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Three-way junction conformation dictates self-association of phage packaging RNAs
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ABSTRACT

The packaging RNA (pRNA) found in the phi29 family of bacteriophage is an essential component of a
powerful molecular motor used to package the phage’s DNA genome into the capsid. The pRNA forms
homomultimers mediated by intermolecular "kissing-loop" interactions, thus it is an example of the unusual
phenomenon of a self-associating RNA that can form symmetric higher-order multimers. Previous research
showed the pRNAs from phi29 family phages have diverse self-association properties and the kissing-loop
interaction is not the sole structural element dictating multimerization. We found that a 3-way junction (3wj)
within each pRNA, despite not making direct intermolecular contacts, plays important roles in stabilizing the
intermolecular interactions and dictating the size of the multimer formed (dimer, trimer, etc.). Specifically, the
3wj in the pRNA from phage M2 appears to favor a different conformation compared to the 3wj in the phi29
PRNA, and the M2 junction facilitates formation of a higher-order multimer that is more thermostable. This
behavior provides insights into the fundamental principles of RNA self-association, and additionally may be
useful to engineer fine-tuned properties into pRNAs for nanotechnology.

Abbreviations: RNA, ribonucleic acid; pRNA, packaging RNA; 3wj, 3-way junction; nt, nucleotide; SHAPE, selective
2'-hydroxyl acylation analyzed by primer extension; FRET, Forster resonance energy transfer; EPR, electron paramag-
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Introduction

The packaging RNA (pRNA) found in the phi29 family of bac-
teriophages is an essential component of the motor that packages
the genomic DNA directly into the phage capsid.' > Within this
motor, multiple copies of the pRNA self-associate to form a ring
structure that interacts with multiple copies of the gpl0 connec-
tor protein and gpl6 ATPase protein as well as with the empty
capsid.*'*'* Each motor contains multiple copies of the pRNA
within this ring, with each copy contacting adjacent partners
through intermolecular “kissing-loop” or “hand-in-hand” base-
pair interactions (Fig. 1A & B)."*" The pRNAs can also self-
associate when free in solution,'®'>'>'* thus they are unusual
naturally occurring RNA molecules that can form higher-order
multimers through intermolecular interaction of identical mole-
cules and without requiring proteins. The most-studied pRNA is
from phage phi29,"**°** but phylogenetically related strains of
the phi29 family all contain pRNAs that form similar secondary
structures containing several stem-loops, including the loops that
make the intermolecular kissing-loop interactions and a 3-way
junction.'”**?1>2¢ All pRNAs likely form pentamers or hexam-
ers in the context of the mature packaging motor,>'*'**
whereas in solution, without associated proteins, they show vari-
ability in their self-association properties in terms of thermosta-
bility and stoichiometry.>'*'7'*  Although phi29 pRNA
hexamers have been reported free in solution,”* the most readily
obtained forms are dimers and trimers.'>'®'”'* The higher-order
forms are probably stabilized by their association with the

packaging motor proteins. The ability to form these smaller mul-
timers is important as they have been reported to be the “build-
ing blocks” for forming the larger ring structures,'*'”*** and
they can provide a toolbox to construct nanodevices of various
sizes and shapes.””*’ By exploring how very similar RNAs are
able to self-associate into homomultimers of different sizes, we
can better understand the basic determinants of programmed
RNA self-association to guide ongoing efforts to engineer artifi-
cial self-associating RNAs for use in nanotechnology**** and can
also aid in understanding the assembly of higher-order RNA
structures in general.

The self-association ability of the pRNA clearly depends on
the kissing-loop interactions,” but the sequences involved in the
kissing-loop interactions between copies of self-associated
pRNAs differ between strains.>'”'” This suggests that the kiss-
ing-loop interactions might confer different behaviors. However,
while the kissing-loop interactions are necessary for self-associa-
tion, they are not the only determinant of the variability of
pRNA multimer thermostability and stoichiometry in solu-
tion.'”'” For example, a variety of biophysical experiments have
shown that under most conditions, the pRNA from the M2
strain forms trimers in solution that are more thermostable than
the dimers formed by pRNAs from the prototype phi29."” How-
ever, swapping the kissing-loop interaction sequences from M2
to phi29 does not transfer this behavior."” This and other data
suggest that the structural features that govern pRNA multimeri-
zation extend beyond the intermolecular base-pairing in the
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Figure 1. The 3wj affects the stoichiometry of pRNA self-association. (A) Cartoon of pRNA self-association. The pentamer form that is thought to occur within the phage
packaging motor is shown (although some reports favor a hexamer form).*'%'®2° Under most solution conditions, including those explored here, the pRNAs form smaller
homomultimers (dimers, trimers) that are the building blocks for larger structures, are useful for nanotechnology applications, and are the forms studied here. The kiss-
ing-loop interactions between adjacent copies of the RNA (red boxes) are the known sites of intermolecular contact. (B) Cartoon of the secondary structure of the entire
PRNA transcribed during phage infection. The boxed region is sufficient for self-association. The intermolecular kissing-loop interaction sequences are red. The grey
region appears to be cleaved off during phage infection and is not functionally necessary. The 3wj is indicated with the dashed cyan box. (C) Schematic of the 3 families
of 3wjs assigned by Lescoute and Westhof.*® White numbers on the left-most schematic show the identity of the 3 helices according to their nomenclature. (D) Secondary
structures of the minimal self-association domains from M2, M2_phi29 and phi29 pRNAs. M2_phi29 contains the M2 pRNA with the phi29 3-way junction inserted (cyan).
The intermolecular base-pairing sequences are in red. (E) Native gel electrophoresis of the pRNAs from panel (D) at 4°C and with 5 mM MgCl,. Assignment of dimer and
trimer multimeric states was done in previous biophysical analyses.'”

kissing-loop interaction and thus, to exploit the pPRNAs as a tool many folded RNAs, Lescoute and Westhof classified diverse

for RNA engineering, we must better understand the other ele-
ments that modulate their self-association properties.

One element within the pRNAs that could alter self-associa-
tion is the 3-way junction (3wj). Like the sequence variability of
the kissing-loop interactions, the 3wj present in all pRNAs is var-
iable in sequence,'”'**! suggesting it may play a role in different
PRNA self-association properties. It is well-established that RNA
3wjs can facilitate formation of long-range tertiary interactions
within larger folded RNAs.***” Thus, they may also play a role
in promoting distal interactions in homomultimer-forming self-
associating RNAs, perhaps by spatially prepositioning the ele-
ments that make intermolecular contacts. Based on structures of

RNA 3wijs into 3 different families depending on the relative
lengths of the single-stranded segments within the junction
(Fig. 1C).* Based on this analysis the 3wjs of different pRNAs
can be predicted to be in different families, suggesting that the
emerging helices are oriented differently relative to one another.
Thus, we hypothesized that the 3wj element in pRNA is a key
determinant of the stoichiometry of self-association in solution.
To test this hypothesis, we used the M2 and phi29 pRNAs as
representative models to study different self-association proper-
ties. These two were chosen as they have clearly different yet
robust multimerization behaviors. We probed the folding charac-
teristics of the 3wjs and used Forster resonance energy transfer



(FRET) to query the relative angles between helices emerging
from the junctions. We found that the 2 3wjs appear to favor
different conformations with different interhelical angles, consis-
tent with their different multimer behaviors. The analyses of sev-
eral chimeric pRNAs support the conclusion that self-association
is affected by the 3wj, and thus the 3wj is a valid RNA module
for continued pRNA engineering.

Results

The three-way junction contributes to pRNA self-
association properties

We chose to study the pRNAs from phi29 and M2 phages as
models because our previous work showed they have different
self-multimerization properties, and thus they can serve as good
examples to understand what elements favor dimerization versus
trimerization."” Previously, we used both sedimentation equilib-
rium and sedimentation velocity analytical ultracentrifugation to
establish the propensity of different pRNAs to form multimers
of specific size, and we correlated this with measurements by
native gel electrophoresis.”” This established native gel electro-
phoresis as a convenient way to assess the stoichiometry of dif-
ferent pRNA multimers. To determine if the 2 different 3wjs
directly influence pRNA self-association, we generated a chimeric
construct M2_phi29, in which the phi29 3wj was embedded
within the context of the M2 pRNA (Fig. 1D). We used a ~75-
nucleotide sequence of the pRNA, which is sufficient for multi-
merization. The migration patterns on the native gel match the
published multimerization properties; at 4°C, M2 forms a trimer,
and phi29 forms a dimer."” Analysis of the chimeric M2_phi29
using this established native gel system showed that it travels at
a rate consistent with formation of a dimer, near the mobility of
phi29 pRNA but not M2 pRNA (Fig. 1E). We attempted to gen-
erate a chimeric pRNA with the M2 pRNA 3wj in the context of
the phi29 pRNA, but this RNA formed an aberrant secondary
structure (as assayed by chemical probing, data not shown), pre-
cluding further analysis. Nonetheless, the result from M2_phi29
suggests that the 3wj is a critical element determining pRNA
multimerization properties.

M2 and phi29 pRNA 3-way junctions do not show
differences in magnesium-induced folding

Having observed that the pRNA 3wj contributes to establishing
the multimer state, we explored why the M2 and phi29 junc-
tions have different properties. The phi29 pRNA 3wj has been
proposed to be flexible or conformationally dynamic."* In com-
parison, structural information regarding the M2 pRNA 3wj is
limited. One hypothesis is that there are fundamental differen-
ces in the folding characteristics of the 2 junctions in terms of
their conformational dynamics or their ability to form a stable
folded structure. If so, the M2 pRNA 3wj might be less dynamic
or its structure more stably folded than the phi29 3wj, which
could promote the formation of higher-order, more stable mul-
timers. To interrogate the folds of the 2 3wjs, we probed the
RNAs with hydroxyl radicals, which cleave RNA backbones
independent of sequence or secondary structure. Cleavage by
the radicals is related to the solvent accessibility of each
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ribose.***’ The method is a powerful way of assessing the for-
mation of locally packed structure in an RNA since it is sensi-
tive to the local protection of the backbone; it has been effective
in detecting compact local packing in other RNA junctions.”
Because RNA requires cations to induce folding, hydroxyl radi-
cal probing is often performed in the absence and presence of
Mg”" and the resultant patterns are compared to detect regions
of tight backbone packing induced by folding. We used this
strategy here, reasoning that if the phi29 and M2 pRNA exhib-
ited different Mg**-induced hydroxyl radical cleavage patterns,
this would provide evidence of different folding characteristics
that may lead to different multimerization properties.

We performed hydroxyl radical probing of the full-length
M2 and phi29 pRNAs (Fig. 2A) at 3 different temperatures
(4°C, 25°C, 37°C), in both the absence and presence of Mg**.
As stated above, the Mg”" may be needed to fold the junctions,
and in the case of pRNAs is also necessary to form multimers
in solution. Based on our previous biophysical analyses, the
pRNA is exchanging between multimeric and monomeric
forms; at 4°C both can form multimers, at 25°C M2 pRNA can
multimerize while phi29 pRNA multimers are destabilized, and
at 37°C both are destabilized,'” hence these various species are
likely present in the experiment.

A visual examination of the gel shows that the addition of
magnesium resulted in little change in the probing pattern, and
also temperature did not induce changes in the patterns
(Fig. 2B). However, to more rigorously assess the probing pat-
terns, we quantitated each lane and analyzed the data in a man-
ner similar to our previous studies on other RNAs (Fig. 20).%
Consistent with the visual examination, at 4°C and 25°C the
traces in the absence and presence of Mg”" are essentially identi-
cal for both phi29 and M2 pRNAs. Likewise, the traces overall
between these 2 temperatures are very similar for both pRNAs.
Within this fairly consistent cleavage pattern, it is interesting to
note that some of the nucleotides that are in the junction are
somewhat protected from cleavage relative to their neighbors
(Fig. 2B & C). Thus, the junction appears to adopt a specific
structure in both pRNAs but this structure is not dependent on
Mg**. Most importantly, at 4°C and 25°C there is no evidence
that one junction has radically different folding characteristics
than the other, or that multimerization induces a structural com-
paction. Interestingly, in both pRNAs there are some differences
in the patterns with and without Mg*" at 37°C, most notably at
the top of the gel. At the increased temperature and without
Mg*", it appears that both pRNAs become less structured in the
junction region, consistent with the junction beginning to dena-
ture. Not surprisingly, this effect is reversed upon addition of
Mg’*, which is known to stabilize RNA folds. In this case the
Mg’ is stabilizing a fold that does not require Mg** at lower
temperatures, thus likely acting by general charge neutralization.
Overall, the folding characteristics of the 2 pRNAs are quite sim-
ilar, thus it does not appear that one junction has a compact
fold that is measurably more stable than the other. This is con-
sistent with previously published selective 2’-hydroxyl acylation
analyzed by primer extension (SHAPE) probing of both pRNAs,
which showed the 3wjs were equally modified."”” These results
suggest that the different multimerization properties of the M2
and phi29 pRNAs are not due to gross differences in the folding
characteristics of the junctions.
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Figure 2. Hydroxyl radical probing of pRNAs. (A) Secondary structures of the complete, fully functional pRNAs from phi29 and M2; each are ~120 nt long. The shaded
region is the minimal self-association domain. The nucleotides in the 3-way junction are labeled and highlighted with the arrows. (B) Hydroxyl radical probing of the full-
length phi29 and M2 RNAs. Reactions without Mg2+ are marked as “-“, reactions with MgZJr are marked as “+". Temperatures (°C) are indicated as “4”, “25", and “37". An
RNase T1 sequencing ladder (indicating G bases) and hydrolysis ladder (OH) are included and labeled. The nucleotides in the 3-way junction are labeled and highlighted
with the arrows. Asterisk marks a location in the gel where salt-induced effects result in a compaction of a few bands. (C) Quantified and graphed data of the probing gel
shown in panel 2B. Black: cleavage pattern without Mg". Green: cleavage pattern with Mg". Temperatures (°C) are indicated as “4”, 25", and “37". The trace of the
RNase T1 sequencing ladder with a few locations marked is in red. The approximate location of nucleotides in the 3-way junction is shaded gray. Asterisk in the M2 pRNA
graphs marks a location in the gel where salt-induced effects result in a compaction of a few bands and an apparent increase in cleavage at a few nucleotides.

The phi29 and M2 pRNA 3wjs favor different helical
arrangements in solution

Although the M2 and phi29 pRNA 3wijs have similar folding
characteristics, they may have different conformations that
favor different interhelical angles, placing the kissing-loop
interaction elements in positions to affect the multimerization
properties. To directly assess the different solution-state inter-
helical orientation of the helices, we used Forster resonance
energy transfer (FRET), which has been used to study RNA
junctions.”' > With previous FRET studies of RNA 3wjs as a

guide, we made 3 RNA strands that anneal to form the 3wjs of
both the M2 and phi29 pRNAs. This design was chosen to
allow us to study the inherent conformation of the 3wj inde-
pendent from other parts of the pRNA and without potential
changes to the structure of the junction induced by multimeri-
zation (Fig. 3A). We verified that the 3 RNA oligomers hybrid-
ized to form a single product using native gel electrophoresis
(Fig. 3B). Samples containing all 3 strands of both phi29 and
M2 pRNAs had different migration patterns compared to other
combinations, indicating robust and essentially quantitative
formation of the 3wj from 3 RNA strands.
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Figure 3. Forster resonance energy transfer (FRET) examination of 3wj conformation. (A) Diagrams of 3wj RNAs used for FRET experiments. These RNAs were comprised of
3 RNA strands (a, b, and ) that anneal to form the 3wj. The 3wjs derived from phi29 and M2 are shown in red. (B) Native gel electrophoresis of combinations of the 3
strands for each pRNA 3wj. The a+b+-c combination (1..g each) results in a band of unique mobility, indicating 3wj formation. The native gels contained 5 mM Mg>*™
and were run at 25°C. (C) Dye labeling and FRET strategy to examine the relative distances between the ends of helices that emerge from the 3wjs. The fluorophores in
FRET 1-2 are sensitive to the distance between the ends of helix 1 (H1) and helix 2 (H2). FRET 2-3 measures the distance between the ends of helix 2 (H2) and helix 3
(H3). FRET 1-3 measures the distance between the ends of helix 1 (H1) and helix 3 (H3). The donor fluorophore (fluorescein) is green and the acceptor fluorophore (Cy3)

is red. (D) Left: diagram of the FRET measurements. Right: FRET efficiencies for phi29 and M2 pRNA 3wjs for each label pair. The diagram to the left illustrates the FRET
pair for each measurement.
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To perform the FRET measurements, the 5 end of each
RNA strand was labeled with a fluorescein or Cy3 dye, and
then one unlabeled strand and 2 labeled strands were mixed
in different combinations such that each combination had a
FRET donor on the 5 end of one strand and an acceptor
on the 5" end of another (Fig. 3C). This yielded 3 samples;
each is able to report on the distance between the 5’ ends
of 2 different helices. We measured the FRET efficiency of
each combination for both the phi29 and M2 pRNA 3wjs at
25°C (Fig. 3D). For the phi29 construct, “FRET 1-2” and
“FRET 2-3” had similar FRET efficiencies, both higher than
“FRET 1-3”. This suggests that the distances between the
ends of helices 1 and 2, and helices 2 and 3 are, on average,
similar. By extension, the distance between the ends of heli-
ces 1 and 3 is greater. For the M2 construct, the efficiencies
of “FRET 1-2” and “FRET 1-3” were similar, suggesting
similar distances between the ends of helices 1 and 2 and 1
and 3. Interestingly, the M2 pRNA 3wj “FRET 2-3” had the
highest FRET efficiency, indicating the average distance
between the ends of helices 2 and 3 is the closest of all
measured. The different patterns in the FRET data from the
phi29 and M2 pRNA 3wjs support the hypothesis that the
2 junctions have different interhelical angles. Because the
FRET signal reflects the populationally weighted average of

conformations in solution, even if the junctions are confor-
mationally dynamic, the data show that they sample some-
what different states or spend different amounts of time in
each state.

Higher-order self-association depends on cooperation
between favorable junctions

The differing properties of the phi29 and M2 pRNA 3wjs raised
the question of whether a population of pRNAs containing a
mixture of the 2 junctions but able to form identical kissing-loop
interactions would favor dimer or trimer formation. To test this,
we combined M2_phi29 and M2 in 2 experiments. When M2
was added to radiolabeled M2_phi29, the M2_phi29 maintained
a dimer migration pattern on a native gel; it was not forced into
trimers although there is some upward smearing perhaps indica-
tive of very transient higher-order multimers (Fig. 4A). Likewise,
when M2_phi29 was added to radiolabeled M2 pRNA, trimer
formation was inhibited (Fig. 4B). Because the kissing-loop inter-
actions were identical, this further indicates that the 3wj is a key
determinant of self-association behavior and also suggests that
the junction facilitates the specific and correct alignment of inter-
molecular interaction surfaces (kissing-loop base-pairs) within
the higher-order structure of the multimer.
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Figure 4. Native gel electrophoresis of M2_phi29 and M2 combinations. (A) Native gel in which increasing amounts of M2 pRNA (Fig. 1D) was added to radiolabeled
M2_phi29 (Fig. 1D). The total amount of each pRNA loaded is shown above the lanes. Radiolabeled M2 pRNA (3 .g) is included for reference. The locations of trimers,
dimers, and monomers are indicated. Under these conditions, both pRNAs exist as a mix of monomer and multimer. Addition of M2 pRNA does not induce M2_phi29 to
form trimers, although some smearing of the dimer band “upwards” is seen. (B) Native gel of unlabeled M2_phi29 added in increasing amounts of radiolabeled M2
PRNA. Lanes are labeled as in panel (A). Radiolabeled M2_phi29 is included for reference. The ability of M2 pRNA to form trimers is disrupted by addition of M2_phi29,
resulting in a smear between the two. The native gels contained 5 mM Mg and were run at 4°C.



Discussion

The pRNAs from the phi29 family of bacteriophage are natu-
rally occurring self-associating RNAs that form homomultim-
ers of diverse sizes through kissing-loop base-pairing and thus
serve not only as models for this type of RNA behavior but also
as scaffolds to engineer RNAs for nanotechnology. Although
the pRNAs from different members of the phi29 family have
similar secondary structures, recent studies have shown that
their inherent self-association behaviors when free in solution
differ both in terms of stability and size of the resultant multi-
mers.'”"” This variation provides a way to explore the basic
rules of RNA self-association and identify new strategies for
PRNA engineering. Two pRNAs that were previously shown to
differ in their self-association characteristics are those from the
phi29 and M2 phage strains.'” Here, we explored the idea that
this difference may depend in part on an element other than
the intermolecular kissing-loop base-pair interaction at the
interface between identical pRNA molecules. Using a biochem-
ical and biophysical approach, we found that the 3wj in these
pRNAs is a key element in driving multimerization behavior.
Our data suggest that this is due to differences in the angles
favored by the RNA helices that emerge from each junction,
which likely spatially position the kissing-loop base-pair ele-
ments to affect RNA self-association and the formation of
higher-order multimers. Hence, efforts to use the pRNAs for
nanotechnology or other uses should take into account the
diverse behavior of these 3wjs to create self-associating RNAs
with diverse programmed characteristics.

(helix2)®

PA
(helix1)
(helix3)

monomer multimer
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3wjs are common in RNA structures where they spatially
position emerging helices, facilitating long-range intramolecu-
lar interactions.*>*’ In the case of pRNAs, there is no evidence
of distal intramolecular interactions that are affected by the
3wijs; rather the junctions may act to alter intermolecular inter-
actions. If true, self-association should be affected by the char-
acteristics of each junction. In fact, the phi29 and M2 pRNA
3wjs are predicted to have different characteristics based on
analyses of other 3wjs. Specifically, diverse RNA 3wjs have
been classified by Lescoute & Westhof based on crystal struc-
tures of a large number of 3wj-containing RNAs.* They
divided the 3wjs into 3 families depending on the relative
lengths of the single-stranded segments within the junction
that link the helices, finding that this correlates with different
helical angles. Briefly, by counting the number of unpaired
nucleotides that link each helical element, the junction can be
assigned to its likely class. Based on this analysis, the phi29
pRNA 3wj is predicted to be in family A; in this family there is
no predicted preference for the arrangements of the 3 helices.
However, the M2 pRNA 3wj likely belongs to family B, which
has a preferred helical arrangement with 2 emerging helices at
an acute angle. Neither 3wj has a pattern and number of
unpaired bases that match family C. This classification system
predicted inherent differences in the preferred conformations
of the phi29 and M2 pRNA 3wjs, supporting a hypothesis
regarding different characteristics of these 2 3wjs.

Although the conformation of the M2 pRNA 3wj has not
been previously explored, the phi29 pRNA 3wj has been stud-
ied by several methods, including pulsed electron paramagnetic

monomer multimer

Figure 5. Conformation of 3wjs and putative relationship to multimer formation. (A) Left: Ribbon diagram of the structure of the isolated 3wj from phi29 pRNA, solved by
X-ray crystallography (PDB: 4KZ2).>* This RNA did not have the kissing-loop interaction elements and thus was unable to self-associate and is considered to be the struc-
ture in monomer form. Right: Ribbon diagram of the structure of the 3wj from phi29 pRNA, within the context of an RNA that was engineered for crystallization but could
still self-associate, forming a tetramer in the crystal (PDB: 3R4F)." For the latter structure, only the 3wj is shown. For both structures, the 3 helices that emerge from the
junction are shown in blue, red, and cyan and labeled. (B) Superimposed structures of the 3wj in monomer (yellow) and multimer (magenta) form, using the structures
from panel (A). The entire structure is shown, and the elements that form the intermolecular interaction important for self-association are in dashed ellipses. (C) Model
for how the 3wj conformation may affect multimer formation. The 3wjs differ in their conformations. If they are conformationally dynamic, we propose the conformational
equilibria of sampled states differs. For phi29 pRNA, this conformational equilibrium may be more different from the multimer state than it is in the M2 pRNA.
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resonance (EPR) and X-ray crystallography.'***>**” EPR stud-
ies suggested that the P, and Pp, helices emerge from the junc-
tion at an acute angle, similar to the angle predicted in a model
based on FRET measurements between 2 pRNAs within a
dimer.*® In contrast, the crystal structure of a version of this
3wj RNA that lacked any ability to form intermolecular kiss-
ing-loop base-pairs showed these helices to be stacked coaxially,
with the third helix (Pc) emerging at an acute angle relative to
P, (Fig. 5A).>* Furthermore, the crystal structure of the phi29
PRNA 3wj in a tetrameric state showed a different set of angles,
with Pc at a more acute angle to Pp than in the monomeric
form (Fig. 5A)."* These observations support the idea that the
3wj from the phi29 pRNA is a conformationally dynamic or
flexible element. In fact, this characteristic has been proposed
to be important for multimerization.'”® These data also sug-
gest that the angles between the helices must change as the
PRNA goes from a monomeric to a multimeric form (Fig. 5B).

We used FRET to compare the conformation of the M2 pRNA
3wj to that of the phi29 pRNA, revealing an inherent difference in
the average conformations of the 2 junctions in the monomeric
state. Specifically, in the M2 pRNA 3wj, helices P and Pp, emerge
to form a more acute angle than they do in the phi29 pRNA 3wj,
while P, and P are less acute. Both junctions may be conforma-
tionally dynamic to some degree; even if this is true, the FRET
data show differing conformational landscapes for each pRNA.

When the FRET data are compared to the crystal structures, an
interesting correlation is observed: the isolated monomeric phi29
PRNA 3wj has characteristics that more closely resemble the con-
formation of the phi29 pRNA 3wj monomeric crystal structure. In
contrast, the predicted relative angles of the helices emerging from
the isolated monomeric M2 pRNA 3wj resemble the phi29 pRNA
3wj in a multimeric state. Most notably, the angle between P and
Pp is more acute in the M2 pRNA 3wj in the isolated monomeric
fold than it is in the phi29 pRNA 3wj, just as it is in the crystal
structure of the phi29 pRNA in a multimer. Based on these data,
we propose a model for how the M2 pRNA can form multimers
with higher stoichiometry and stability than that of the phi29
PRNA: the 3wj of the M2 pRNA favors a conformation in which
the 3 emerging helices are positioned in a way that more closely
matches the angle of the helices when they are in a multimer and
the kissing-loop interactions are spatially positioned to favor inter-
molecular interactions (Fig. 5C). This does not indicate that the
M2 junction is structurally static; it could be fairly static or confor-
mationally dynamic but on average spends more time in a state
conducive to self-association. Thus, the multimerization behavior
of diverse pRNAs depends in part on subtle differences in the spe-
cific conformational landscape of each 3wj.

In summary, the data presented here show that the 3wj plays
a critical role in multimer formation by the naturally occurring
self-associating pRNAs, and this is in part through differences in
the conformations of the 3wj. Ongoing efforts to engineer artifi-
cial RNA nanoparticles into diverse shapes (including nanorings)
require careful consideration of the use of diverse RNA elements
to achieve self-assembly of the desired structures, to include heli-
cal junctions.”®* Likewise, efforts to engineer the pRNAs for dif-
ferent self-association properties must take into account the
different behaviors of 3wjs, to include subtle differences in their
conformations and conformational dynamics. These differences
may in fact present opportunities for additional engineering, to

include efforts to subtly “tune” the behavior of each junction
through mutation or alteration of adjoining helices.

Materials and methods
RNA preparation

RNAs for native gels were made using DNA templates gener-
ated by PCR with overlapping primers.*” RNAs were generated
by in vitro transcription using the PCR products, and purified
on 10% polyacrylamide (29:1 acrylamide:bisacrylamide) 7M
urea denaturing gels. Bands were identified by UV shadowing,
then excised and eluted into RNase-free water overnight at
4°C. The eluted RNA was concentrated using Amicon Ultra fil-
ters (Millipore). RNA concentrations were measured by UV
absorbance at 260 nm (Nanodrop 2000¢c, Thermo Scientific).

RNA 5’ End labeling

RNA was 5 dephosphorylated using rAPid Alkaline Phosphatase
(Roche). One g of RNA was added to 1X PNK buffer (70 mM
Tris-HCI, pH 7.6, 10 mM MgCl,, 5 mM DTT), 20 units PNK
enzyme and **P-y-ATP (PerkinElmer) in 10 uL, then incubated at
37°C for 1 hour followed by desalting using a Micro Bio-Spin 30
Chromatography Column (BioRad). Labeled RNA was purified on
a 10% denaturing polyacrylamide gel. Gels were visualized by auto-
radiography, and the RNA bands were excised and eluted passively
in elution buffer (0.5 M sodium acetate, 0.1% SDS, pH 5.3) over-
night. This was followed by ethanol precipitation and the dried pel-
let was resuspended in RNase-free water prior to use.

Fe(ll)-EDTA hydroxyl radical probing

*’P end-labeled RNA was heat-denatured to 85°C for 15 sec-
onds then cooled to room temperature. Each reaction con-
tained RNA (at least 200,000 cpm), 30 mM HEPES-KOH (pH
7.5), 0.1 ug whole yeast tRNA, 5 mM MgCl, for Mg samples or
0 mM MgCl, for control samples, and RNase-free water to a
total volume of 7 pL. Samples were then incubated at 4°C,
25°C or 37°C for 15 minutes to reach folding equilibrium.
Cleavage was initiated by adding 1 uL Fe(II)-EDTA solution
(10 mM (NH,),Fe(SO4), and 18 mM EDTA, pH 8.0), 1 uL
1.5% H,0,, and 1 ©L 10 mM NaAscorbate. The reaction was
then incubated at 4°C, 25°C or 37°C for 5 minutes. Each reac-
tion was quenched by adding 1 uL of 100 mM thiourea. Sam-
ples were precipitated with 10 wL of 3M sodium acetate and
100 1L 100% EtOH, pelleted by centrifugation, and dried. Sam-
ples were measured by scintillation counting and normalized
based on counts per minute to each other by resuspending in
9 M urea loading buffer before being resolved on a denaturing
sequencing gel along with the corresponding RNase T1 ladder
and -OH ladder.” Gels were electrophoresed for 2 hours,
transferred to Whatman paper, dried, and observed by phos-
phorimaging. Each lane was quantified using ImageQuant to
yield a trace of intensity vs. position in the gel. Each trace was
normalized to total counts in the lane and baseline-corrected
using a double polynomial curve fit, then graphed using the
program KaleidaGraph.*’



RNA synthesis and preparation of 3wjs

RNA oligonucleotides for 3wj formation were chemically syn-
thesized (Integrated DNA Technologies). Three-way junctions
were constructed by mixing 3 separate RNA strands (1 ug
each) in 90 mM Tris-borate (pH 7.0) and 5 mM MgCl,, and
annealed by heating at 85°C for 15 seconds and slowly cooled
to 4°C. Sequences:

phi29 a strand: 5 -CCGUUGGGGAUGUGUAUGUCAAG
G-3

phi29 b strand: 5 -CCUUGACAUACUUUGUUGAUUAC
AGG-3

phi29 ¢ strand: 5 ~-CCUGUAGUCAAUCAUCCCCAACG
G-3

M2 a strand: 5 ~-CCGUUGGGGUAUGGCAGAUGUCAA
GG-3

M2 b strand: 5 -CCUUGACAUCUCACGGGGUACAGG-
3

M2 c strand: 5> ~-CCUGUACCCUCUUACCCCAACGG- 3

Forster resonance energy transfer (FRET)

Three-way junctions were constructed by mixing one fluo-
rescein-labeled strand, one Cy3-labeled strand and the
remaining unlabeled strand (each 10 nM) in 90 mM Tris-
borate (pH 7.0) and 5 mM MgCl,, then annealed by heating
at 85°C for 15 seconds and slowly cooled to 4°C. Samples
were placed in a quartz fluorimeter cell (Starna Cells) and
measured using a FluoroMax-3 (Horiba Jobin Yvon) at
25°C. FRET efficiency values (Epggr) were measured and
calculated using the acceptor normalization method as
described.”">°" Briefly, for each 3wj, emission spectra were
recorded from 500 nm to 650 nm using 2 excitation wave-
lengths (490 nm or 550 nm). The spectra were also
recorded from reaction buffer and donor-only sample con-
trols. Emission from donor-acceptor samples that were
excited at 490 nm had components from direct excitation
of donor, direct excitation of acceptor, and acceptor emis-
sion due to energy transfer (Equation A and other equa-
tions shown below). Emission from donor samples that
were excited at 490 nm contained pure donor emission
with no energy transfer (Equation B). Emission from sam-
ples that were excited at 550 nm contained pure acceptor
emission with no energy transfer (Equation C). The fluores-
cence intensity is a function of the extinction coefficient of
the fluorophores (¢) and quantum yield (®) at the excited
wavelength. So, the direct excitation of the donor was sub-
tracted using the spectrum of donor-only sample (Equation
A) and donor-acceptor sample (Equation B), resulting in an
extracted spectrum that only has components due to accep-
tor emission (Equation D). The extracted acceptor emission
spectrum was combined with the direct excitation of the
acceptor emission spectrum to calculate the Epgrpr (Equation
E). Since the ratios of emission values were determined at
the same wavelengths, the quantum yield terms reduced to
unity. The ratios ep(vieo) / €a(Vsso) and ea(vage) / €a(Vsso)
values measured from the absorption spectra were 0.45 and
0.23 respectively. The (ratio), is calculated using the mea-
sured intensity of the Cy3 peak for the donor-acceptor
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sample excited at 490 nm over that of the Cy3 peak for the
donor-acceptor sample excited at 550 nm.

Equation A (Direct excitation of donor + Direct excitation
of acceptor + Acceptor emission due to energy transfer):

ep(vags) - Pp(v1) . (1 — Eprer)
+ sa(vaos) . Pa(v1) + ep(vass) . Pa(v1) . Eprer

Fpa (V495) =

Equation B (Direct excitation of donor):
Fp(vaso) = &p(vago) - Pp(v1)

Equation C (Direct excitation of acceptor):
Fa(vss0) = ea(vsso) - Pa(v2)

Equation D (Direct excitation of acceptor + Acceptor emis-
sion due to energy transfer):

Fa(vaso) = €a(vago) . Pa(v1) + ep(vaso) . Pa(v1) . Eprer

Equation E (Extracted acceptor / direct acceptor excitation)
= Equation D / Equation C:

Fa(va00) / FA(vss0) = [ ea(vaoo) - Pa(v1)
+ ep(vaso) - Pa(v1) . Eprer] / €4(vsso)

= [ Eprer- (ép(vago) / €4(vs50))
+ ea(vaso) / ea(vss0) | - Pa(v1) / Pp(v2)
= 0.45 X Epggr + 0.23

(ratio) , =
. (I)A(Vz)

Native gel electrophoresis

Native gel electrophoresis experiments were performed as
described.*” Briefly, 3 ug RNA in a total volume of 10 uL was
loaded. The pRNA sample was renatured by heating to 85°C
for 15 seconds in Mg-Buffer (66 mM Tris, 34 mM HEPES,
5 mM MgCl,, pH 7.4) then snap-cooled on ice. Samples were
mixed with equal volume of 2X native gel loading buffer
(132 mM Tris, 68 mM HEPES, 10% glycerol, 0.5 mg/mL bro-
mophenol blue, 0.5 mg/mL xylene cyanol, 10 mM MgCl, pH
7.4) and were run on an 8% polyacrylamide native gel (29:1
acrylamide:bisacrylamide with Mg-Buffer for Mg*" gels). Both
gel and buffer were pre-incubated at desired temperatures and
the gels were pre-run for 20 minutes at 5 W. Gels were run at
5 W for 10 hours and then stained with 1% ethidium bromide
for visualization.
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