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Abstract

Like proteins, some RNAs fold to compact structures. We can model functional RNAs as a series
of short, rigid, based-paired elements, connected by non-base-paired nucleotides that serve as
junctions. These connecting regions bend and twist, facilitating the formation of tertiary contacts
that stabilize compact states. Here, we explore the roles of salt and junction sequence in
determining the structures of a ubiquitous connector: an asymmetric internal loop. We focus on the
J5/5a junction from the widely studied P4-P6 domain of the 7etrahymenaribozyme. Following the
addition of magnesium ions to fold P4-P6, this junction bends dramatically, bringing the two
halves of the RNA domain together for tertiary contact engagement. Using single-molecule
fluorescence resonance energy transfer (SmFRET), we examine the role of sequence and salt on
model RNA constructs that contain these junction regions. We explore the wild-type J5/5a junction
as well as two sequence variants. These junctions display distinct, salt dependent conformations.
Small angle X-ray scattering (SAXS) measurements verify that these effects persist in the full-
length P4-P6 domain. These measurements underscore the importance of junction sequence and
interactions with ions in facilitating RNA folding.
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INTRODUCTION

In the past decades, our understanding of the breadth of biological roles played by RNA
continues to expand at a remarkable ratel=3, Despite its demonstrated importance, much less
is known about RNA than protein conformational dynamics. Because of the many possible
interactions between nucleobases, such as stacking and pairing, numerous conformational
states can have similar energetics. Subtle changes in environment can tip the balance
between different states leading to large conformational changes. This implied rough folding
landscape makes it difficult to predict how RNA will respond to environmental clues®-.

Noting the great strides made by understanding how the simplest systems acquire their
structure’, RNA folders have followed the approach introduced by protein folders. Recent
efforts to quantify RNA folding use a so-called divide and conquer approach. In some cases,
independently folding domains or subdomains of functional RNAs are studied while in
others simplified model systems are used to elucidate folding, one interaction or motif at a
time8-17. Unlike protein motifs, which often require more structure for stability (for example
helical packing), isolated RNA motifs contain base pairs formed by strong hydrogen bonds,
thus may retain stability in a wide range of solution conditions.

In vitro RNA folding experiments typically start under conditions where secondary structure
is formed without tertiary contacts. These conditions can be realized by dissolving the RNA
in solutions containing low concentrations of monovalent ions. In this context, RNA can be
described as a series of rigid helical elements connected by non-base-paired junctions!8.
Folding is typically induced by the addition of divalent Mg?* ions. These ions reduce the
electrostatic repulsion that persists in the lower ionic strength starting state of folding
experiments, facilitating the formation of at least some tertiary contacts, and alter the
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flexibility of non-base paired elements, such as junction regions®. Numerous efforts have
targeted many of these distinct processes29-25. However, quantifying the behavior of the
most flexible regions, such as unpaired bases that join rigid helical elements, has proven
particularly challenging.

It has long been recognized that non-base paired elements, such as internal loops or bulges,
facilitate the bending of nucleic acid structures. The bends are dynamic, enabling access to a
range of conformations depending on the properties of the junctionZ6. A number of recent
studies focus specifically on internal loops, also known as two-way junctions, consisting of
non (or non-canonically) base paired connectors between helices. Several groups are
exploring the role(s) of connectivity and steric effects, also known as topological constraints,
in explaining how a specific linker determines the relative orientations of its flanking
helices. Chu et al. demonstrate that connecting DNA helices with two rather than one
flexible linker significantly restricts the relative helix conformations?4. Notably, a survey of
twoway junctions from the PDB outlines a relationship between the length of the linkers and
these helical orientations?”. While it is appealing to consider only topological factors in
determining junction conformation, more subtle interactions are also involved. Mustoe et al.
found that junction sequence maximizes non-canonical base pairs, which can lead to
structure formation within RNA junctions28. This work also explores the potential
importance of interactions with RNA elements outside of the junction in determining
junction conformation. For example, tertiary contacts, once formed, might modify the
topologically allowed spaces by disrupting base-base interactions to achieve specific
junction backbone geometries. Another multidisciplinary study by Daher et al. demonstrates
that the design of RNA junctions changes the folding propensity, docking fractions and
catalytic activity of a RNA hairpin ribozyme2®. Thus, RNA folding over a flexible hinge can
be cast as a problem of finding the topologically allowed spaces, the corresponding junction
conformations and free energy landscapes. The study by Bisaria et al. adds to our
understanding by probing the role of linkers in facilitating the formation of tertiary contacts
in model constructs®. A more recent study by Denny et al. demonstrates that non-canonical
bases present in the RNA junction determine the junction conformations and energetics of
tertiary formationss.

Recently, we investigated how both the sequence and salt dependence of a short RNA
junction affects the overall conformations of a small construct. We used a model system,
consisting of two short RNA duplexes connected by a single-stranded 5-nucleotide (nt)
linker. Notably, the conformation of the junction (the single stranded linker) was found to
determine the relative placement of the duplexes, once electrostatic repulsion between the
helices was reduced by added salt3!. Based on this work, we hypothesize that the interwoven
effects of ions and RNA sequence may also play a role in double-stranded RNA junctions.
The goal of this work is to expand on such framework to include the sequence and salt-
dependence of RNA junction conformation for internal loops.

We couple two distinct experimental methods, single-molecule fluorescence resonance
energy transfer32 (smFRET) and size-exclusion chromatography small-angle X-ray
scattering33 (SEC-SAXS) to understand how junction conformation impacts the formation
of stable RNA structures. The system of interest is the J5/5a junction from the P4-P6 domain
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of the Tetrahymena ribozyme, a well-studied model system for RNA folding
experiments16.19.34-42 The J5/53 junction forms a 180-degree bend near the center of the
domain, enabling the formation of tertiary contacts of metal-core and tetraloop. Seminal
work on P4-P6 structure suggests that the domain can fold when the native junction
sequence is replaced by strands containing uracil nucleobases, but significantly more Mg2*
is required3’. More recent studies report slower rates of formation of tertiary contacts in the
variant15,

In this study, we used SMFRET to measure the distance between two RNA-attached dyes in
a model system where the internal loop of interest joins two RNA helices, as in the work by
Sutton et al31. Guided by the work of Szewczak et al.3”, we chose to explore two particular
internal loop sequences: 1) J5/5a, containing the same sequence as the wild-type P4-P6
molecule, and 2) a variant which we call JU4U5, containing the same number of nucleotides
as the J5/5a construct, with the nucleobases of the internal loop replaced with uracils. The
constructs (Figure 1(a)) contain the junction flanked by a helix on each side and will be
referred to as H-J5/5a-H and H-JU4Us-H respectively. In addition to the junction sequence
variants, the use of two different fluorescent labeling positions helps to distinguish subtle
bending from twisting conformations in these constructs. These measurements, carried out at
different salt concentrations, probe the natural response of the J5/5a or JU4Us junction to
changing ionic strength. We also measured the ionic strength dependence of a control
molecule with the junction replaced by 5 canonically base paired nucleotides (JBP), which
we refer to as H-JBP-H.

Due to the nature of these constructs the conformations can be described by bending and
twisting motions. While the native J5/5a twists and bends with increasing ionic strength, the
JU4Us junction populates more extended states, consistent with (non-canonical) base pair
formation between the strands. To understand how different conformations of these junctions
contribute to P4-P6 folding, we perform size-exclusion chromatography small-angle X-ray
scattering (SEC-SAXS) experiments on the full length wild-type P4-P6 RNA, as well as
variants that contain the same two different junction sequences (which are represented as U-
mutant P4-P6 and base-paired P4-P6 respectively), under the same ionic conditions as the
SmMFRET experiments. Whereas wild-type P4-P6 is fully folded following the addition of 5
mM MgCls,, the U-mutant P4-P6 molecule requires higher concentration of MgCl, to adopt
native folded conformations. Our results suggest that the junction sequence is an important
factor in properly positioning the participants of the tertiary contacts.

METHODS
RNA Construct Design

SmMFRET Experiments: Small RNA constructs consist of two strands annealed together,
each with their own fluorophore attachment (Figure 1(a)). The annealed sample contains two
RNA helices, each 12 base pairs long, connected on one side by a 4 nt linker, and on the
other by a 5 nt linker creating an asymmetric junction. The junction consists of one of three
different sequence variations: wild-type J5/5a, the JU,Us mutant, where all 9 nucleotides in
J5/5a are replaced by rUs, and a base-paired control, JBP, where the 4-nt strand is replaced
by the complementary strand to the 5-nt one in J5/5a. The dye positions were chosen to
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ensure that the local environment is the same for all three constructs for direct comparison.
The acceptor label site (A in Figure 1(a)) is 8 base pairs (bp) away from the junction region.
Two different donor sites were used. The label was placed either at the 5’ end of the helix
(site D1) or 8 bp away from the junction (site D2), as shown in Figure 1. RNA molecules
were purchased desalted and HPLC purified from IDT (Coralville, 1A) with either an amino-
modified dT at the desired site for internal labels, or an amine group attached to a C12 linker
for the end labels.

SEC-SAXS Experiments: The wild-type P4-P6 RNA sequence is adopted from Ref. 37,
The crystal structure and the diagram of wild-type P4-P6 are shown in Figure 1(b,c). The U-
mutant and base-paired P4-P6 required modification of only the corresponding sequences in
the construct (described above). The P4-P6 templates and primers were purchased desalted
and HPLC purified from IDT (Coralville, 1A) and stored at —20 °C.

Sample Preparation

SmFRET: RNA single strands were first labeled with the desired fluorophore (Alexa Fluor
488 TFP ester for the donor and Cy5 NHS ester for the acceptor)3L. Excessive free dye in
solution was removed by ethanol precipitation, the two labeled strands were annealed
together in a 1:2 donor-acceptor strand ratio at 92 °C for 2 minutes to compensate for the
lower yield of Cy5 NHS dye. The samples were slowly cooled to room temperature within
an hour. Samples were then buffer exchanged to 100 mM KCI in 50 mM potassium 3-(N-
morpholino) propanesulfonic acid (K-MOPS) buffer. This process also removed trace
amounts of free dyes which were less efficiently removed by the ethanol precipitation.
Samples were aliquoted in small quantities and stored at =20 °C until needed.

SEC-SAXS: 1.0 uL of each P4-P6 DNA template at a concentration of 20 pg/uL was mixed
with 2 uL 5 pM forward and reverse primers and 45 pL PCR Supermix (Thermo Fisher
Scientific, Waltham, MA) for one-reaction volume. The samples then went through 50 PCR
cycles and P4-P6 DNA was purified using Purelink PCR Purification Kit (Thermo Fisher
Scientific, Waltham, MA). We used a total of 12 reaction volumes to produce about 20 pg
DNA for each P4-P6 sequence. DNA yields and qualities were checked by running an
agarose gel. Each 1.0 pug P4-P6 DNA sample was mixed with 10 uL RiboMAX Express T7
2X Buffer, 2 uL T7 Express Enzyme Mix (Promega, Fitchburg, WI) and sufficient RNase-
free water to make a one-reaction volume of 20 uL. We used 20 reaction volumes for T7
transcription reaction and the mixtures were kept at 37 °C for 12 hours. The RNA samples
were FPLC anion-exchange purified by flowing through HiTrap DEAE FF 5mL column (GE
Healthcare, Chicago, IL). The flow-through was collected according to the spectroscopic
traces and was concentrated and buffer exchanged to 100 mM KCI with 20 mM K-MOPS
and 20 uM Ethylenediaminetetraacetic acid (EDTA). The final P4-P6 RNA yields were 1.2
mg for wild-type and U-mutant sequences and 0.7 mg for base-paired sequence. Directly
before SEC-SAXS measurements, three P4-P6 RNA samples were annealed at 95 °C for one
minute and cooled to room temperature in 20 minutes. The sample was further diluted to
120 pM with total volume of 100 pL before injecting into the size-exclusion
chromatography setup.
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Single-molecule FRET

SEC-SAXS

Prior to SmFRET experiments, a fresh sample aliquot was thawed and diluted. Each sample
was annealed in a water bath for 2 minutes at 90 °C and then cooled to room temperature
over 50 minutes. Samples were diluted by at least 1000 times into the desired measurement
buffer. smFRET measurements were performed on freely-diffusing molecules as described
in Ref. 31, The experimental energy transfer efficiency is obtained by

b
E =—>
FRET = T 4yl

where /4 and /pare the fluorescent intensities measured in the acceptor and donor channels,
corrected for bleedthrough (B) and background. The factor -y accounts for the difference in
quantum yields and detection efficiencies between donor and acceptor channels. For our
confocal microscope, we found p = 0.027 and y = 1.2. Histograms of all the detected Eper
values were fit with three normal distributions. The FRET histograms are shown in the
Supporting Material Figures S1-S10. The zero-FRET peak represents molecules with an
absent or bleached acceptor. The high-FRET peak is caused by the direct excitations of the
acceptors. The peak of interest is the concentration-dependent mid-FRET peak. Each
measurement was repeated independently at least twice, and the Ezpe7is converted to dye-
dye distance Rrpe7using the following equation:

1
I = Epppr\6

R
EFRET

O]

FRET = Ro(

where Ry = 52 A for Alexa Fluor 488 and Cy5 dye pair“3. The only correction for Ry is the
refractive index, 7, for different salts and concentrations. /% is proportional to /7723,
Throughout this work, we use the published refractive indices for monovalent and divalent
solutions at room temperature® to correct for the slight variations of Ry, which are typically
no more than 1.5 A.

Size-exclusion chromatography small-angle X-ray scattering (SEC-SAXS) was conducted at
Cornell High Energy Synchrotron Source (CHESS) beamline G1 using a Pilatus3 X 100K-A
detector (Dectris Ltd., Baden-Daettwil, Switzerland) with a sample-to-detector distance of
1.53 meters. The 120 uM 100 pL sample was injected into Superdex® 200 Increase 5/150
GL column (GE Healthcare, Chicago, IL) after equilibration with the desired buffer. The
ionic conditions of interest for this work are 200 mM and 500 mM KCI, and 5 mM and 20
mM MgCl,. A background monovalent ion concentration of 100 mM KCI was present in
divalent buffers. The in-line SEC column fed a SAXS sample holder, using a total flow rate
of 0.2 mL/min. We acquired 1300 frames of data with a 1-second exposure time. The
momentum transfer g = (47/A) sin(26/2), where A is the X-ray wavelength in A and 20is
the scattering angle. A g-range from 0.0107 to 0.277 1/A was achieved. The SAXS curves
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were normalized to account for slight variations in beam intensity. Realtime data analysis
was carried out by the software package RAW*®. Further analysis was done using in-house
MATLAB (The MathWorks, Natick, MA) scripts. We averaged the sample scattering
profiles with similar values of radius of gyration (Rg), which remained constant with elution
volume. Buffer matching was checked by comparing scattering profiles prior to and after the
sample passed through the SEC column. If the buffer matching was good, we averaged all
the pre and post-buffer frames to obtain the buffer scattering profile. A continuous scaling
factor was applied to the subtracted scattering profiles to account for sample dilution out of
the SEC column. Final SAXS curves were processed by GNOM*6 and DAMMIF4 to
determine size parameters and reconstruct the global shape of three different P4-P6 RNA in
solutions containing 5 and 20 mM MgCls.

smFRET Measurements of End- and Side-labeled Junctions

To detect conformational differences induced by the sequence of the internal loop, we first
compare Rrrpervalues in titrations of KCI and MgCl;, of the H-J5/5a-H and H-JU4Us-H
constructs, labeled with the D1-A dye pair (Figures 2(a) and (b)). (Note: the Egpge7values
are shown in Supporting Material Figure S11.) Because the donor fluorophore is attached to
the end of one RNA helix it is more sensitive to bending than twisting motions, as suggested
in Figure 2(e). In KClI solutions (Figure 2(a)) both constructs show similar dye-to-dye
distances, with the H-J5/5a-H bending slightly more than H-JU4Us-H over the [K*] studied.
In MgCl, solutions, this effect is magnified (Figure 2(b)) over a roughly comparable range
of ionic strength. Notably, H-JU,4Us-H displays more resistance to bending than H-J5/5a-H
at the lowest [Mg?*] probed. These results suggest that the conformations depend both on
the sequence of the internal loop as well as the identity and concentration of excess salt in
solution. We note here the challenges of assigning a bend angle based on changes in Rrper
response alone. The exact values depend on knowing the placement/orientations of the dyes.
In addition, their separation has a non-linear response to the bend angle. In the absence of
any other effects, an overall bending of as much as 50 degrees would only yield about a 4 A
decrease in RegpeT:

To tease out additional information about the differences between the constructs described
above, we carried out a second series of measurements with a donor dye at position D2
(Figure 2(e)). Because this dye juts out from one side of the helix, it increases our sensitivity
to the relative twist angle between the two helices. Importantly, we cannot strictly
distinguish bending from twisting using this D2-A dye pair. The Rrpe7values for the D2-A
labeled H-J5/5a-H and H-JU4Us-H constructs in KCI and MgCls are shown in Figures 2(c)
and 2(d) respectively. With increasing KCI concentration, H-J5/5a-H demonstrates a
continuous decrease in Rrpe7- More subtle change is measured in H-JU4Us-H. In MgCly,
although both constructs display an overall decreasing Rrzg7with increasing salt, the
difference in Rrpe7Vvalues is more pronounced, suggesting that the junction affects the
relative rotational positioning of the helices. However, before interpreting any changes in the
Rrre7Vvalues, we must first account for systematic effects: the salt dependence.
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Comparison with Base-Paired Control Molecule

Both Alexa Fluor 488 and Cy5 dyes are negatively charged and connected to the RNA by
flexible linkers, thus may display a salt dependence that is unrelated to structural changes.
To address concerns about possible variations in dye response due to changing salt
concentrations, in addition to the correction resulting from the salt dependent refractive
index, we measured Rrre7for the D2-A dye pair using a fully base-paired RNA helix (H-
JBP-H), for which we expect minimal structural changes across concentrations and ions.
Figure 2(c) and 2(d) show these Rrre7Vvalues as a function of KCI and MgCl,
concentration, respectively. (We could not carry out comparable measurements for the D1-A
dye pair, as the distances are too large to provide significant energy transfer.) Surprisingly,
an overall decrease in Rere7with salt is observed for the H-JBP-H and Rrgperonly
approaches the Accessible Volume (AV) simulated value of 52.3 A (Figure S12) at
extremely high salt concentrations.

Since the change of Rrre7in both KCI and MgCl, for H-JBP-H is comparable to the
changes observed for the other constructs, we compute the differences in Reperbetween H-
JBP-H and each of the others, shown in Figure 3(a) and 3(b). These difference plots allow us
to eliminate helical and fluorophore dynamics, leaving only the junction effects. In KCI
solutions, while the difference in Rrpe7between H-JBP-H and H-J5/5a-H levels out at 5.5
A, comparison between H-JBP-H and H-JU,Us-H shows a further reduction, asymptotically
approaching 3 A. Above 5 mM MgCls, these differences stabilize around 6.6 A and 3 A
respectively. Interestingly, the 3 A distance difference between Rrpe7in H-JBP-H and H-
JU4Us-H is nearly identical to the change in length induced by the presence/absence of one
extra base pair in an RNA A-form helix. Thus, H-JU4Us-H appears to be duplex like, while
the H-J5/5a-H construct assumes different structures, presumably reflecting the bending
suggested by the D1-A dye pair.

The Folding of P4-P6 Domain

To interpret the behavior of the junction in the context of a folding molecule, we used SAXS
to monitor the global conformations of full length wild-type P4-P6 in addition to two
variants, created by modifying the junction sequence to match those shown in Figure 1.
SAXS profiles acquired under different ionic conditions are shown in Figure 4 and 5. Kratky
plots of g)¢? vs. g, where /(g) is the measured scattering intensity, emphasize scattering
intensity near the middle of the measured g range, and are extremely useful in distinguishing
folded from extended macromolecular states: a more pronounced peak reflects a more
compact conformation®®. We first compare the three P4-P6 sequences in different [K*] and
[Mg2*] to assess the impact of modifying junction sequences (Figure 4). The wild-type P4-
P6 remains unfolded (extended) in solutions containing up to 500 mM KClI, consistent with
past studies*2. With the addition of MgCl,, the appearance of a pronounced peak in the
Kratky plot confirms that the domain folds to compact structures (Figure 4(a)). The
formation of native tertiary contacts is facilitated by the large bend angle of the J5/5a
junction, and the subsequent formation of the (Mg?*-dependent) tertiary contacts. Like the
wild-type, the U-mutant P4-P6 remains extended in all measured KCI concentrations, shown
in Figure 4(b). It folds partially in 5 mM MgCI, and nearly completely in 20 mM MgCl,,
consistent with the gel analysis results of Ref. 3. The base-paired P4-P6 remains extended/
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unfolded in all salt solutions tested, as shown in Figure 4(c). By design, replacement of a
short flexible junction with fully base-paired stem precludes formation of the native tertiary
contacts. The small peaks in the Kratky plot of base-paired P4-P6 (Figure 4(c)) likely result
from the folding of a subdomain (P5abc) that can form without the bend (see Figure 1).
They vary subtly with increasing MgCl, concentration.

Figure 5 provides more in-depth information about the Mg?* induced structural changes in
three P4-P6 molecules with different junction sequences. In addition to the Kratky plots,
Figures 5(a) and 5(b), SAXS also provides information about global structural parameters,
such as radius of gyration and maximum molecular dimension, Ryand Dy, respectively.
These global shape parameters for each molecule at the two different MgC,2 concentrations,
as well as the ab initio reconstructions for each concentration are shown in Figure 5(c) with
the mesh surfaces in the same coloring scheme. Because our mutations do not alter the
tertiary contacts or the P5abc independently folding subdomain, differences in the SAXS
profiles reflect the different folding propensities imposed by the junction sequences. As
[Mg2*] increases to 20 mM, there is no change in the conformation of either the wild-type or
base-paired P4-P6: the wild-type P4-P6 remains in the native compact state while the base-
paired P4-P6 remains unfolded. Interestingly, the U-mutant P4-P6 folds more completely,
with similar global size and shape to the folded wild-type.

DISCUSSION

We first address the unexpected salt-dependence of Rrps7measurements in the H-JBP-H
construct shown in Figures 2(c) and 2(d). Next, we provide a simple model to explain the
bending and twisting of H-J5/5a-H and H-JU4Us-H. Finally, we connect the behavior of the
isolated junction constructs to P4-P6 RNA folding.

Salt-dependence of Base-paired RNA Duplex in smFRET

Despite our expectation that the H-JBP-H molecule would exhibit no conformational
changes with change in salt concentration, we measure a change in Reps7comparable to
that of the other RNA junction constructs (Figure 2). We first consider the most obvious
explanation: the dependence of the fluorophore environment on salt concentration. Since
Rererfor the H-JBP-H approaches the AV-simulated Rgre7for an A-form helix at high
MgCl, concentrations, repulsion between the RNA phosphate backbone and the
fluorophores could restrict the dye environments at low salt to a subset of states obtained
from the simulations. This electrostatic repulsion could restrict the dyes to the environment
around the ends of the helix at low salt. AV simulations would not capture this behavior
because they only account for steric constraints. Increasing the salt concentration may allow
the dyes to more closely approach the RNA helix, moving inwards and decreasing their
average separation. To test this hypothesis, we carried out experiments using identically
labeled DNA of comparable sequence (Figure S13). No changes in Rrre7were detected as
the solution salt content varied. This result suggests that the FRET labels are measuring salt
dependent changes in the structure of the RNA duplex.

The salt dependent structure of a 25 bp RNA duplex was confirmed in recent work, using
solution small and wide angle X-ray scattering (S/WAXS) to show that multivalent ions,
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such as cobalt(l11) hexamine, stabilize the RNA helix, rendering a more A-form-like
conformation?®. Simulations suggest that the length of the helix decreases with increasing
salt, as the structure more closely resembles the ideal A-form. We also observe similar
phenomena in S/IWAXS experiments using different concentrations of KCI and MgCl, Thus,
the salt induced deviation of the A-form RNA helix appears to affect the topologically
allowed space?8.

Despite the unexpected changes discussed above, results on the H-JBP-H construct can
provide insight into the structure of the H-JU,Us-H variant. Figure 3(b) shows that the
Rererdifference between H-JU4Us-H and H-JBP-H approaches 3 A above 5 mM MgCls,.
This is consistent with a picture where four base pairs in the JU4Us junction are nearly fully
formed and stacked, therefore, roughly coaxial (The H-JBP-H contains five pairs in the
modified junction.). In contrast, results shown in Figure 3(a) imply that any comparable
base-pairing and stacking would require much higher [K*] since the difference in Reper
does not stabilize over the measured range. It has been reported that symmetric loops tend to
pair the nucleobases to form A-helix-like conformations2®. Because the JU,Us internal loop
is asymmetric, a fully paired junction would only have four base pairs, leaving one rU base
flipped away from the central axis, consistent with reports from other studies®%-52,

Sequence- and Concentration- Dependence of Bending and Twisting

By combining the end and side-labeled Rrz£7data we construct a model suggesting how
junction sequence affects the sampling of conformational space. The use of the two separate
donor label positions allows us to partially distinguish bending from twisting: the D1-A dye
pair is only sensitive to bending while the D2-A dye pair is affected by the combination of
bending and twisting. The data interpretation must also account for the intrinsic salt
dependent conformations of the RNA duplex, identified through the use of the H-JBP-H
molecule.

In general, the isolated junction constructs display similar trends in KCI solutions; the
Rerervalues and their variations with salt are comparable. Thus, junction sequence
contributes modestly to junction conformation when KCI is present. More significant
differences are found when MgCls is introduced: the H-J5/5a-H construct has a lower
overall Repervalue at any given [Mg2*] for both dye pairs. Because the D1-A pair (Figure
2b) reports bending motions, this reduction suggests that H-J5/5a-H is more compact than
H-JU4Us-H. Above 5 mM MgCl,, where the latter construct favors formation of an A-form
duplex, Rererdecreases more rapidly with [Mg2*] for the H-J5/5a-H. Changes in the Rrerer
values reported by the D2-A dye pair are harder to interpret, as they may signal twisting in
addition to bending. Interpretation of D2-A distances are aided by measurements on a fully
base paired construct. The decrease in Rrpg7for the H-JBP-H construct (Figure 2d)
suggests that the RNA helical structure twists with increasing salt. This trend is mirrored in
H-JU4Us-H (Figure 3b) at MgCl, concentrations above 5 mM. The fixed offset relative to
H-JBP-H can be accounted for by the one-base-pair difference in the junction. In summary,
with added MgCls, the J5/5a junction bends, while the JU4Us junction twists as it pairs and
stacks. Figure 6 presents a model of our results.
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The proposed conformation of JU4Us at high concentrations of MgCl, is consistent with the
suggestion from Mustoe et al. that non-canonical base pairs tend to form within internal loop
regions?8: the bases on each strand stack and are therefore primed for base pair formation.
While some studies show single stranded poly(rU) RNA has a low base stacking
propensity®3-56, other work suggests ion dependent structuring®’. It is also known that
unpaired uracil nucleobases are more responsive to changes in [Mg2*] than other nucleotides
(for example A’s)%8. This work suggests that the [Mg2*] dependent behavior of the two
poly(rU) strands determines the conformations. The U-U mismatch (along with the G-A
mismatch) is more stable than many other non-canonical base pairs®®. The most likely
junction structures as predicted by MC-fold89 suggest that all but one rU base in JU4Us is
paired, while there are only two base pairs in the wild-type J5/5a sequence. Moreover, these
four U-U non-canonical base pairs form more easily in two poly(rU) strands because the
junction can flip any one of the five uracil nucleobases according to subtly different
backbone geometries. On the other hand, the J5/5a junction has to adopt specific
conformations to ensure the formation of two lone base pairs. Therefore, we propose that the
JU4Us junction is partially stabilized by stacking interactions and non-canonical base-
pairing. With increasing [Mg2*], this junction is A-form-like with one non-paired base. The
exact behavior of this extra base can be critical in defining the overall conformation of the
construct regardless of its exact location in the poly(rU)s strand. If it “loops out”, the
remaining bases pair and stack, continuing the A-form structures of the adjacent helices. If it
“loops in”, it can disrupt the helical conformation and promote a bend. This process is likely
dynamic and may result in changes of the junction structure.

Insights from isolated junctions into P4-P6 Folding

We can extrapolate the results of sSmFRET studies on isolated junction constructs to explain
differences in the observed folding of three P4-P6 sequence: wild-type, U-mutant and base-
paired. As seen in previous work on P4-P615:37:61 it is not surprising that variations in the
J5/5a junction alter the folding properties. In the wild-type P4-P6, the J5/5a junction acts as
a hinge, allowing two halves of the P4-P6 domain to form the two native tertiary contacts
indicated in Figure 1(b). Mg?* is required for tertiary contact formation; however, its effect
on the hinge has not been directly explored. Our smFRET experiments on the isolated J5/5a
junction show a definitive response to Mg2*: the hinge bends and (possibly) twists
independent of the distal tertiary contacts present in the P4-P6 molecule. We postulate that
these movements are carefully calibrated to precisely position the two sides of the tertiary
interactions for contact, when they come into proximity. At the other extreme, the base-
paired P4-P6 is designed to remain unfolded. The five canonical base pairs present in the
junction preclude hinge bending.

In between these two extremes, the U-mutant P4-P6 resists folding. At 5mM MgCl,, the
scattering profile is intermediate between extended and folded states, likely reflecting that a
fraction of the population is in each state, though we cannot rule out occupation of a
partially folded intermediate. At 20 mM MgCl, its conformation closely resembles the
native folded state of the wildtype P4-P6. At and above 5 mM Mg2*, smFRET suggests that
the junction is non-canonically base-paired, an extension of the A-form duplexes that flank
it. From the SAXS data, the small degree of compaction at 5 mM MgCls,, and the more
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significant compaction seen at 20 mM imply that the U-mutant P4-P6 overcomes the energy
barrier imposed by the non-canonical base-pairing and base-stacking interactions suggested
by the FRET dataset. The subsequent formation of tertiary contacts dramatically reduces the
overall folding free energy. Two conditions must be fulfilled for this molecule to fold: first,
there must be enough conformational variation in the hinge (bending) to initiate tertiary
contact formation. Subsequently, the two sides of the contacts must be accurately positioned
to engage. The first requires a transient disruption of the junction, presumably by base
flipping either into or out of the stack. The stability of the SmFRET results suggests little
conformational difference between 5 and 20 mM MgCl,. We therefore speculate that the
difference in folding between 5 and 20 mM MgCl, results from a [Mg2*] dependent twisting
of the junction that affects the initial transient alignment of the two sides of the tertiary
contact. The hinge bends, but the contacts are imperfectly aligned (in contrast to the wild-
type J5/5a junction, where the sequence is tuned to preposition them accurately). Although
the results of Figure 3 show a constant difference between the H-JBP-H and the H-JU,Us-H
containing construct, the control itself varies with [Mg?*] suggesting a subtle helical twist
with respect to the central axis.

CONCLUSION

We apply the divide-and-conquer strategy to study how the varying sequence of a small
junction influences the folding of the P4-P6 domain of the 7etrahymenaribozyme. SmMFRET
measurements of the junctions, placed in a small HJH construct, show that they sample
different regions of conformational space, depending on their sequences, identities and
concentration of the salt ion used. Different labeling sites allow us to distinguish bending
and twisting degrees of freedom. The wildtype junction tends to bend with increasing salt. A
JU4Us mutant with all junction residues replaced by U’s appears to pair and stack, creating a
continuous A-form helix through the junction region. Both effects are magnified in Mg2*
relative to K* salts. We use SEC-SAXS to show how different conformational space
sampling of the junction alters the folding of the entire P4-P6 domain. While the wildtype
junction sequence is calibrated to exhibit optimal bend-twist combination, the U-mutant
appears to resist folding due to mis-alignment of tertiary contacts until higher Mg2* modifies
the twist. Overall these studies suggest that junction sequence is an important factor in RNA
macromolecular folding and can be subtly tuned by ionic strength.
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Figure 1:

(a) Schematic of three RNA constructs. Constructs consist of two RNA oligonucleotides
which are individually labeled with a fluorophore and annealed together. The resulting
construct forms either two short duplexes connected by an asymmetric internal loop, or a
fully base paired control. Green and red stars represent the dye label positions, which are
achieved from either 5° C12-amino modifier (D1) or an amino-modified dT replacing the
uracil nucleotide in the sequence (D2 and A). The constructs are named according to the
nature of the junction at the center. H-J5/5a-H: the junction has the native J5/5a sequence
found in P4-P6. H-JU,4Us-H: both junction strands are replaced by uracil nucleotides. H-
JBP-H: the junction contains 5 Watson Crick base pairs. (b) The crystal structure of the fu
length wild-type P4-P6 RNA (PDB: 1GID) with the J5/5a junction shown in red. (c) The
sequence of the wild-type P4-P6 RNA. The U-mutant P4-P6 replaces the J5/5a junction
sequence with 9 uracil nucleotides. The base-paired P4-P6 replaces “ACAU” with
“CUGUU” forming 5 canonical base pairs within the junction region.
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Measured effects on Rrre7as a function of KCI and MgCl, concentration for the D1-A
(end-label) dye pair ((a) and (b)) and the D2-A (side-label) dye pair ((c) and (d)). Data for
all three constructs are shown: H-J5/5a-H (blue), H-JU4Us-H (red) and H-JBP-H (orange).
The error bars represent the combination of the 95% confidence interval of the fit parameter
and the standard deviations of at least two independent measurements. Part (€) shows a
cartoon representing the RNA junction constructs and the associated label positions. The D1
label is closer to the helical axis and is more sensitive to overall bend angle, while the D2
label is off-axis and sensitive to both bending and relative twisting.
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Differences in MgCl2
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The difference between Rrre7for the base paired (H-JBP-H) control and H-J-H in (a) KCI
and (b) MgCl,, where J represents either J5/5a or JU4Us. Dashed red lines mark a salt
concentration above which one of the difference values remains constant. Note the

R —sBp - H— RH- juyus - 1 does not approach a constant value at high concentration of
KCI. Above 5 mM MgCl, the H-JU,Us-H construct is 3 A shorter than the base paired
construct. This value is close to the height contributed by one base pair (2.8 A) to an A-form
RNA duplex.
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x10~> Base-paired P4-P6
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Kratky plots of SAXS data reporting the salt dependence of (a) wild-type P4-P6 (b) U-
mutant P4-P6 and (c) base-paired P4-P6. These plots show a more pronounced peak when
the molecule is in a more compact state. The wild-type P4-P6 shows two states, unfolded
(black, green, showing no peak) in KCI and folded (blue, magenta, peak appears) in MgCl,
respectively. The U-mutant P4-P6 appears unfolded in KCI, partially folded in 5 mM MgCl,
and fully folded in 20 mM MgCl,. By design the base-paired P4-P6 remains unfolded across

all the conditions.
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Figureb5:

Comparison between the three different P4-P6 sequences in (a) 5mM MgCl, and (b) 20mM
MgCl,. (c) The reconstructions of the SAXS profiles in 5mM and 20mM MgCl, (described
in Material and Method section), color coded by the same scheme, assuming a homogeneous
population. Global shape parameters are also reported.
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Figure6:
Schematic representing salt concentration and sequence effects of RNA junction

conformations. At low salt, the H-J5/5a-H and H-JU,4Us-H have different helical twists
(shown by the side label Rrre7data), but similar bend angles (shown by the end label
Rererdata). As [MgCly,] increases, the difference between sequences also increases,
demonstrating an interplay between sequence and salt dependence.
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