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Abstract

Human hepatitis B virus (HBV) replication is initiated by the binding of the viral polymerase (P) to epsilon
(g), an ~85-nucleotide (nt) cis-acting regulatory stem-loop RNA located at the 5’-end of the pre-genomic
RNA (pgRNA). This interaction triggers P and pgRNA packaging and protein-primed reverse transcription
and is therefore an attractive therapeutic target. Our recent nuclear magnetic resonance (NMR) structure
of ¢ provides a useful starting point toward a detailed understanding of HBV replication, and hints at the
functional importance of € dynamics. Here, we present a detailed description of € motions on the ps to ns
and ps to ms time scales by NMR spin relaxation and relaxation dispersion, respectively. We also carried
out molecular dynamics simulations to provide additional insight into £ conformational dynamics. These
data outline a series of complex motions on multiple time scales within €. Moreover, these motions occur
in mostly conserved nucleotides from structural regions (i.e., priming loop, pseudo-triloop, and U43 bulge)
that biochemical and mutational studies have shown to be essential for P binding, P-pgRNA packaging,
protein-priming, and DNA synthesis. Taken together, our work implicates RNA dynamics as an integral
feature that governs HBV replication.

© 2022 Published by Elsevier Ltd.

pre-genomic RNA (pgRNA) intermediate.” Follow-
ing transcription of the viral DNA by host RNA poly-

Introduction

merase

Human hepatitis B virus (HBV) chronically infects
an estimated 270 million people worldwide, leading
to liver cancer and cirrhosis that cause ~800,000
deaths each year.' Currently, there are no cures
to wholly eliminate the virus without side-effects or
indefinite treatment.” ® The global burden imposed
by HBV therefore necessitates the study of its repli-
cation to enable the design of more effective antivi-
ral drugs. HBV is a small DNA hepadnavirus that
replicates its genome by reverse transcription of a

0022-2836/© 2022 Published by Elsevier Ltd.

Il, transcripts are transported to the
cytoplasm where pgRNA provides the template for
reverse transcription and the mRNA translated into
HBV core (C) and polymerase (P) proteins.”® Viral
P comprises a reverse transcriptase (RT) domain, a
middle spacer, a RNase H (RH) domain, and a ter-
minal protein (TP) domain, which acts as a protein
primer for reverse transcription.”~'* HBV replication
is initiated by the binding of P to epsilon (g), an ~85-
nucleotide (nt) cis-acting regulatory RNA located at
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the 5'-end of the pgRNA.">'? A second & motif is
also located at the 3'-end of the pgRNA but this
copy does not bind P. This interaction at the 5'-
end triggers packaging of both P and the pgRNA
into subviral core particles by C protein dimers®*~
2" and the initiation of protein-primed reverse tran-
scription®*2° (Figure 1(a)). The product of the prim-
ing reaction is a 3-4-nt DNA, whose 5-end is
covalently attached to a tyrosine residue (Y63) in
the TP domain (Figure 1(a)), and which is synthe-
sized using, as a template, the 6-nt priming loop
(PL) bulge within &."*'*?22> The complex then
translocates to a 3'-proximal element in the pgRNA,
designated direct repeat 1 (DR1), where full-length
(-)-strand DNA sgnthesis commences from the 3-
4-nt DNA primer.=%2’

With biochemical and mutational analyses,
researchers have defined the basic requirements
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of proteins, the TP and RT domains of P are
required for e-P binding.?®®" Cellular chaperones
(e.g., heat shock proteins, HSPs) and host factor
(s) (HFs) are further needed to assist the ¢ interac-
tion and later P-pgRNA ;gackag)ing.zg*34 As regards
g, mutational studies’"~"%222*<6=%Y ghow that differ-
ent regions contribute to these functions in both a
sequence- and structure-specific manner. As out-
lined in Figure 1(b, c)), the upper portion of the lower
helix (LH) has primary sequence requirements for P
binding®® and P-pgRNA packaging.'”#* Intriguingly,
the lower portion of the upper helix (UH) has
sequence requirements for P binding®® and DNA
synthesis on its 5'-side®* and P-pgRNA packaging
on its 3'-side,'”** whereas the upper portion of
the UH solely has a structural role.”” The PL bulge
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HBV replication function Nucleotides References Regions References
P-pgRNA packaging a. G8-U12 and G50-C54 a. 24,28 a. upperpartof LH a. 17,24, 28
b. C31-C36 b. 17,28 b. PL b. 17,18, 22, 24, 28, 29
c. G44-U48 c. 17,24,28 c. upperpartof UH c. 17,28
d. PTL d. 18,28
e. U43 bulge e. 17,28
DNA synthesis a. A20-C24 a. 24 a. PL a. 22,24,29
b. G8-U12 and G50-C54 b. 24 b. AU bps in UH b. 30
c. PTL c. 29
RT binding a. G8-C11and G51-C54 a. 28 a. PL a. 28,29
b. C14 and U15 b. 28 b. upperpartof UH b. 28
c. A21-C23 and G45-U47 c. 28 c. U43 bulge c. 28

Figure 1. Key roles and requirements of the ¢-P interaction in HBV replication. (a) Model of &-P binding. While
the & motif is located at both the 3'- and 5’-ends of the pgRNA, the specific interaction of the TP and RT domains of P
with the 5’-end ¢ initiates HBV replication. The specific location of HSPs and HFs and their sites of interactions are not
completely known. The P-pgRNA complex is then packaged into viral core particles by C protein dimers, which forms
the priming-competent complex that initiates TP primed (-)-strand DNA synthesis. Protein-primed reverse
transcription initiates from the 6-nt priming loop bulge of ¢ to produce a 3-4-nt DNA (shown in red), whose 5'-end
is covalently attached via a phosphotyrosyl linkage to Y63 in the TP domain. The P-DNA complex then translocates to
the 3'-proximal DR1 element where full-length (-)-strand DNA synthesis is finalized. (b) RNA sequence and secondary
structure requirements for &-P binding, P-pgRNA packaging, and DNA synthesis are shown, as summarized from
previous mutational studies.!’"18:2224.28=30 ¢ gtryctural regions are labeled with abbreviations that will be used
throughout the text. (c) Same summary as in (b) but shown as a table, including relevant references to key work.
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structure is essential for P binding,® P-pgRNA
packaging,’ 8?2229 and DNA synthesis,'’”
182429 whereas its 5'- and 3'-ends function sepa-
rately in P binding®® and protein prrmrng, % respec-
tively. The pseudo-triloop (PTL)'"*® and U43
bulge'®?® are essential for P-pgRNA packaging
but only the former structure is dispensable for P
binding.?® Finally, the AU base pairs after the PL
and preceding the PTL are required for protein-
primi 3% and (-)-strand DNA extension, respec-
tively.”™ While this information provides a useful
starting point, a detailed mechanistic understanding
of the ¢-P interaction and its subsequent functions
require high-resolution structural studies. These
data are completely lacking for P, making structural
analysis of € a necessary alternative.

In 2021, our group solved the structure ofa61-nte
using solution nuclear magnet|c resonance (NMR)
spectroscopy (Figure S1(a)).*® This & construct con-
tains the entire stem-loop region and will therefore
be referred to as full-length ¢ throughout the text.
Our NMR-derived model shows good agreement
with the previously determined truncated 27-nt api-
cal loop (AL) (i.e., nucleotides from the UH and
PTL) ¢ NMR structure from Wijmenga and co-
workers (Figure S1(a))**°” and provides insight
into how the 6-nt PL bulge mlght engage the RT
machinery. Moreover, our '*C cross-correlated
(Mxy) relaxation measurements hint at ps to ns
motions within €,°° in agreement with previous stud-
ies on the AL & (Figure S1(b)). However, several
open questions remain about the dynamics of full-
length &: what is the extent and time scales of
motion it experiences? Does it adopt multiple con-
formations, and how might these modulate ¢-P
binding interactions and downstream functions?
Work from the Nassal group using Systematic Evo-
lution of Ligands by EXponential Enrichment
(SELEX) indicates diverse ¢ sequence mutations
are compatrble with P binding, suggesting structural
flexibility of &.°

As a first step toward assessing the relevance
of RNA dynamics for the ¢-P interaction, we
present a detailed description of ¢ mot|ons We
used '*C NMR spin relaxation and 'H relaxation
dispersion measurements to probe motions on
the ps to ns and ps to ms time scales,
respectively. We also carried out molecular
dynamics (MD) simulations to provide additional
insight into & conformational dynamics. These
data outline a series of complex motions on
multiple time scales within the PL, PTL, and
U43 bulge. Importantly, these motions occur in
mostly conserved nucleotides from structural
regions that biochemical and mutational studies
have shown to be essential for P binding, P-
pgRNA packaging, and DNA synthesis. Taken
together, our work implicates RNA dynamics as
an integral part of HBV replication and suggests
avenues for targeting by anti-HBV therapeutics.

Results

¢ undergoes fast motions on the ps to ns time
scale

Previous 'C spin relaxation measurements on
AL ¢ reveal that nucleobase and ribose moieties in
the PTL (U32-U34 and C36) and U43 bul%e
experience fast ps to ns motions (Figure S1(b)).
Whether or not full-length ¢ undergoes similar or
additional motions has remained an open question,
until now. Our recent '°C n,, measurements indi-
cate that nucleotides in the PL (C14-C19 and adja-
cent U49), PTL (U32-U34 and C36), and U43 bul%e
show mob|l|t¥ in their nucleobases (Figure S1(b)).
These data®> agree with what has been previously
reported®® and provide new information on unex-
plored ¢ regions (i.e., the LH and PL).

To confirm and extend these prellmlnary findings
to full-length &, we employed '3C spin relaxation
experiments to probe motions on the ps to ns time
scale in both the nucleobase and ribose moieties.
In all *C spin relaxat|on expenments atom-
specrflcally (| e punne 3¢8, pyrimidine '°C6, and
ribose '3C1/)***" |abeled £ samples (SFlgure 2) were
used to remove complications from "*C—'3C dipolar
couplings.”®™** Measurements were carned out at
two magnetic field strengths (600 MHz and
800 MHz) for nucleobase sites and a single mag-
netic field strength (800 MHz) for ribose sites. Lon-
gitudinal (R4) and transverse (Ro) relaxation rates
and steady-state {'H}-'3C heteronuclear Over-
hauser effect (hNOE) values were determined for
all well-resolved purine C8, pyrimidine C6, and
ribose C1’ nucleiin ¢ (Figures S2-4). Monoexponen-
tial decay was observed in all relaxatron experi-
ments, indicating the absence of '*C-'3C cross-
relaxation and Hartman-Hahn transfer (Figure S5).
Slight variations in data are observed for purine
C8 and pyrimidine C6 nuclei within the same sec-
ondary structural elements, reflecting their different
chemical shift anisotropies (CSAs) (Figure 3(a)).
Given that the C1’ CSA is small and less dependent
on secondary structure,** these data provide a view
of dynamics orthogonal to that from nucleobase C6
and C8 sites (Figure 3(b)). All measurements show
that most helical regions of ¢ are rigid whereas
nucleotides in the PL (C14-C19 and adjacent U48
and U49), PTL (U32-C36), and U43 bulge show ele-
vated R; and hNOE values (>1 standard deviation
(SD) above the mean) and attenuated R, values
(<1 SD below the mean), indicative of increased
flexibility (Figure 3). All raw relaxation rates can be
found in Tables S1-S3.

We then used the ratio p*® to determine which
regions of ¢ undergo motion on the ps to ns time
scale (see Methods). This analysis is approximately
independent of the site-specific variations in dipolar
coupling and CSA and is therefore more robust than
a simpler Ry/R, analysis. These data demonstrate
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Figure 2. NMR samples used to probe ¢ dynamics. (a) For all NMR experiments, three atom-specifically
labeled*®™" ¢ samples were prepared by T7 RNA polymerase-based in vitro transcription: (1) [1/,8-'3C,]-ATP and
[1/,8-13C,]-GTP labeled, (2) [1/,6-'3C,, 5-2H]-CTP labeled, and (3) [1',6-'3C,, 5-°H]-UTP labeled. Nucleotides
harboring isotope labels are shown in orange and bolded. Orange circles and D represent '*C and 2H nuclei,
respectively. These labeling topologies approximate isolated spin-pairs in both the nucleobase (i.e., purine H8-C8 and
pyrimidine H6-C6) and ribose (i.e., H1’-C1’) moieties.
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Figure 3. 3¢ relaxation experiments indicate fast motions in £. Measurements of '3C R4, R,, and hNOE values
are shown for all well-resolved (a) nucleobase (i.e., purine C8 and pyrimidine C6) and (b) ribose (i.e., C1’) nuclei with ¢
structural regions abbreviated as in Figure 1(b). NMR data were collected at 298 K on both 600 MHz and 800 MHz
spectrometers. Data from nuclei in the PL, PL-adjacent (i.e., A13, A20, U48, and U49), PTL, and U43 bulge are
highlighted with red, orange, yellow, and purple shaded boxes, respectively. Error bars represent + SD and dashed
lines represent 1 SD above (R4 and hNOE) or below (R,) the mean (calculated from helical nuclei in G1-A13, A20-
C30, C37-G42, G44-U47, and G50-C61).

that, compared to helical regions, nucleobase sites below the mean) p values, suggestive of high-
in the PL (C14-C19 and U49), PTL (U32-U34 and  frequency motions (Figure 4(a)). Fast dynamics
C36), U43 bulge (and adjacent G41), and 5'- and  were also observed for ribose nuclei in the PL
3’-ends (G1-U3 and G58) show attenuated (<1 SD (C14-C19 and adjacent A20, U48, and U49), PTL
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Figure 4. Mapping dynamic “hot spots” in ¢. p values (see Methods) derived from the data shown in Figure 3 for
all well-resolved (a) nucleobase (i.e., purine C8 and pyrimidine C6) and (b) ribose (i.e., C1’) nuclei, with ¢ structural

regions abbreviated as in Figure 1(b).

NMR data were collected at 298 K on both 600 MHz and 800 MHz

spectrometers but only 800 MHz data are shown here. Data from nuclei in certain ¢ structural regions are shaded as in
Figure 3. Error bars represent + SD and dashed lines represent 1 SD below the mean (calculated from helical nuclei
as in Figure 3). (c) Summary of data in (a) and (b) mapped onto the top-ranked ¢ NMR conformer (Protein Data Bank
(PDB) code 6VAR®) to indicate dynamic “hot spots” that undergo fast ps to ns motions.

(U32, G338, G35, C36, and adjacent G30), U43
bulge (and adjacent G42), and 5'-end (G2) (Figure 4
(b)). Taken together, our '3C relaxation data (Fig-
ures 3 and 4) indicate that the PL, PTL, and U43
bulge are dynamic “hot spots” that undergo fast ps
to ns motions (Figure 4(c)).

¢ experiences conformational exchange on the
ps to ms time scale

Given that previous '3C rotating-frame (Ry,)-
based measurements hinted at ps to ms motions
within AL &,® we sought to unambiguously probe
for such conformational exchange in full-length e.
We therefore employed 'H Carr-Purcell-Meiboom-
Gill (CPMG) relaxation dispersion measure-
ments.***® In all '"H CPMG experiments, atom-
specifically (i.e., purine '*C8, pyrimidine '3C6, and
ribose '3C1')***" |abeled £ samples (Figure 2) were
used to remove complications from '*C—'*C scalar
couplings.*®*? Measurements were carried out at
800 MHz and CPMG curves were obtained for all
well-resolved purine H8, pyrimidine H6, and ribose
H1’ nuclei in €. In these experiments, the effective
R> rates (Rz o) were measured during a constant-
time period that contains a variable number of
equally spaced 180° refocusing pulses. The depen-

dence of Ry ¢ On the frequency at which the refo-
cusing pulses were applied (vepmg) is indicative of
conformational exchange.

This analysis indicated that several nucleotides in
the PL (C14, U15, U17-C19, U48, and U49), PTL
(U32, U34, and C36), and U43 bulge experience
conformational exchange whereas the majority of
helical nucleotides do not (Figure 5). Interestingly,
as with our '*C spin relaxation data, some
nucleotides exhibit different motions in their
nucleobase and ribose moieties. For example,
exchange was observed in both nucleobase and
ribose nuclei for U17, U18, U32, and U43
(Figure 5). Conversely, C14, C19, and U34
displayed exchange only in nucleobase sites
(Figure 5), whereas U15, C36, U48, and U49
exhibited exchange only in ribose nuclei (Figure 5).

Fitting the CPMG dispersion curves to a two-site
exchange model provides insight on the kinetics
(i.e., exchange rate, ke) and thermodynamics
(i.e., populations of major and minor states, pa.
and p, respectively) of the interconvertin
species, depending on the exchange regime.**™
In fast exchange, it is not possible to fit p,, pp, OF
the chemical shift difference (dw) between them.
Instead, only R, auto-relaxation (Ry,o), the chemical

exchange contribution (Rey) to Ry, kex, and 5,7, can
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Figure 5. 'TH CPMG experiments reveal conformational exchange in . '"H CPMG relaxation dispersion profiles
are shown for nucleobase (i.e., pyrimidine H6) and ribose (i.e., H1’) nuclei showing evidence of exchange (i.e., a non-
flat dispersion where Rgx > 0). NMR data were collected at 298 K on an 800 MHz spectrometer. All CPMG curves are
shown with best fits to the fast exchange model (i.e., Luz-Meiboom®°) using RING NMR Dynamics.®' Representative
nucleobase (C24-H6) and ribose (C24-H1’) profiles that do not experience conformational exchange (i.e., Rex = 0) are

shown as a reference. Error bars represent = SD.

be obtained, where the latter parameter represents
the dw that would be present if the populations were
equal.®>>? The presence of chemical exchange
and the appropriate exchange regime (i.e., fast,
slow, or no exchange) was identified and selected
based on the Akaike Information Criterion
(AIC)*">° (see Methods and Tables S4 and S5).
Moreover, all CPMG data were analyzed with three
different fitting programs to ascertain the robust-
ness of the fits (see Methods and Table S6). These
analyses revealed that all € nuclei with Rex exhibit
exchange that is fast on the NMR time scale (Tables
S4-S6). We are therefore unable to obtain addi-
tional structural information (i.e., populations and
chemical shifts) of the low populated, transient ¢
states.

Interestingly, conformational exchange
processes in ¢ occur with a variety of ke, values
(Table S4 and Figure 6(a)). Considering such
events in both nucleobase and ribose sites, PL
nuclei have a ke ranging from ~1,700 s~ ' to
4,700 s~ ', those in the PTL have ke, between
~3,400 s ' to 11,700 s~ ', and U43 has a key Of
~3,800 s ' to 4,500 s~ ' (Table S4 and Figure 6
(a)). These kg values correspond to lifetimes (tey)
of ~90 us to 600 us (Table S4 and Figure 6(a)).
Global fitting of the relaxation dispersion data to a
two-site fast exchange model suggests an overall
exchange event with a ke, value of ~2,700 s’
and a lifetime of ~370 ps (Table S4). It is
important to note that the global fit parameters do

()

not significantly change with and without the
inclusion of the very fast exchange events in U34-
H6 and C36-H1’ nuclei (Table S4).

Taken together, our "H CPMG data reveal vast
conformational exchange within €. Interestingly,
these ps to ms motions localize to the same
structural regions (i.e., PL, PTL, and U43 bulge)
(Figure 6(b)) as those on the ps to ns time scale
(Figure 4(c)), implying that relatively slower
motions are superimposed onto faster ones.

MD simulations show vast global
conformational sampling of ¢

MD simulations were employed to provide some
structural insight and report on motions that occur
on time scales between that of NMR spin
relaxation and relaxation dispersion (i.e., ns to us
motions). Three independent 1 ps simulations
were carried out on & NMR conformer 3,
designated R3. This model was chosen due to its
unique PL orientation that was previously shown
to dock small molecule ligands.®> A large ensemble
of states is evident from overlays of ¢ conformations
sampled throughout an MD run (Figure 7(a)). When
aligning the backbone phosphorus atom of all
nucleotides, the ensemble centers around an aver-
age fold, similar to that of the deposited NMR
model.>> However, when the alignment only
includes nucleotides in the LH, this no longer holds
true. Instead, a vast conformational ensemble is
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Figure 6. Quantifying the rate and lifetime of conformational exchange processes in &. (a) All kex and ey,
values, derived from the '"H CPMG data presented in Figure 5 and Table S4, are shown with ¢ structural regions
abbreviated and shaded as in Figure 1(b) and Figure 3, respectively. The ke, values are the direct output from fast
exchange model (i.e., Luz-Meiboom®°) fitting using RING NMR Dynamics®' and tex = 1/kex. Error bars represent + SD.
(b) Summary of data in (a) mapped onto the top-ranked £ NMR conformer (PDB code 6VAR®).

observed with large deviations within the remaining
portion of the RNA (Figure 7(a)). Taken together,
this suggests that global ¢ flexibility correlates with
its PL, PTL, and U43 bulge (Figure 7(a)). In agree-
ment with this idea, MD simulations show elevated
root-mean-square-deviation (RMSD) values (>1
SD above the mean) for nucleotides in the PL
(A13-A21 and U48-G50), PTL (C31-C37), and
U43 bulge (G42-G44), indicative of increased flexi-
bility far above those in helical regions (Figure 7(b)
and Supplementary Script S1). While variations
exist between the three MD runs, the overall trends
are unambiguous (Figure S6). Moreover, MD data
(Figure 7(b)) show agreement with '*C spin relax-
ation data (Figures 3 and 4), and we therefore con-
clude that € exhibits increased sampling on the ns to
us time scale within the same structural regions that
undergo ps to ns motions (i.e., PL, PTL, and U43
bulge).

To provide further structural insight into the
conformational sampling of &, PDB snapshots
were taken throughout the MD trajectories. These
analyses reveal that nucleotides in the PL
undergo a series of nucleobase flipping events
and backbone reorganizations that occur on the
ns to us time scale. For example, the nucleobases
of A13 and C14 move toward one another into a
partially stacked conformation (Figure 7(c)). The
nucleobase of G16, on the other hand, flips away
from the PL central cavity to partially stack with
U15 (Figure 7(c)). Finally, the nucleobases of
U17, U18, and C19 flip back-and-forth between
the PL central cavity, facilitated by kinking of their

backbone dihedrals (Figure 7(c)). Similar types of
motions are also observed in the PTL and U43
bulge, though to a lesser extent (Figure S7).

We then performed K-means clustering analyses
on all the conformations sampled in each of the
three 1 us MD trajectories. Clustering was carried
out using either the global RMSD of the backbone
phosphorus atom of nucleotides G2-C61 or
backbone and chi dihedral angles from PL
nucleotides A13-A20. We used five clusters and
identified centroid structures (designated cO, ci,
c2, ¢c3, and c4) that are MD-sampled
conformations that have the lowest cumulative
distance to every other point in a given cluster.
Centroid structures are therefore representative
conformations of the five clusters, where cO
represents the most populated centroid and c4
represents the least. Interestingly, individual
simulations largely sampled individual clusters,
with minimal sampling across clusters (Tables S7
and S8). However, when the ensemble was
considered (i.e., including conformations from all
three ¢ R3-based MD runs) (Supplementary
Scripts S2 and S3), there was a high degree of
correlation between centroid structures identified
by clustering on global RMSD and centroid
structures identified by clustering on the PL
backbone dihedral angles. Figure 8(a) shows a
two-dimensional (2D)-RMSD plot comparing the
backbone phosphorus atom RMSD of centroid
structures from global RMSD (x-axis) and PL
dihedral (y-axis) clustering. Comparatively low
backbone RMSD along the diagonal suggests that
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Figure 7. MD simulations reveal high-frequency motions in ¢. (a) Representative structural overlay of PDB
snapshots taken every 10 ns of the first (of three) 1 us MD trajectory, with backbone phosphorus atom alignments
shown using all (i.e., G2-C61) (top) or LH (i.e., G1-U12, G50-C60) (bottom) nucleotides. (b) The average whole-atom
RMSD (calculated against £ R3, PDB code 6VAR®) of the three MD runs for each nucleotide window (see Methods),
averaged over the entire 1 us trajectory. Error bars represent + SD and the dashed line represents 1 SD above the
mean (calculated from helical nucleotides). (c) Representative PDB snapshots are shown at equally spaced time
points along the first (of three) 1 us MD trajectory and are aligned at the backbone phosphorus atom of PL nucleotides
(i.e., A13-A20, U49 and G50). ¢ snapshots are shown in cartoon, and all structural regions are abbreviated and
colored or shaded as in Figure 1(b) and Figure 3, respectively.

these centroid structures (e.g., cO from RMSD
clustering and cO from PL dihedral clustering)
have the same overall conformations (Figure 8(a,
b)). Importantly, this correlation is absent when
clustering is performed using PTL or LH
nucleotide dihedral angles (Figure 8(c)) instead of
the PL nucleotide dihedral angles. Taken together,
these data suggest that global € motions uniquely
correlate with PL conformations (Figure 8).

We then analyzed the link between PL flexibility
and ¢ conformational sampling by calculating the
dynamic cross-correlation matrix from our three ¢
R3 1 ps MD trajectories, as previously described®
(Supplementary Script S4). This analysis can reveal
correlated and anti-correlated motion with nucleo-
tide resolution. As expected, strong correlations
(=1.0, red regions on the plot) were observed along
the diagonal (Figure 9(a)), corresponding to self and
base pair interactions. Interestingly, there was a sig-
nificant (<—0.5, blue regions on the plot) anti-
correlation between nucleotides in the PL (A13-
C19) and the PTL (A28-G35) and the 3'-end (A55-
G58) (Figure 9(a)). These are clearly long-range

events that do not involve direct interactions
between nucleotides (Figure 9(b)). Nevertheless,
these anti-correlated motions between the PL and
PTL and 3'-end likely explain the vast spread in glo-
bal ¢ orientations that are observed in the centroid
structures (Figure 8(b)).

Finally, we carried out additional 1 pus MD
trajectories on all ¢ NMR conformers, designated
R1-R10.°° As one means of quantifying the global
sampling of ¢, we measured the overall global bend
between the helices. To this end, a simple angle (®)
convention was used, where the center of mass of
the first turn of the LH (i.e., G2-A6 and U56-C60),
the PL and its flanking nucleotides (i.e., A13-A20,
U48, and U49), and the second turn of the UH
(i.e., U25-G30 and C37-G42) defined the three
points (Figure 10(a) and Supplementary Script
S5). Using data from all MD trajectories (i.e., three
of ¢ R3 and new simulations of ¢ R1-R10), the vast
sampling of ® angles from 65° to 180° suggests a
large conformational space with many global rear-
rangements (Figure 10(b)). We then employed prin-
cipal component analysis (PCA) of the covariance
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Figure 8. Global ¢ motions correlate with priming loop conformations. (a) 2D-RMSD plot comparing centroid
structures from K-means clustering analysis of the set of three ¢ R3-based 1 us MD runs using global RMSD of the
backbone phosphorus atom of nucleotides G2-C61 (x-axis) and backbone and chi dihedrals (i.e., a, B, v, 9, €, {, and )
of the PL nucleotides A13-A20 (y-axis). (b) Representative structural overlays with percentage of ensemble from
global RMSD (first percentage) and PL dihedral (second percentage) clustering. Centroids of interest are shown in
cartoon with structural regions colored as in Figure 1(b). All remaining centroids are shown in transparent cartoon, all
aligned at the backbone phosphorus atom of the PL (i.e., A13-A20, U49, and G50). (c) Same 2D-RMSD plot as in (a)
except clustering by dihedrals (y-axis) of the PTL nucleotides C31-C36 (left) or LH nucleotides G2-A13 and U49-C61

(right).
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Figure 9. The ¢ priming loop shows anti-correlated motion with the pseudo-triloop and 3'-end. (a) Dynamic
cross-correlation matrix is shown with ¢ structural regions abbreviated as in Figure 1(b). The matrix was calculated for
all non-hydrogen atoms per nucleotide from the conformational space sampled in the three € R3 1 us MD trajectories,
as previously described.>* Correlation coefficients signify which regions display correlated (>0.5, red regions on the
plot) and anti-correlated (<0.5, blue regions on the plot) motions. (b) Regions of anti-correlation mapped onto ¢ R3
(PDB code 6VAR®).

matrix of all MD trajectories to extract the dominant in the covariance matrix, respectively, and therefore
modes of global RNA motion sampled in these sim-  describe the majority (>61 %) of motional modes.
ulations (Supplementary Script S6). PC1 and PC2  While € samples a vast amount of conformational
account for 43.6 % and 18.8 % of the eigenvalues  space (Figures 10(c) and S8), no single simulation
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Figure 10. Vast conformational sampling of €. (a) Schematic definition of the angle ® mapped onto the top-
ranked £ NMR conformer (PDB code 6VAR®). (b) Normalized population data of the distribution of ® sampled for all
13 MD trajectories. (c) PCA of the modes of motion along PC1 and PC2 for all 13 MD trajectories. R3?, R3°, and R3°
refer to the initial three independent 1 us MD runs of ¢ R3.

visits all the possible conformations, suggesting
that our simulations show no obvious convergence.
Instead, our simulations investigate potential con-
formations and demonstrate that wide global rear-
rangements in € are possible and likely occur on a
time scale beyond the MD sampling (i.e., 1 us).

Discussion

The cis-acting regulatory stem-loop & plays a
central role in the HBV life cycle.'® ' Its interaction
with P is critical for genome replication and there-
fore an attractive therapeutic target.’>'® Unfortu-
nately, lack of structural data on P limits our
understanding of this interaction and its subsequent
functions. Our recent NMR structure of full-length
(61-nt) €% provides an important starting point to
an improved understanding of HBV replication. In
addition to structural data, initial '*C n,, relaxation
measurements suggest that nucleotides in the PL,
PTL, and U43 bulge are flexible on the ps to ns time
scale (Figure S1(b)).>> Given that these region are
required for the &-P interaction®®2° and subsequent
P-pgRNA packaging'’'#?**° and DNA synthe-
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sis,?#*297%0 oyr data imply the functional impor-

tance of these motions. Whether or not ¢ by itself
experiences conformational dynamics on additional
time scales beyond ps to ns was completely
unknown until this work, and we anticipate that such
knowledge would add valuable insight to the &-P
binding mechanism.

¢ undergoes motion on multiple time scales in
conserved nucleotides critical for HBV
replication

To begin to fill this critical knowledge gap, we
combined NMR and MD simulations to provide a
robust description of £ dynamics in the free state.
3C spin relaxation measurements were used to
assess fast motions on the ps to ns time scale. In
agreement with our recent work® and previous
NMR studies,*® nucleotides in the PL (C14-C19
and adjacent A20, U48, and U49), PTL (U32-C36
and adjacent G30), and U43 bulge (and adjacent
G41 and G42) undergo fast ps to ns motions (Fig-
ures 3 and 4). To unambiguously determine if ¢
experiences motion on the slower pus to ms time
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scale, we employed 'H CPMG relaxation dispersion
measurements. Interestingly, nucleotides in the PL
(C14, U15, U17-C19, U48, and U49), PTL (U32,
U34, and C36), and U43 bulge all experience con-
formational exchange (Figures 5 and 6) that is fast
on the NMR time scale with a global exchange rate
and lifetime of ~2,700 s~' and ~370 us, respec-
tively (Table S4). These observations suggest that
slower motions are superimposed onto faster ones,
with the notable exception of G16 and G33 in the PL
and PTL, respectively (Figures 3—6). It is important
to note that our NMR measurements only sample a
subset of motional time scales. Additional studies
are therefore needed to determine if € undergoes
dynamics on time scales outside the detectable
range of spin relaxation and CPMG. Some of these
experiments (e.g., chemical exchange saturation
transfer (CEST) and off-resonance R;,) would also
provide the structural characterization (i.e., popula-
tions and chemical shifts) that our initial CPMG
measurements are lacking.

To gain additional insight into the conformational
dynamics of &, MD simulations were carried out on
¢ R3. RMSD analysis reveals that nucleotides in
the PL (A13-A21 and U48-G50), PTL (C31-C37),
and U43 bulge (G42-G44) show increased
sampling on the ns to us time scale (Figures 7(a,
b) and S6), consistent with our NMR data (Figures
3 and 4). In an attempt to provide some structural
insight regarding local dynamics in ¢, we took PDB
snapshots along our ¢ R3 MD trajectories. These
analyses reveal that nucleotides in the PL, PTL,
and U43 bulge undergo a series of nucleobase
flipping events and backbone reorganizations
(Figures 7(c) and S7). While the MD runs do not
extend to the time scale that our '"H CPMG data
report on, these data may nevertheless be useful
in hinting at the structural rearrangements that
take place on the longer ps to ms time scale.

To better understand the conformational variety in
e, we clustered together of all MD-sampled
conformations of ¢ R3 (Figure 8). Interestingly,
there was a correlation between the dominant PL
orientations (cluster centroids from backbone and
chi dihedral angle clustering) and the global
motions of the RNA (cluster centroids from
backbone phosphorus RMSD clustering) (Figure 8
(a, b)). Indeed, the representative centroid
structures display of a wide variety of both PL
conformations and global sampling (Figure 8(b)),
suggesting that the high degree of PL flexibility
prevents ¢ from adopting a single, stable
conformation. Instead, PL flexibility enables global
¢ flexibility. Dynamic cross-correlation matrix
analysis suggests that anti-correlated motions
between the PL and PTL and 3'-end (Figure 9)
likely explain the vast spread in global ¢
orientations. To gain a better understanding of the
conformational space of ¢, we carried out 1 us MD
simulations on all ¢ NMR conformers R1-R10. We
observed a vast amount of sampling, as
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measured by the interhelical angle ® (Figure 10
(b)) and PCA (Figure 10(c)). Given that there was
no obvious convergence in our MD simulations,
global rearrangements in ¢ likely occur on a time
scale beyond the MD sampling (i.e., 1 ps). This is
consistent with the overall interpretation of our 'H
CPMG data, which suggests that ¢ samples low
populated, transient states on the ps to ms time
scale (Figures 5 and 6). Interestingly, while the
conformational variation in ¢ is dramatic, the
vectors of amplitudes of motion of the PC1
projection demonstrate that these motions revolve
around an average structure similar to our
structural model (PDB code 6VAR®®) (Figure S8).
Taken together, our combined NMR and MD data
suggest that £ undergoes conformational dynamics
on multiple time scales (Figure 11(a)). Moreover,
these motions are localized to nucleotides that are
highly conserved and functionally important
(Figure 11(b)). That is, every dynamic nucleotide
in the PL, PTL, and U43 bulge is completely
conserved except C14, G16, U32, and G35, and
all nucleotides but G42 vary in fewer than three
HBV strains (Figure 11).%” While nucleotides in rigid
structural elements (e.g., helices) may be con-
served to maintain their structure, the motions in
the non-helical PL, PTL, and U43 bulge nucleotides
are likely conserved for their biological function.

Conformational dynamics of ¢: Implications for
HBYV replication

The diversity of RNA sequence- and structure-
specific requirements for HBV replication (Figure 1
(b, c)) suggests that each step (i.e., P binding, P-
pgRNA packaging, protein-priming, and DNA
synthesis) (Figure 1(a)) may require distinct
conformations of e¢. Moreover, there are ¢
conformational states beyond unbound, P-bound,
and priming-competent, as evidenced by the case
where e-P  binding occurs without protein-
priming.”® Nucleotide motions may therefore enable
binding to P and cellular HFs, and facilitate confor-
mational changes required for P-pgRNA packaging,
protein-priming, and DNA sgnthesis, as suggested
for the related duck HBV.?">°

Using this framework, we hypothesize that
dynamics may be linked to function as follows.
Given that the PL and U43 bulge are required for
P binding (Figure 1(b, ¢)),”**° nucleotides with fast
ps to ns motions in these regions could facilitate this
interaction. Although the PTL is dispensable for P
binding (Figure 1(b, c)),?® it is proposed to interact
with cellular HFs that are needed for P-pgRNA
packaging and protein-priming.® Again, ps to ns
motions in the PTL may promote binding to HFs.
Both scenarios could involve conformational cap-
ture mechanisms, whereby mobile nucleotides facil-
itate binding interactions. Superimposed on these
fast motions, it is likely that a series of complex con-
formational changes on a slower time scale could
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Figure 11. Summary of ¢ dynamics data as they relate to nucleotide conservation. (a) '°C spin relaxation, 'H
CPMG relaxation dispersion, and MD whole-atom RMSD data mapped onto the secondary structure of €. Even
though each nucleotide is denoted as either experiencing ps to ns and/or us to ms motions there are instances where
this is true only for the nucleobase (i.e., purine-H8/C8 or pyrimidine-H6/C6) or ribose (i.e., C1’ or H1’) moieties
(Figures 3-6). Dynamic nucleotides from the 5'- and 3'-ends have been excluded given that they likely experience
motions due to base pair fraying. (b) Nucleotide mutations and conserved mobile nucleotides mapped onto the
secondary structure of &. Nucleotides with at least one mutation described among 1,025 HBV strains from the
literature, and/or observed by Wijmenga and co-workers®’ in 205 strains, are shown in gray. Mutations shown in
parentheses have been seen in fewer than three strains. Asterisks show a coincidental double base-pairing mutation
in one strain. Conserved mobile nucleotides were shown to be dynamic by both NMR (*3C spin relaxation or 'H

CPMG) and MD.

alter contact networks between ¢, P, and HFs to
encourage P-pgRNA packaging, protein-priming,
and DNA synthesis. Fast exchange events in the
PTL (e.g., U34-H6 and C36-H1’) (Table S4) could
initiate the transition of the &-P-HF complex to its
priming-competent state, which likely involves cellu-
lar HFs.?® Then, other exchange processes may
position ¢ within the P complex and cellular HFs to
prepare the priming complex and present the 3'-
end of the PL to the TP domain to prime and initiate
reverse transcription. In the absence of additional
experimental data, this must remain purely
speculative.

In conclusion, our combined NMR and MD data
indicate a series of complex motions on multiple
time scales within ¢ (Figure 11(a)). This work
provides a useful follow-up to our recent ¢ NMR
structure® and underscores an important reality:
rather than a single, stable structure, & exhibits a
dynamic conformational ensemble with motions
that occur in conserved structural regions (i.e., PL,
PTL, and U43 bulge) that are critical for function
(Figures 1(b, c) and 11). Taken together, our work
implicates RNA dynamics as an integral part of
HBYV replication. RNA dynamics must therefore be
taken into consideration in future therapeutic efforts
using ¢ as a target. Explicit confirmation of our pro-
posed dynamic model would require NMR mea-
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surements of ¢ in the presence of P, or at least its
RT domain, which at present is not feasible. Our
dynamic description of unbound ¢ therefore pro-
vides a necessary starting point for a detailed
understanding how RNA dynamics regulates HBV
replication, which must consider important metal
ion requirements (e.g., Mg®*), structural dynamics
of protein cofactors, and their interplay within the
cellular context.

Methods

NMR sample preparation

¢ RNA samples were prepared by T7 RNA
polymerase-based in vitro transcription following
well established protocols,”® and as recently
described.*? After transcription, RNA was extracted
with acid-phenol:chloroform, ethanol precipitated,
purified by preparative denaturing polyacrylamide
gel electrophoresis, and electroeluted. The samples
were subsequently dialyzed five times against
UltraPure ddH,0, folded in NMR buffer (10 mmol/
L NasPO,4 pH 6.5, 0.1 mmol/L EDTA), lyophilized,
and resuspended in DO (99.9%). This NMR buffer,
which lacks Mg?*, was used in order to remain con-
sistent with previous ¢ NMR studies.®*® NMR
sample concentrations were between 0.5-
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0.7 mmol/L in 0.3 mL (calculated using a molar
extinction coefficient of 768.3 (mmol/L)'cm™).
For all NMR experiments, three atom-
specifically*®™" labeled & samples were used: (1)
[1/,8-'3C,]-ATP and [1',8-'3C,]-GTP labeled, (2)
[1/,6-'3C,, 5-H]-CTP labeled, and (3) [1/,6-'°C,,
5-°H]-UTP labeled (Figure 2). These labeling pat-
terns approximate isolated heteronuclear spin pairs
in both the nucleobase (i.e., purine H8-C8 and
pyrimidine H6-C6-) and ribose (i.e., H1’-C1’) moi-
eties to reduce spectral crowding and permit NMR
measurements free of complications from '*C-'3C
scalar and dipolar couplings.*®™*®

3C NMR spin relaxation experiments

Transverse relaxation optimized spectroscopy
(TROSY)-detected '°C R;, on-resonance Rj,, and
steady-state {'H}-'3C hNOE experiments were
adapted from previous pulse sequences®’>® and
collected at 298 K on an Avance |l Bruker Ultra-
shield Plus 600 MHz spectrometer with a room tem-
perature triple resonance probe and an 800 MHz
Avance Il Bruker spectrometer equipped with a tri-
ple resonance cryogenic probe. Ry and R,, experi-
ments were each collected in an interleaved
manner with relaxation delays specified in
Table S9. In these experiments, recycle delays of
1.5 s and 2.5 s were used at 600 MHz and
800 MHz, respectively. R, rates were obtained from
R, and Ry, according to the following relations:*°

Ryp = Ri(cos?0) + Ry(sin’0)and0 = tan™' (%)
where o, is the strength of the spin-lock field and Q is the
offset from the spin-lock carrier frequency. In the Ry,
experiments, o4 and Q were 1.9 kHz and 6.0 Hz,
respectively. In the saturation hNOE experiments,
recycle delays of 1.5 s were used and saturation
delays of 5.0 s and 7.0 s were used at 600 MHz and
800 MHz, respectively. Proton saturation was achieved
using a hard 180° pulse. In the no saturation hNOE
experiments, delays of 6.5 s and 8.5 s were used at
600 and 800 MHz, respectively, to match delays in the
saturation experiments. hNOE values were obtained

according to the following relations:®°-%2

hNOE = 1 + <M>
leq

where [s4; and g4 are intensities of the 3C resonances
when the 'H resonances are saturated or not.
Additional experimental parameters are provided in
Table S10. '3C relaxation measurements were carried
out at 600 MHz and 800 MHz for nucleobase sites and
only 800 MHz for ribose sites. The latter was due to
worse signal-to-noise and spectral overlap in the ribose
region at lower magnetic field.

NMR spectra were processed and analyzed with
TopSpin 4.0 and NMRFx processor.®® Ry and Ry,
relaxation rates were determined by fitting peak
intensities to an exponential decay function using
RELAXFIT.®* Errors in hNOE and Ry values were
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estimated by propagating the error in peak intensi-
ties from duplicated experiments whereas errors
in R4, values were estimated from spectral signal-
to-noise using RELAXFIT.®* We did not conduct a
Model-Free®® analysis of the '°C relaxation data
given its many assumptions (e.g., molecular rota-
tional anisotropy, '*C—"3C dipolar couplings, and
uncertainty in nucleobase CSA values, especially
in different structural regions). We therefore opted
for a qualitative analysis, as previously described.®®
That is, local motions were determined from individ-
ual relaxation parameters, whereby elevated R;
and hNOE values (>1 SD above the mean) and
attenuated R, values (<1 SD below the mean) indi-
cate fast motions on the ps to ns time scale. For a
more robust analysis, we calculated p according
to the following relation:**

~ 4J(0) _2R.— Ry —HF;
T 8J(we) Ry —HF,

where J(0) and J(w) are spectral density components at
o = 0 and o = oc and HF; and HF, are high frequency
components of the spectral density which are defined
in the original work.*> p calculations were made with
ROTDIF.*® In this analysis, attenuated p values (<1 SD
below the mean) indicate fast motions on the ps to ns
time scale.

"H CPMG experiments

TROSY-detected 'H Carr-Purcell-Meiboom-Gill
(CPMG) experiments were adapted from previous
pulse sequences’® ™’ and collected at 298 K on
an 800 MHz Avance Il Bruker spectrometer
equipped with a triple resonance cryogenic probe.
CPMG modules were used to obtain the effective
relaxation rate (Ro «) as a function of the frequency
at which 180° pulses are applied (vcpma) during a
constant time relaxation period (Tieax).’’ The
CPMG module is a set of N repeated blocks of delay
(t)-180° pulse (m)-delay (1) (tCPMG-n-tCPMG)
such that 2 x N x tCPMG = T,gax. In the CPMG
experiment, T,oax Was set to 40 ms, recycle delays
of 1.5 s were used, and the vcpyg Was varied as
specified in Table S11. Additional experimental
parameters are provided in Table S12. NMR spec-
tra were processed and analyzed with TopSpin
4.0 and NMRFx processor.®® R ¢ rates were deter-
mined according to the following relation:

1 I(Vepma)
Trelax In ( I0 >

where |y and I(vepmg) are peak intensities measured
without and with the constant-time relaxation period,
respectively. Errors in Rpe¢ were estimated from
spectral signal-to-noise using RELAXFIT.%*

For R, relaxation dispersion, three exchange
models exist: (1) no exchange (Rzef = R2,0), (2)
fast exchange (kex > d®), and (3) slow exchange
(i.e., outside of the fast regime). Fast exchange
can be modeled wusing the Luz-Meiboom

equations:°%-®

RZ,eff = -
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eX

4Veema < K )}
tanh
kex 4VCPMG

where Rz is Roerr at infinite vepmg Or no exchange
(Rex = 0) and kex is the exchange rate. In fast
exchange, it is not possible to fit p,, pp, Or dw. Instead,
only Rz, Rexs Kex, and 877 can be obtained.**>* For
exchange outside the fast regime, data can be fit to a
model using the Carver Richards equations®® to extract
R2,Ov keX1 pa, pb! and oM.

The presence of chemical exchange and the
appropriate exchange regime (i.e., fast, slow, or
no exchan%e) was identified and selected based
on the AIC®">® (see Methods and Tables S4 and
S5). To increase the robustness of our results, the
CPMG data were fit to both ShereKhan®® and rdnmr
(version 1.5)’° and the outputs were compared
across the three programs. All exchange processes
were determined to be in the fast exchange regime,
and the extracted parameters from each analysis
showed strong agreement (Table S6).

R2,eff = RZ.O + Rex 1-—

MD simulations

The Amber20 software package’' was used to
perform MD simulations with the ff99LJbb"? force
field (source file leaprc.RNA.LJbb), which combines
the OL3’® parameter set, the Steinbrecher and
Case phosphate oxygen van der Waals radii,”*
and the OPC water model”®>’® to model RNA. The
receptor PDB files were input into the Amber LEaP
module which combined them with OPC waters,
Joung-Cheatham’’ monovalent ions (Na*/CI), and
the RNA-specific force field parameters mentioned
above to generate the topology and coordinate files.
Explicit solvent molecular particle mesh Ewald
(PME) dynamics simulations were utilized.”® RNA
was placed in a cuboid solvent box with OPC waters
and the minimum distance between the solute and
solvent box boundary was set at 12 A. The net
solute charge was neutralized with Na* ions, and
additional Na*/CI" ion pairs were added to simulate
the net 150 mmol/L salt concentration for the entire
system. Simulations were run with 2 fs time steps,
employing the SHAKE algorithm to constrain all
hydrogen bonds in the system. The Berendsen
thermostat’® and algorithm were used to maintain
the simulation temperature of 300 K and to maintain
the pressure at 1.0 Pain NPT simulations used in all
phases of MD. A cut-off of 9 A for the non-bonded
interactions was used and explicit solvent periodic
boundary conditions were employed.

A 12-step equilibration protocol was used in all
simulations that started with energy minimization
of the solvent (while the RNA was restrained),
followed by multiple short phases of heating to
300 K, dynamics at 300 K, and energy
minimizations with gradually decreasing harmonic
restraints applied to the solute. The last phase of
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the equilibration protocol was an unrestrained
heating to 300 K, ramped up over 0.2 ns and kept
at the steady target temperature for a total time of
2 ns. Following equilibration, three independent,
unrestrained (production) MD simulations were
performed for 1 ps for ¢ R3 (PDB code 6VAR®)
(i.e., R3%, R3° and R3°).

Repeated simulations on all ¢ NMR conformers
R1-R10 (PDB code 6VAR®*) were solvated in an
octahedral TIP4Pew® water box, with a 10 A buffer
between the solute and edge of the box. The
ffo9LJbb forcefield previously described was used,
combined with Joung-Cheatham’’ monovalent ion
parameters. The net solute charge was neutralized
with Na* ions, and additional Na*/ClI" ion pairs were
added to simulate the net 10 mmol/L salt concentra-
tion for the entire system. The protocol described by
Roe and Brooks was used to prepare the system for
dynamics.®’ MD were run in constant volume using
the pmemd.cuda.MPI implementation in
Amber20.%* The Langevin thermostat®® was used
to maintain temperature at 300 K, with a collision
frequency of 2 ps~'. Random seeds were used for
each restart to avoid synchronization artifacts.®*
Hydrogen mass repartitioning was used so a 4 fs
timestep could be employed.“® SHAKE and default
PME settings were used as described above.

The Amber CPPTRAJ®*® module was used for
analysis. RMSD calculations were performed using
the MD trajectories (excluding the 2 ns equilibra-
tions) with ¢ R3 used as the reference structure.
The 1 ps trajectories were sampled in 0.1 ns steps
to yield 10,000 data points and calculations were
made considering all atoms within a 3-nt window
(i.e., G1-US3,...,A59-C61). K-means clustering anal-
ysis was employed individually for the set of three ¢
R3-based 1 pus for MD runs or as an ensemble (Sup-
plementary Scripts S2 and S3). Clustering was car-
ried out using either the global RMSD of the
backbone phosphorus atom of nucleotides G2-
C61 or backbone and chi dihedral angles (i.e., a,
B, v, 6, & ¢, and ) from PL (i.e., A13-A20), PTL
(i.e., C31-C36), or LH (i.e., G2-A13 and U49-C61)
nucleotides. From these data, five representative
centroid structures can be selected that minimize
the distance between all other points in the cluster.
CPPTRAJ was also used for measuring the
dynamic cross-correlation matrix,>* interhelical
angle ©, and PCA (Supplementary Scripts, S4-S6).

Each set of simulations were carried out using
different simulation conditions that approximate
either the in vivo environment (i.e., 150 mmol/L
NaCl as in R3?, R3°, and R3°) or the £ NMR buffer
(i.e., 10 mmol/L NaCl as in R1-R10). Moreover,
the three independent simulations on R3 were run
using OPC water model and the ff99LJbb
forcefield. The follow-up MD runs on R1-R10 were
carried out with the TIP4Pew water model and the
ffo9LJbb forcefield. It is important to note that the
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same RNA forcefield was used and only the water
model varied. Based on previous reports,’® we do
not expect our MD analysis or interpretations to be
impacted by using either the TIP4P-Ew or OPC
water model. This is evidenced in our interhelical
angle O (Figure 10(a, b)), PCA (Figure 10(c)), and
dynamic cross-correlation matrix (Figures 9 and
892) analyses, which show that data from R3?,
R3, and R3° lie within the range of data from R1-
R10. Moreover, previous NMR experiments sug-
gest that € experiences minimal chemical shift per-
turbations with different buffer conditions.*”
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frequency of 180° refocusing pulse in CPMG experiment;
kex, €Xchange rate; p,, population of major state; py,
population of minor state; dw, chemical shift difference
between major and minor state; Rz o, Ro auto-relaxation;
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AIC, Akaike Information Criterion; 1.y, €xchange lifetime;
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HF4, high frequency component 1 of the spectral density;
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