-AP distal to the ligand binding pocket makes the riboswitch more
susceptible to thermal denaturation in the absence of preQ1, whereas the largest decreases in
affinity were observed with 2-AP proximal to the binding pocket. Our results reveal that
interactions involving the 6-amino groups of the A residues in L3 are critical for efficient ligand
binding by the preQ: riboswitch, and that the formation of these interactions is coupled to

changes in base stacking and polarity.

MATERIALS AND METHODS

RNA oligonucleotides were purchased from Dharmacon (Horizon Discovery) and DNA

oligonucleotides were purchased from Integrated DNA Technologies (sequences in Table B1).
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All modified oligonucleotides were HPLC-purified by the manufacturer, and the 3’ segments
were purchased with a 5° phosphate. Riboswitch samples were prepared by splinted ligation
using T4 RNA ligase 2 (New England Biolabs M0239S). 5 nanomoles each of the 5’ and 3’
segments of the riboswitch and the DNA splint were combined and heated to 90 °C for 2 minutes
and then allowed to cool to RT over 10 minutes. The manufacturer-provided RNA ligase 2
reaction buffer was added 30 seconds into cooling. After cooling, the mixture was diluted in
reaction buffer to a total volume of 150 puL and 60 units of T4 RNA ligase 2 were added. The
reactions were incubated at room temperature for 3 hours, then resolved on a 15%
polyacrylamide-urea gel. The product band was recovered from the gel by electroelution using a
BioRad model 422 electro-eluter followed by ethanol precipitation in the presence of 300 mM

NaOAc, pH 5.3. 2-AP riboside was purchased from Tri-Link Biotechnologies.

All spectra were recorded at 20 °C with the sample in a buffer consisting of 20 mM
NaiPO4 at pH 7.5 and 100 mM NaCl. Samples were heated to 90 °C for 2 minutes and then
crash-cooled in ice water for 10 minutes before measurement in order to allow the RNA to fold
without dimerizing. Where noted, MgCl> was added after cooling to a final concentration of 1
mM. CD spectra and melting curves were recorded on a Jasco J-1500 spectrometer. Melting
curves were recorded with the riboswitch at a concentration of 2 uM or AA(2-AP)AC at a
concentration of 16 uM. The sample was heated at a rate of 0.75 °C per minute in a 1 cm path-
length, low head-space cuvette (Starna 26.160/LHS) while monitoring CD and absorbance at a
wavelength of 258 nm. CD spectra were recorded in a 1 cm path-length cuvette (Starna 16.160-
10) with the riboswitch at a concentration of 2 uM. Scans were performed from 200 to 350 nm at
a rate of 10 nm per minute with an integration time of 4 seconds and an excitation bandwidth of

2 nm, and four sequential scans were averaged together. CD titrations were performed with the
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riboswitch at a concentration of 50 nM in a 2 cm path-length cuvette. Spectra and melting curves
were background-corrected by subtracting off a buffer scan (including preQ: where appropriate).
CD spectra were converted from units of millidegrees to extinction coefficient (L/mol*cm) using
the following equation, where CD is the signal in millidegrees, C is the concentration in mol/L

and L is the path length in cm:

CD
Ag = ———
32980- C- L

Finally, they were converted to Ag per nucleotide by dividing by the number of nucleotides in the

riboswitch, 38.

A fitting procedure was performed in Mathematica (Wolfram Research) to extract melting
temperatures (77,) and transition widths (A7) from melting curves.?® First, a linear fit was
performed to the segment of the melting curve recorded between 75 and 80 °C, and was
extrapolated to lower temperature. The absorbance vs. temperature curve was then converted to a

proxy for the “fraction folded” at temperature 7, 6(7), using the following equation:

I L(T) —A(T)
L( T) - A( Tmin)

where L(7) is the value of the linear fit at temperature 7, A(7) is the recorded absorbance at
temperature 7, and A(7 i) is the recorded absorbance at the lowest temperature. (7) was then fit

using the following equation:

a b

O(T) =——————+
L4 e\ T/, 1+e(T_TM2)/ATz

where a and b are the weights, Ty, and T are the melting temperatures, and 477 and 47> are the

widths of unfolding transitions 1 and 2, respectively. Each experimental replicate was fit
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individually, then the average and standard deviation of the resulting parameter values were

determined.

Fluorescence spectra were recorded on an Edinburgh FS5 fluorometer with the RNA at a
concentration of 500 nM. After each addition of ligand, the sample was briefly pipette mixed,
stirred in the sample holder of the fluorometer for 4 minutes, then allowed to rest for 1 minute
before scanning. Scans were performed from 325 to 500 nm with an excitation bandwidth of 5
nm at 305 nm, an emission bandwidth of 2 nm, and an integration time of 1 s. To account for the
minor effect of dilution of the RNA due to ligand addition, spectra were corrected according to
the following equation:

VotV,

0
where /.. is the concentration-corrected intensity, / is the uncorrected intensity at ligand
concentration L, V) is the initial volume of sample before any ligand was added, and V7 is the

cumulative volume of ligand that had been added before I; was measured.

The absorption spectrum of a 50 pM solution of preQ: was recorded and used to correct

fluorescence spectra for the inner filter effect using the following equation:

2.303- Ay

cor?2 cor A

1— 10 7305

where /.o 1s the concentration- and inner filter effect-corrected intensity and /Zc.- is the
concentration-corrected intensity. 43os is the total absorbance of the sample at the excitation

wavelength of 305 nm, calculated according to:

A ,,s=[RNA]- 6000+ [preQ 1]- 2166
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where 6000 L/mol*cm is the extinction coefficient of 2-AP, and 2166 L/mol*cm is the extinction
coefficient of preQ at 305 nm determined from its absorbance spectrum. Amax Was extracted by

performing a Gaussian fit to the region of the spectrum between 350 and 380 nm.

3 replicates were performed for each fluorescence titration, the corrected fluorescence
intensities or Amax values were averaged together, then the resulting curve was converted into
fractional saturation (FS; scaled to run between 0 and 1). It was then fit with the following
equation to extract an apparent Kp, where R is the RNA concentration, L is the ligand

concentration, and a is a scaling factor:

((Kp+R+L)>-4RL) '/

FS=a- (KD+R+L)— ay

Fluorescence lifetime measurements were performed via time-correlated single photon
counting on the Edinburgh FS5 in reverse mode using a 320 nm pulsed LED for excitation.
Three replicates were performed for each sample, and a reconvolution fit was performed on each
replicate in Edinburgh’s Fluoracle software. A 4-exponential model was required to achieve
adequate fits for all riboswitch measurements (Table B2), whereas 2-AP riboside required only a
single exponential. Average observed lifetimes (t)obs, dark populations ao and corrected
amplitudes of decay components o were computed from the resulting fitting parameters as
previously described.!®3* One of the four exponential components had a lifetime of <100 ps for
all samples tested. Its population and lifetime were considered unreliable due to the ~1 ns full
width at half maximum of the instrument response function, so it was subsumed into the dark

population in downstream analysis.
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RESULTS AND DISCUSSION

The Bsu preQ: riboswitch contains six consecutive A residues in its L3 domain, making it a
natural system in which to employ 2-AP substitution. We prepared an unmodified riboswitch that
lacked 2-AP, singly-labeled variants that contained 2-AP in position 27, 28, 29, 30, 31, or 32, as
well as doubly-labeled variants containing 2-AP at positions 27 and 28, 30 and 31, or 31 and 32
(Fig. 4.1¢). The bases in L3 are highly conserved,?” suggesting that alteration of them through 2-
AP substitution could have detrimental impacts on riboswitch structure and function. Perhaps as
a consequence of this, 2-AP labeling sites have been almost entirely limited to other locations in
the preQ: riboswitches from both Bsu!® and other organisms.*3%*! To account for this fact, we
employed absorbance-based measurements that allowed us to directly compare modified and
unmodified riboswitch variants, in addition to fluorescence measurements that exploited the

sensitivity of 2-AP to local RNA structure.

Fluorescence spectroscopy: ligand affinity and comparison of modified variants

2-AP fluorescence exhibited a variety of behaviors at different labeling sites within L3. All
riboswitch variants were quenched at least 4-fold compared to free 2-AP riboside, which is
unsurprising given that 2-AP fluorescence is quenched as a result of base-stacking.!®!%3 Variants
in which 2-AP is flanked by two A residues all exhibited similar fluorescence intensities in the
absence of Mg?" and preQ, with a 20% difference in intensity between the brightest of them
(position 30) and the darkest (position 29) (Fig. 4.2). Variants with 2-AP flanked by U and A
(position 27) or A and C (position 32) both exhibited fluorescence only about half as intense as
the other four. A short oligonucleotide containing 2-AP in the same sequence context as A31,
AA(2-AP)AC, exhibited a very similar intensity and peak wavelength (Amax) to the position 28-

31 variants, suggesting that these spectra are characteristic of 2-AP in a generic oligo(A) context

52



rather than being altered significantly by the structure of the riboswitch. This is consistent with
previous NMR measurements, which showed that in the absence of divalent cations (like most of
our measurements), the sequence of L3 adopts a single-stranded A-form conformation both in the
riboswitch and as an isolated 12-mer.* In contrast, in the presence of Mg?*, preorganization of
L3 has been observed by MD simulations®” and smFRET.!?!* To investigate this further, we
recorded spectra of the position 29 and 31 variants in the presence of 1 mM MgCl,. While the
fluorescence intensity of each variant was nearly unchanged by addition of Mg?", a small (0.7
nm) but resolvable blueshift was observed for position 31 and a larger one for position 29 (2.5

nm), suggesting that 2-AP is in a more nonpolar environment in the presence of Mg?".!

Ligand titrations were performed using fluorescence emission spectroscopy to assess the
structural changes induced by preQ: binding and to estimate the affinities of 2-AP-modified
variants for preQ: (Figs. 4.2, Bl and B2, Table 4.1). A CD titration was performed on the
unmodified riboswitch for comparison (Fig. B3). While binding affinities (Kp) can be obtained
more directly by methods that detect thermodynamic changes that occur upon binding, such as
microscale thermophoresis*® and isothermal titration calorimetry,*® 2-AP fluorescence has the
benefit of simultaneously reporting on changes in the local environment at the labeling site. In
the absence of Mg?*, the apparent Kp values (Kapp) of 2-AP-labeled variants ranged from 360 nM

with 2-AP at position 29 to over 20,000 nM for positions 31 and 32, in stark contrast to the value

of 28 nM determined for the unmodified riboswitch via CD. Placing 2-AP at position 28 was
quite detrimental (Kapp = 12,800 nM), which is surprising given that that site is the least
conserved of the six.?” The fluorescence intensity and spectrum of each variant responded to
preQ: in a distinct manner, though the functional significance of these changes must be

considered in light of the dramatic weakening of ligand binding in certain variants. Nevertheless,
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there was no obvious correlation between the affinity of a variant for preQ; and the magnitude of
the changes in its fluorescence intensity or Amax, showing that even if 2-AP substitution at a
particular site decreases affinity, that residue may still undergo significant structural
rearrangements at ligand concentrations sufficiently high for binding. Furthermore, our CD and
thermal denaturation measurements (detailed below) indicate that the impacts of preQ: on the
global structure and stability of the riboswitch are similar for unmodified and modified variants.
These observations suggest that 2-AP fluorescence provides meaningful information about how
the local environments of L3 residues differ between the pre-docked and ligand-stabilized

docked conformations.

Variant Al (cts) | Al/Tp | Almax (nm)! | Kapp (nM)

27 +1,800 +8% | -2.8 7,900 (3,700)*
28 +19,600 | +36% |[-1.6 12,800 (9,100)?
29 -19,400 -40% | -4.3 360 (730)*
29+1 mM Mg?* | -13,600 27% | -2.2 35 (82)?

30 -41,400 -68% | +0.3 4,800

31 -7,200 -12% | +0.1 24,900

31+1 mM Mg?** | +10,700 | +19% | +0.7 19,000

32 -7,100 -25% | +0.4 28,400

Table 4.1 Fluorescence titrations results. Al: change in maximum intensity from 0 nM preQ; to the highest
concentration measured. Al/I: change in intensity relative to intensity in the absence of ligand. AAmax: change in
maximum wavelength from starting to ending point. Kapp: apparent Kp determined by fitting titration curve.

1Typical standard deviations in Ayjax were + 0.2—0.5 nm.

’Based on Amax. All other values are based on Iimax.
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Figure 4.2 Fluorescence measurements. “+Mg” indicates that the measurement was performed in 1 mM MgCl3. (A)
Peak fluorescence intensity of each 2-AP-modified riboswitch variant (positions 27-32) at the initial concentration
of 0 nM preQ1 (I, red) or the final (highest) concentration measured (F, blue). R = 2-AP riboside. O =
oligonucleotide AA(2-AP)AC. The dashed line indicates the fluorescence intensity of AA(2-AP)AC. (B) Imax
versus [preQ1] for each variant over the range of 0—30,000 nM preQ1 (full ranges shown in Figures S1 and S2). (C)
Initial and final peak fluorescence wavelengths of riboswitch variants, 2-AP riboside and AA(2-AP)AC. (D) Amax
versus [preQ1] for each riboswitch variant. In panels b and d, red: position 27; orange: position 28; yellow: position

29; green: position 30; blue: position 31; purple: position 32. Error bars show the standard deviation across
measurements on three samples.
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In addition to having the lowest fluorescence intensities in the absence of preQ1, the position 27
and position 32 variants also exhibited the smallest absolute changes in 2-AP fluorescence
intensity upon ligand addition, with position 27 exhibiting an increase of only ~1,800 counts
(8%). This slight change in intensity was non-monotonic as a function of preQ; concentration
(Fig. B4), leading to a titration curve fit that was significantly poorer (R?=0.982) than all other
variants (R?=0.996-0.999). This variant exhibited the second-largest change in Amax upon addition
of preQ1, and the concentration-dependence of Amax was much better fit (R2=0.998) than Imax.
This yielded a Kapp of 3,700 nM, which is likely to be more reflective of this variant’s ligand
binding behavior than the Imax-based value of 7,900 nM. The most significant changes in
fluorescence intensity were observed with 2-AP at positions 28 (+36%), 29 (-40%) and 30 (-
68%). Interestingly, the equivalents of our positions 29 and 30 are the only sites in L3 that
exhibit reduced scission in the presence of preQ: in in-line probing measurements, indicating an
increase in the structural rigidity of the backbone.?® These variants were strongly quenched upon
addition of preQi, indicating that this increase in rigidity is accompanied by more extensive

stacking on neighboring bases.

The Tte preQ: riboswitch was found to tolerate 2-AP substitution at a variety of sites in
the presence of 2 mM MgCl, with only modest changes in Kp, though Kp was not determined
for any A-to-2-AP substitutions in L3.3° It is possible that the riboswitch is more tolerant of 2-AP
substitution in the presence of Mg?*, so we investigated its impact on one strongly binding
(position 29) and one weakly binding (position 31) variant. While addition of 1 mM Mg?* to the
position 31 variant only modestly improved its Kapp (from 24,900 to 19,000 nM), it changed the
response of 2-AP to preQ: from a slight decrease in intensity and no spectral shift to a slight

redshift and increase in intensity. In contrast, position 29 retained the blueshift and quenching
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that it had exhibited in the absence of Mg?*, but with a significant improvement of Kapp from 390

nM to <100 nM.

As noted above, spectral shifts upon ligand addition were observed with 2-AP certain
sites. Blueshifts in the emission spectrum occurred upon ligand addition with 2-AP at positions
27 (-2.8 nm), 28 (-1.5 nm) and 29 (-4.3 nm in the absence of Mg?*, -2.2 nm in the presence of 1
mM Mg?*) (Fig. 4.2 and Table 4.1). The other sites showed shifts no greater than 0.7 nm.
Position 29 showed the largest blueshift, in keeping with its large change in fluorescence
intensity. In stark contrast, position 30, which showed the largest absolute and relative change in
intensity, showed no blueshift. It has been shown previously using deoxynucleosides that
changes in base-stacking alone do not lead to spectral shifts in 2-AP fluorescence, while a
decrease in solvent polarity causes both blueshifts and quenching.!® In the preQ; riboswitch,
NMR and x-ray crystal structures show that in the presence of ligand, the bases in L3 stack in
sets of 2.%!! A27 and 28 form a parallel stack with one another, as do A29 and 30, as do A31 and
32, with changes in angle existing between each set of stacked bases. A29-32 are nearly co-
planar with distal bases, including base pairs in P1 in the case of A29 and A30, and U8 and U9 in
the case of A31 and A32 (Fig. 4.1c). A28 is notably displaced and tilted relative to A29, breaking
the chain of stacking and potentially explaining the increase in 2-AP fluorescence upon addition
of ligand when it is at position 28. A pattern emerges when these stacking partners are considered
as units. In the absence of Mg?', 2-AP fluorescence increases upon addition of ligand in the 27-
28 stack, decreases strongly in the 29-30 stack, and decreases slightly in the 31-32 stack.
Superimposed on this pattern of fluorescence intensity changes, the three bases distal to the
ligand binding pocket?’-?° exhibit blueshifts upon ligand addition while the three proximal bases

do not.
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The combination of blueshift and de-quenching observed with 2-AP at positions 27 and
28 is surprising, given that increased stacking would appear most likely to accompany a more
nonpolar environment, while position 29 exhibits the more intuitive combination of blueshifting
and quenching. It is important to note that the preQ; riboswitch is known to sample multiple

conformations under the experimental conditions utilized here,!?-14

and steady-state emission
spectra provide a population- and intensity-weighted average across this ensemble of structures.
To investigate the distribution of structures present in solution, we performed fluorescence
lifetime measurements using time-correlated single photon counting (TCSPC), focusing on the
two variants that showed the largest spectral shifts upon ligand addition, positions 27 and 29

(Table 4.2 and Fig. BS). Both variants were investigated in the absence and presence of

saturating preQ1, and the position 29 variant was additionally investigated in the presence of 1

mM MgCl,.

Sample Mg?* | preQi | (thobs (ns) [ a0 (%) | e [T |02 | T2 |a3c |13
2-APriboside | 0mM |0 mM | 8.85 0 100 | 8.85
Position 27 OmM |OuM |34 74 17 (2.1 18 5211 10.4
Position 27 OmM (42uM |24 60 26 (1.1 (13 [43 |1 10.8
Position 29 OmM [OuM |3.6 49 24 (19 |21 (43 |5 9.0
Position 29 OmM |20uM |23 50 37 | 1.6 |10 3.5 (2 8.9
Position 29 ImM [OuM (3.4 45 29 (1.8 (20 |41 ]6 8.9
Position 29 ImM |20uM | 2.6 49 39 (19 |11 (471 12.8

Table 4.2 Observed average lifetime ((t)obs), and populations (ajc) and lifetimes (tj) of individual decay
components obtained through TCSPC. Note: o, is a dark population whose decay timescale is not resolved (t < 100
ps). The populations ajc have been corrected to account for the presence of the dark population. Percentages may
not add up to 100 due to rounding.

Four exponential components were required to adequately fit the resulting fluorescence

decays, which was unsurprising considering the complex decays observed even for systems as
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small as di- and trinucleotides.'®4%-4? Under all conditions tested, the decay time constants of
both variants fell within the ranges of 10.9+2, 4.5+1, and 1.6+0.5 ns, along with a significant
dark population with decay timescales too fast to resolve accurately with our instrumentation
(Table 4.2). In all three cases (position 27 without Mg?*, and position 29 with and without Mg?*),
addition of preQ; increased the weight of the 1.6+0.5 ns component (Table 4.2). The

conformation that exhibits this decay may therefore be responsible for the blueshift in

fluorescence that occurs upon ligand addition in all three cases. Supporting this interpretation,
the increase in weight of the ~1.6 ns component is most significant for the condition that exhibits
the largest blueshift: position 29 in the absence of Mg?". It has been previously shown that
solvent effects alone are sufficient to shorten the fluorescence lifetime of 2-AP free base from
>10 ns in neat H>O to ~1.5 ns in neat dioxane.!® The latter value is very similar to the 1.6+0.5 ns
lifetime that we attribute to the “bluest” (most nonpolar) of the “bright” conformations that
contribute significantly to the fluorescence of 2-AP at positions 27 and 29 in the preQ:
riboswitch (the local polarity of the dark population is not reflected in the steady-state emission
spectrum due to its small contribution to the overall fluorescence). Furthermore, the longest
decay component of >8 ns is consistent with the lifetimes observed for free 2-AP base and

18,19,42,43

nucleosides in aqueous solution. Hence, this low-prevalence component likely originates

P,42’43

from an extra-helical conformation of 2-A which would be the most solvent-exposed and

thus the “reddest”.

With 2-AP at position 27, the increase in the weight of the ~1.6 ns component occurs
through a shift of population away from the dark conformation, explaining this variant’s increase
in fluorescence intensity in the presence of preQ:. This increase in the prevalence of the bluest

bright conformation occurs without a concomitant increase in the extra-helical conformation,
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explaining the observed blueshift upon ligand addition. With 2-AP at position 29, the increase in
the ~1.6 ns component occurs through a shift away from the ~4.5 and ~10.9 ns decays in both the
presence and absence of Mg?*, explaining this variant’s decrease in fluorescence intensity. The
depletion of the extra-helical conformation contributes to the blueshift exhibited by this variant.
We conclude that at positions 27 and 29, 2-AP can access a conformation that is protected from
solvent but only moderately base-stacked (and thus bright enough to impact the steady-state
emission spectrum). This conformation is enhanced upon ligand binding, and the accompanying
changes in the emission intensity and spectrum are dictated by which alternative conformations

are depleted.

CD spectroscopy and thermal denaturation: comparison of unmodified and modified variants

Absorbance-based measurements provided further insight into the behavior of L3, and into how
2-AP substitution alters the properties of the riboswitch. We recorded CD spectra and melting
curves for each variant in the absence and presence of preQ;. While it can be challenging to
extract quantitative structural information from the ultraviolet CD spectra of structured RNAs,
they allowed us to determine whether different variants adopted similar global structures to one
another, and whether their global structures changed in a similar manner upon preQ; binding.
Melting curves, which were recorded by monitoring CD and absorbance at 258 nm during
heating, were used to assess the impacts of 2-AP and preQ: on the structural stability of the
riboswitch. Unfolding is typically indicated by an increase in the absorbance signal and a

decrease in the CD signal.

CD spectroscopy. We found that in the absence of preQi, the unmodified riboswitch exhibits a
CD spectrum that is similar to those reported for other RNAs that adopt a pseudoknot structure.*

When preQ; was added, the CD spectrum exhibited a pronounced shift to more negative values
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(Fig. 4.3a), reflecting the shifting of equilibrium from the pre-docked (P2 not intact) to the
docked (P2 intact) conformation.'>!? In the absence of preQi, the spectra of the modified variants
are quite similar to one another and slightly less intense than the spectrum of the unmodified
riboswitch (Fig. B.6a). This difference indicates that 2-AP substitution causes a change in the
electronic coupling between nearby bases that gives rise to the CD signal.*64” A decrease in the
CD intensity upon 2-AP substitution is expected because of the differences in the electronic
transitions of A and 2-AP, and should be most apparent when an AAA segment is replaced with
an A(2-AP)A segment. Placing 2-AP at position 27 had the smallest impact on the lineshape and
intensity of the CD spectrum, consistent with its position in a UAA context rather than an AAA
context. These results suggest that all variants adopt similar global structures in the absence of
preQ1. In the longest-wavelength absorption band of 2-AP (centered at 305 nm), the CD spectra
of modified and unmodified variants could not be distinguished from one another, so no attempt

was made to extract structural information specific to the 2-AP labeling site.

Most absorbance-based experiments in the presence of ligand were done with preQ; at a
concentration of 5 uM, which based on our Kapp measurements is saturating for the unmodified
riboswitch and nearly saturating for the position 29 variant. The absorption peak of preQ lies at
260 nm, so for most variants, saturating concentrations of preQ: would have very significant
impacts on overall sample absorbance in the UV. For example, for a moderate affinity variant
like position 30, a 2 uM RNA sample containing a saturating concentration of 50 uM preQ

would have a total A260 of >1, half coming from preQ:. Hence, for most variants, we did not
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Figure 4.3 CD analysis of riboswitch variants in the absence of MgCl,. (A) Spectra of unmodified riboswitch in the
absence (red) or presence (blue) of 5 uM preQ1. (B, C) Difference spectra where the CD spectrum recorded in the

presence of ligand has been subtracted from the CD spectrum recorded in the absence of ligand. (B) Difference
spectra for unmodified riboswitch and variants with 2-AP at positions 27, 28 and 29 using 5 uM preQ),, and position

29 using 20 uM preQ),. (C) Difference spectra for unmodified riboswitch and variants with 2-AP at positions 30, 31
and 32, all using 5 uM preQ;. (D—F) CD spectra fit with linear combinations of —preQ, and Position 29 + 20 uM
preQ, spectra. (D) Position 27 + 5 pM preQ;, (purple) fit as a linear combination (dashed cyan) of position 27 —
preQ, (red) and position 29 + 20 uM preQ1 (blue). (E) Corresponding plots for position 28. (F) Corresponding plots
for position 30.
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attempt to reach saturation in absorbance-based experiments, but instead considered the trends

between the absence of preQ: and partial saturation.

Upon addition of preQ, the spectra of different variants became more distinct, with most
exhibiting a general negative shift that was smaller than that exhibited by the unmodified
riboswitch (Figs. 4.3 and B6). The position 29 variant was additionally measured at a saturating
preQ: concentration of 20 uM, which induced a shift comparable in magnitude to that exhibited
by the unmodified riboswitch (Fig. 4.3b). If this spectrum is characteristic of a fully preQ:-bound
riboswitch with a single 2-AP modification, partially saturated riboswitch spectra should be well
fit with a linear combination of their respective -preQ; spectra and the saturated position 29
spectrum. This is indeed what was found for the variants with moderate responses to 5 uM
ligand (positions 27, 28 and 30; Fig. 4.3d-f). The fits predict that positions 27, 28 and 30 are
63%, 24% and 49% bound, respectively, in the presence of 5 uM preQ1, consistent with the trend
in their Kapp values (Table 4.1). Even the weakest binder based on Kapp, the position 32 variant,
exhibited negative shifts in the CD upon ligand addition at the same wavelengths as the
unmodified riboswitch (Fig. 4.3c). This suggests that much of the variation in +preQ; CD spectra
is due to incomplete saturation, and that these variants are capable of undergoing conformational
changes of a similar nature to the unmodified riboswitch at sufficiently high ligand
concentrations. 2-AP modification at positions 27-30 and 32 thus alters the affinity of the

riboswitch for preQ; without altering the fundamental global structures it is capable of adopting.

In contrast, the CD spectrum of the second-weakest binder (position 31) exhibited a small
positive shift upon ligand addition (Fig. 4.3c), suggesting that this variant does not undergo the

same global conformational change as the others. We investigated this further by recording CD
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spectra and fluorescence titrations on this variant in the presence of 1 mM MgCl,, which was
expected to counteract the disruptive 2-AP substitution. Indeed, in the presence of 1 mM Mg?",
preQ: addition induced a small negative shift in the CD spectrum at the same wavelengths as
observed in the absence of Mg?" for all other variants (Fig. 4.4¢). The fluorescence data reported
above show that restoration of this “native" global conformational change significantly alters
how the local environment of 2-AP at position 31 changes upon ligand binding, while only
modestly improving the K,pp value (from 24,900 to 19,000 nM). This indicates that while 1 mM
Mg?* alters the global (based on CD) and local (based on fluorescence) conformations adopted
by this variant, it is unable to compensate for the decrease in affinity induced by 2-AP
substitution. In contrast, the position 29 variant maintains the same pattern of fluorescence
quenching, blueshift in emission spectrum, and negative shift in CD spectrum (Fig. 4.4b) upon
ligand addition regardless of whether 1 mM Mg?* is present, but with a significant improvement

in Kapp in the presence of Mg?".

CD and fluorescence both indicate that 2-AP substitution at positions 31 and 32 is
particularly detrimental, while substitution at position 28 is surprisingly detrimental given its
distance from the ligand-binding pocket. NMR (Fig. 4.5) and x-ray crystallography structures
indicate that A31 normally forms a Hoogsteen base pair with U8, which in turn makes a
hydrogen bond with preQ;.%-!! Relocation of the 6-amino group of A31 through 2-AP
substitution removes one of the two hydrogen bonds in this Hoogsteen base pair, destabilizing

this network of interactions (Fig. 4.5b). Relocation of the 6-amino group of A32 is expected to

break a hydrogen bond with preQ; (Fig. 4.5¢). In the crystal structure, A32 additionally makes a
Hoogsteen base pair with U9, but this interaction is not observed in the NMR structure which,

like our data on this variant, was recorded in the absence of divalent cations.'!
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Figure 4.4 Effects of MgClp on unmodified, position 29 and position 31 variants. Red curves are reproduced from
Figure 4.3 for ease of comparison. (A) Left: CD spectra of unmodified riboswitch in the absence of preQ, and the
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(C) Corresponding plots for position 31 variant.
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N
A32 H,N preQ1

Figure 4.5 2-AP disrupts key hydrogen bonds when placed at position 31 or 32. (A) NMR structure of the riboswitch
(PDB ID 2L1V) with the locations of preQ,, U8 and A31 indicated. (B) Closeup of the ligand-binding pocket

showing interactions between U8, A31 and preQ,. Hydrogen bonds are indicated by blue lines, with dashed lines

indicating bonds that are broken when A is replaced by 2-AP. (C) Closeup of the ligand binding pocket viewed from
the same perspective showing interactions between A32 and preQ1.

Among the labeling sites that are not immediately adjacent to the ligand-binding pocket
(positions 27-30), placing 2-AP at position 28 is particularly detrimental to ligand recognition.
NMR and crystal structures indicate that each A residue within L3 makes tertiary interactions

with residues in P1.°11

However, only in A28 does the 6-amino group make hydrogen bonds
with members of two different base pairs in P1: U22, which base-pairs with A5, and G6, which
base-pairs with C21. Replacing A28 with 2-AP would break these bridging hydrogen bonds,
whereas replacing A27, A29 or A30 with 2-AP breaks hydrogen bonds that do not bridge

multiple base pairs in P1. This may explain why substitution at position 28 is more detrimental to

the affinity of the riboswitch for preQ; than might be expected given its position.

Thermal denaturation experiments. To assess the effects of 2-AP substitution on the stability of

the riboswitch structure, thermal denaturation measurements were performed by monitoring CD
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and absorbance signals at 258 nm as the sample was heated. The melting curves of the riboswitch
exhibit two transitions (Fig. 4.6). Based on its breadth and low temperature of onset, we attribute
the first to the helix-to-coil transition within L3 (as observed in ref. (36) for a model
oligonucleotide mimicking L3), and the higher-temperature transition to unfolding of the P1
helix. A mutant in which the P2 helix is destabilized, G13U, still exhibits two transitions,
indicating that transition 1 is not related to unfolding of P2 (Fig. 4.6a). Furthermore, the
oligonucleotide AA(2-AP)AC (described previously in the context of fluorescence
measurements) shows a non-cooperative increase in A258 at low temperatures with a steeper
slope than the unmodified or mutant riboswitches, but with a shallower slope than certain 2-AP-
modified variants (Fig. 4.6b). This suggests that 2-AP substitution at certain sites destabilizes the

single-stranded helical structure of L3.

In the absence of preQ1, clear differences between the variants are noticeable at low
temperatures and apparent when the curves are fit (Fig. 4.7 and Fig. B.7). Transition 1 occurs at
Tm =24 + 2°C in the unmodified riboswitch and at a lower temperature in the 2-AP-modified
variants, having a value of T, = 10.2 £ 0.1°C with 2-AP at position 27. Ty 1 increases gradually

as 2-AP is moved toward the ligand binding pocket to 22.3 + 0.4°C with 2-AP at position 32.
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Figure 4.6 Thermal denaturation measurements. (A) Raw absorbance melting curves of unmodified riboswitch
(black) and controls (G13U mutant in brown, AA(2-AP)AC in cyan). (B, C) Absorbance melting curves of
unmodified and 2-AP-modified variants recorded at 258 nm in the absence (B) or presence (C) of 5 uM preQ),. For

ease of comparison, the curves were shifted and normalized to run from a minimum of 0 to a maximum of 1. (D)
Rescaled melting curves of unmodified riboswitch (black) and position 29 variant (yellow solid) in the presence of 5
uM preQ1, and position 29 variant in the presence of 20 pM preQ;, (yellow dashed).

This indicates that 2-AP disrupts L3 most significantly when it is placed near the “hinge” where

the two domains adjoin, and less significantly when it is near the ligand-binding pocket. 2-AP
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has little effect on Tr, 2 (Fig. 4.7¢), which is expected because L3 is already in a random coil

conformation at that temperature.
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Figure 4.7 Fitting parameters extracted from absorbance melting curves. Three experimental replicates were fit
individually, and the average and standard deviation of each parameter value are plotted. (A) Melting temperature of
transition | for the unmodified riboswitch (“Unmod.”), singly-labeled variants (27-32), and doubly-labeled variants
(27/28, 30/31, and 31/32). Values in the presence of saturating preQ, are shown for unmodified (5 pM) and position

29 (20 pM) variants. (B) Width of transition 1. (C) Melting temperature of transition 2. (D) Width of transition 2.

When preQ; is added to the unmodified riboswitch, transition 1 shifts to a significantly

higher temperature, from Tm = 24 + 2°C to 48 £ 1°C; Fig. 4.6¢ and Fig. 4.7) and narrows from
AT =10.4+0.2°C to 5.6 + 0.6°C. This suggests that the L3-P1 interactions that exist in the
ligand-bound structure suppress the low-temperature helix-to-coil transition. The melting

temperature of transition 2 changes only slightly (from 55.4 + 0.6°C to 59 + 1.2°C, while its
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width decreases to a smaller extent than seen for transition 1 (from 4.7 = 0.1°C to 3.5 £ 0.1°C;
Fig. 4.6¢-d). Addition of saturating (20 uM) preQ to the position 29 variant induces nearly
identical changes in the fitting parameters, though transition 1 remains very slightly lower and
broader than in the unmodified riboswitch (Fig. 4.6d). All other variants exhibit intermediate
effects of preQ; that are consistent in magnitude with the effects seen by CD, with 5 uM preQ;
inducing almost no change in the melting curves of the position 31 and 32 variants and moderate
changes in the melting curves of the position 27, 28 and 30 variants. As with the CD spectra, this

is due at least in part to the fact that these variants are not saturated at 5 uM preQ);.

When the CD signal is monitored at 258 nm in the absence of preQ, all variants exhibit a
monotonic decrease in intensity as the temperature is increased, as expected. In the presence of
preQ1, all variants except for position 31 exhibit an increase in CD intensity, followed by a
decrease starting around 45 °C (Fig. B8). To investigate this surprising observation, we recorded
CD spectra at different temperatures during thermal ramping. We observed that in the presence
of preQ, the lineshape of the CD spectrum changes with temperature in a manner that leads to a
transient increase in CD intensity at 258 nm, while the overall intensity of the spectrum
decreases monotonically. As a result, the CD signal at 258 nm is not a simple reflection of the
fraction of RNA still folded. Above a temperature of 40 °C, the spectra recorded in the absence
and presence of preQ: no longer differ from one another, suggesting that ligand dissociation

happens around this temperature.

Multiple 2-AP labeling sites. We next investigated whether replacement of multiple A residues
with 2-AP would have an additive or cooperative effect on riboswitch folding. We recorded CD
spectra and melting curves on variants with 2-AP placed at positions 27 and 28, or positions 30

and 31, or positions 31 and 32 (Fig. B9). In general, a second 2-AP substitution had little impact
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beyond the more influential of the two single substitutions. For example, the CD spectrum of the
position 27 variant exhibits a strong response to 5 uM preQ1, while the position 28 variant
exhibits a moderate response. When 2-AP is placed at both positions, the response is nearly
identical to what is observed in the position 28 variant (Fig. B9a). The same observation is noted
when comparing melting curves of singly- and doubly-labeled variants. In the absence of preQ1,
the absorbance melting curve of each doubly-labeled variant is indistinguishable by eye from
that of the more influential singly-labeled variant (Fig. B9d-f), and fitting of the melting curves
supports this observation (Fig. 4.6). A slight additional impact of the second 2-AP residue is

observed in melting curves recorded in the presence of 5 uM preQ; (Fig. B9g-1).
Conclusions

The work presented here comprises a systematic study of the structural changes in the A-rich tail
of the preQ; riboswitch that occur upon ligand binding, and how chemical modifications within
this domain impact the structure and stability of the riboswitch. The significant impairment of
ligand affinity by 2-AP substitution shows that strong ligand binding is dependent on interactions
involving the 6-amino group of every A residue in L3. While L3 behaves essentially as a single-
stranded RNA in the absence of preQ1, ligand binding redistributes the A residues within it
between local environments with variable base-stacking and polarity. This work shows that the
interactions between L3 and P1 observed in structural studies are critical to high-affinity ligand
binding, and that valuable information can be obtained by using FBAs to simultaneously probe

and perturb RNA structure.
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CHAPTER V
CONCLUSIONS

CD, FDCD and fluorescence spectroscopy are useful techniques to study RNA structure
and function. Using these methods, the work reported in this thesis uncovered nuances of the
structure-photophysics relationships of the widely used fluorescent adenine analogue 2-AP, and
utilized it as a probe to study the structural factors underlying ligand binding by the preQ;
riboswitch. 2-AP, while a useful tool to study RNA structure, can act as a mutation that impacts
the structure. For example, inserting 2-AP into the preQ; riboswitch greatly weakened its
affinity for its ligand. While most studies have used 2-AP in locations chosen to not disrupt the
structure, moving forward it can be placed in locations specifically chosen to disrupt the
structure. A small difference in structure can impact function and ligand binding, particularly at
locations with high sequence conservation. A FBA’s ability to disrupt the structure and function
should be kept in mind when utilizing them in all forms of RNA. Whether or not they impact the
structure of a given RNA of interest, 2-AP and other FBAs are useful in studying RNA structure.
As seen in the preQ; riboswitch, nucleotides separated by one or two positions from each other
can respond to ligand binding in distinct ways.

FBAs that are analogues of other bases besides adenine can help to understand folding in
other sequence contexts, and adenine analogues besides 2-AP can be used to report on different
aspects of local RNA structure. Different FBAs could behave differently due to their different
structures, acting as different mutations than 2-AP to selectively disrupt structure or function to

varying extents. While intentionally disrupting the structure of RNA can be useful, having a
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FBA that doesn’t disrupt the structure would also be of interest. Analogues of native bases other
than adenine would also allow for the study of different locations in RNA.

The FDCD results presented here help to develop our understanding on the impact of 2-
AP stacking on its fluorescence properties. This work adds important structural context to the
base-stacking heterogeneity that in the past has primarily been analyzed through fluorescence
lifetime measurements. While the ~9-10 ns lifetime observed in dinucleotides and in the preQ:
riboswitch is coming from an extra helical conformation of 2-AP, our work showed that lifetime
components of 1-4 ns come from populations that are likely significantly unstacked as well. For
example, in the dinucleotide C(2-AP), the subpopulation with a ~2 ns lifetime contributes ~75%
of the fluorescence and is thus the most prominent contributor to the FDCD spectrum. With the
converted FDCD spectrum looking like that of a nucleoside, this means that this population’s
structure may have more in common with the solvent-exposed extrahelical conformation than
with the stacked structures that are typically considered to give rise to short lifetimes. The work
described here helped to uncover the photophysics of the most common FBA and helps lay a
path for determining the structure-photophysics relationships of other FBAs as well.
In the future, the work reported here will form the foundation for application of FDCD to more
complex systems than trinucleotides. In particular, it could be useful in studying how the
conformations of specific nucleotides change when a riboswitch binds to its ligand. In addition,
knowing how 2-AP impacts the structure of a small 38-nucleotide RNA will help to interpret data
obtained with it in more complex, larger RNA systems such as other riboswitches. Using 2-AP
as a mutation could help with identifying functionally significant regions in riboswitches to

target with antibacterial drugs. In conclusion, the work reported in this thesis lays the foundation
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for future experiments that use information-rich spectroscopic techniques to probe the structures

a broad range of RNA systems using a broad range of fluorescent probes.
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APPENDIX A
SUPPLEMENTAL INFORMATION FOR BASE-STACKING HETEROGENEITY

The contents of this chapter have been previously published in whole or in part. The text present
here has been modified from the publication below:

Widom, J. R.; Hoeher, J. E. Base-Stacking Heterogeneity in RNA Resolved by Fluorescence-
Detected Circular Dichroism Spectroscopy. J. Phys. Chem. Lett. 2022, 13 (34), 8010-8018.
https://doi.org/10.1021/acs.jpclett.2c01778.
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Figure A1. Fluorescence intensities of all samples used in this study, determined from emission spectra recorded
under excitation at 295 nm. Intensities per unit 2-AP absorbance were determined and then normalized to the
intensity of free 2-AP riboside in aqueous buffer. Error bars are the standard deviation of measurements on three
independently prepared samples. Numbers above the bars are the factors by which 2-AP fluorescence is quenched
relative to the free nucleoside in the same solvent.
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Figure A2. TCSPC data and fits. Gray: instrument response function; Light red and blue: data; Dark red and blue:
fits. (A) 2-AP riboside in buffer (red) and buffer containing 30% v/v ethanol (blue). (B) 2-AP dinucleotide in buffer
(red) and buffer containing 30% ethanol (blue). (C) C(2-AP)C in buffer (red) and buffer containing 30% ethanol
(blue). (D) (2-AP)C in buffer (red) and C(2-AP) in buffer (blue).

Sample Solvent | a1 (%) | t1 (ns) |2 | T2 o3 |13

Nucleoside B 7.3 0.08 |2.6 |2.58]90.1(9.37

Nucleoside B+E 13.1 0.08 95 [1.25(77.4(9.28

(2-AP)(2-AP) | B 19.9 |0.16 |70.2[2.03|9.9 |9.46

(2-AP)(2-AP) |B+E [ 192 |0.08 |66.8|3.55|14.0|7.05

(2-AP)C B 8.8 029 ]62.9]3.65|28.3(9.49
C(2-AP) B 199 (023 ([71.2(243]89 |835
C(2-AP)C B 302 [0.16 [46.2(2.59(23.6|7.11

C(2-AP)C B+E 21.8 [0.10 [26.7(2.77]51.5]6.36

Table Al. Fitting parameter values obtained from TCSPC data. Lifetimes highlighted in red are shorter than the
FWHM of the IRF by a factor of 5 or more. These components were thus considered unreliable and were subsumed
into the “dark” population oo in Table 1. “B”: Aqueous buffer. “B+E”: Buffer containing 30% ethanol.
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A, Aqueous buffer Buffer+30% EtOH
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Figure A3. Unprocessed FDCD data. Spectra on the left were recorded in aqueous phosphate buffer and spectra on
the right were recorded in buffer containing 30% v/v ethanol. (A) The “FDCD” readout from the instrument after
baseline correction using 2-AP nucleobase. This signal is proportional to the difference in fluorescence intensity
observed under excitation with left- and right-handed circularly polarized light. (B) The “DC” readout from the
instrument after baseline correction using solvent. This signal is proportional to the sum of the intensities observed
under excitation with left- and right-handed circularly polarized light. (C) 6 = FDCD/DC is the input for processing
the FDCD data using the equations in the main text.

Nucleoside
(2-AP)(2-AP)

Figure A4. Thin-layer chromatography shows that the 2-AP nucleoside and (2-AP)(2-AP) samples are chemically
pure.
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Figure AS. Plots of the quenching ratio Ry (top) and fraction unstacked fun (bottom) obtained for C(2-AP)C samples
in aqueous buffer under different model parameters. Results are quantified in Table 3.2.
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Figure A6. Plots of the quenching ratio Ry (top) and fraction unstacked fun (bottom) obtained for C(2-AP)C samples
in buffer containing 30% ethanol under different model parameters. Results are quantified in Table 2.
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Figure A7. Thermal ramp monitoring absorbance by 2-AP nucleoside and C(2-AP)C at 308 nm.
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Figure A8. Comparison of spectra recorded in buffer (blue) and buffer+30% ethanol (red) for (A) (2-AP)(2-AP) and
(B) C(2-AP)C. Left: Standard CD spectra. Middle: FDCD spectra processed with equation 2. Right: Comparison of
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APPENDIX B

SUPPLEMENTAL INFORMATION FOR PROBING AND PERTURBING

The contents of this chapter have been previously published in whole or in part. The text present
here has been modified from the publication below:

Hoeher, J. E.; Sande, N. E.; Widom, J. R. Probing and Perturbing Riboswitch Folding Using a
Fluorescent Base Analogue. Photochem. Photobiol. n/a (n/a). https://doi.org/10.1111/php.13896.

Unmodified 5’ GCA GAG GUU CUA GCU ACA | CCC UCU AUA AAA AAC UAA GG

Position 27 5’ GCA GAG GUU CUA GCU ACA | CCC UCU AU(2-AP) AAA AACUAA GG
Position 28 5’ GCA GAG GUU CUA GCU ACA | CCC UCU AUA (2-AP)AA AACUAA GG
Position 29 5’ GCA GAG GUU CUA GCU ACA | CCC UCU AUA A(2-AP)A AACUAA GG

Position 30

5’ GCA GAG GUU CUA GCU ACA | CCC UCU AUA AA(2-AP) AAC UAA GG

Position 31

5’ GCA GAG GUU CUA GCU ACA | CCC UCU AUA AAA (2-AP)ACUAA GG

Position 32 5° GCA GAG GUU CUA GCU ACA | CCC UCU AUA AAA A(2-AP)C UAA GG
Position 27/28 | 5 GCA GAG GUU CUA GCU ACA | CCC UCU AU(2-AP) (2-AP)AA AAC UAA GG
Position 30/31 | 5 GCA GAG GUU CUA GCU ACA | CCC UCU AUA AA(2-AP) (2-AP)AC UAA GG
Position 31/32 | 5 GCA GAG GUU CUA GCU ACA | CCC UCU AUA AAA (2-AP)(2-AP)C UAA GG
G13U 5’ GCA GAG GUU CUA UCU ACA | CCC UCU AUA AAA AACUAA GG

Control oligo 5" AA2-AP)AC

DNA splint 5" GTT TTT TAT AGA GGG TGT AGC TAG AACC

Table B1. Sequences of oligonucleotides used in this work. Bold text highlights the positions of 2-AP substitutions
or mutations. Vertical lines indicate the division between the 5 and 3’ segments that were ligated together. Each 3’
segment was purchased with a phosphate group at its 5” end to enable ligation.
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Figure B1. Fluorescence titrations on 2-AP-modified variants recorded in the absence of MgCla. (a) Position 27. (b)
Position 28. (c¢) Position 29. (d) Position 30. (e) Position 31. (f) Position 32. Left: fractional saturation based on peak
intensity (red markers), and fit (dashed blue line). The apparent Kp and R? for the fit are indicated in each plot.
Fractional saturation datapoints were computed using the average of three replicates performed on separately
prepared samples. Right: Example titration for each variant. A maximum of 12 spectra are shown.
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Figure B2. Fluorescence titrations on select 2-AP-modified variants recorded in the presence of 1 mM MgCl. (a)
Position 29. (b) Position 31. Left: fractional saturation based on peak intensity (red markers), and fit (dashed blue
line). The apparent Kp and R? for the fit are indicated in each plot. Fractional saturation datapoints were computed
using the average of three replicates performed on separately prepared samples. Right: Example titration for each
variant. A maximum of 12 spectra are shown.
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Figure B3. CD titration on unmodified riboswitch. (a) CD spectra of 50 nM unmodified riboswitch at varying preQi
concentrations. (b) Quantification of maximum CD signal at each preQ: concentration. The average and standard
deviation of measurements on three separately prepared samples are shown. (c) Fractional saturation (red markers)
and fit (blue dashed line) determined from the data in panel b.
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Figure B4. Comparison of fluorescence titrations based on peak intensity and peak wavelength. All plots have the x-
axis on a log scale to better visualize low-concentration datapoints. (a-b) Fractional saturation vs. [preQi] (red
markers) based on peak intensity (a) or peak wavelength (b), and associated fits (blue dashed lines) for position 27
variant. Apparent Kp and R? for the fits are shown. Note the drastically improved fit in panel b. (¢c-d) Fractional
saturation vs. [preQ1] based on peak intensity (c) or peak wavelength (d) and associated fits for position 28. (e-f)
Fractional saturation vs. [preQ:] based on peak intensity (e) or peak wavelength (f) and associated fits for position
29.
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Figure BS. TCSPC measurements. (a) Position 27 variant with and without 42 uM preQ:. (b) Position 29 variant
with and without 20 uM preQ:. (c) Position 29 variant with 1 mM MgCl. with and without 20 pM preQu. In all
panels, gray: instrument response function; red: no preQ1; blue: saturating preQ;.
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Figure B6. (a-b) CD spectra of unmodified and singly-labeled variants in the absence (a) or presence (b) of 5 uM
preQ:1. Panel b additionally shows the spectrum of the position 29 variant in the presence of 20 uM preQ1. (c-d): CD
spectra of unmodified and doubly-labeled variants in the absence (c) or presence (d) of 5 uM preQ1. These spectra
were used to construct the difference spectra shown in Fig. 4.3 and Fig. B7.
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Figure B7. Processed melting curves (blue) and fits (dashed red) for one replicate plotted as 8 (see methods) vs. T.
The left column contains curves recorded on unmodified and singly-labeled riboswitch variants in the absence of
preQ1, and the right column contains other variants and preQ: concentrations as indicated on the plots.
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Figure B8. CD melting curves of unmodified and singly-labeled variants recorded at 258 nm in the absence (a) or
presence (b) of 5 uM preQ1. For ease of comparison, the curves were shifted and normalized to run from a minimum
of 0 to a maximum of 1. (c-f) CD spectra recorded during thermal ramping at 20 (red), 30 (orange), 40 (green), 50
(cyan), 60 (blue), 70 (purple) and 80 (black) °C. The wavelength at which the CD was monitored while recording
melting curves is indicated by a dashed line. (c) Unmodified riboswitch in the absence of preQ:. (d) Unmodified
riboswitch in the presence of 5 uM preQ:. (e) Position 31 variant in the absence of preQ:. (f) Position 31 variant in

the presence of 5 M preQ:.
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Figure B9. CD and thermal denaturation analysis of doubly-labeled variants. (a) CD difference spectra for
unmodified, position 27, position 28, and position 27/28 variants. (b) Corresponding plots for positions 30 and 31.
(c) Corresponding plots for positions 31 and 32. (d-f) Melting curves for unmodified, singly-labeled and doubly-
labeled variants in the absence of preQ: (d) Positions 27 and 28. (e) Positions 30 and 31. (f) Positions 31 and 32. (g-
i) Corresponding melting curves in the presence of 5 uM preQ1. For ease of comparison, the melting curves were
shifted and normalized to run from a minimum of 0 to a maximum of 1.
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