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ABSTRACT

Native folded and compact intermediate states of RNA typically involve tertiary structures in the presence of divalent ions
such as Mg?* in a background of monovalent ions. In a recent study, we have shown how the presence of Mg?* impacts the
transition from partially unfolded to folded states through a “push-pull” mechanism where the ion both favors and disfa-
vors the sampling of specific phosphate-phosphate interactions. To further understand the ion atmosphere of RNA in fold-
ed and partially folded states results from atomistic umbrella sampling and oscillating chemical potential grand canonical
Monte Carlo/molecular dynamics (GCMC/MD) simulations are used to obtain atomic-level details of the distributions of
Mg?* and K* ions around Twister RNA. Results show the presence of 100 mM Mg?* to lead to increased charge neutral-
ization over that predicted by counterion condensation theory. Upon going from partially unfolded to folded states, over-
all charge neutralization increases at all studied ion concentrations that, while associated with an increase in the number of
direct ion-phosphate interactions, is fully accounted for by the monovalent K* ions. Furthermore, K™ preferentially inter-
acts with purine N7 atoms of helical regions in partially unfolded states, thereby potentially stabilizing the helical regions.
Thus, both secondary helical structures and formation of tertiary structures leads to increased counterion condensation,
thereby stabilizing those structural features of Twister. Notably, it is shown that K* can act as a surrogate for Mg?* by par-
ticipating in specific interactions with nonsequential phosphate pairs that occur in the folded state, explaining the ability of
Twister to self-cleave at submillimolar Mg?* concentrations.
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INTRODUCTION pact structures (Woodson 2010). The ionic atmosphere
around the RNA provides the electrostatic shielding to fa-
cilitate this process (Draper 2004). The role of divalent
ions to stabilize the folded tertiary structure of RNA mole-
cules has been explored extensively (Li et al. 2011; Cunha
and Bussi 2017; gponer et al. 2018). Divalent ions, such
as Mg?*, can be hundreds of times more efficient at facili-
tating and stabilizing the tertiary interactions as compared
to monovalent ions like Na* (Kim et al. 2002). However, a
combination of mono- and divalent ions, such as found in
physiological conditions, works in a synergistic way to fur-
ther facilitate folding of RNA (Onoa and Tinoco 2004).
Forexample, even with saturating Mgz+ there is a monova-
lent cation-binding site associated with the formation of a
variant of the 58-nt E. coli rRNA fragment (GACG RNA) ter-
tiary structure and Mg?* is ineffective at this site (Shiman
and Draper 2000). The Twister ribozyme represents an in-
teresting case as it self-cleaves at Mg®* at submillimolar

RNA is currently a trending topic in fundamental biological
studies and as a target for the development of therapeutic
strategies (Disney 2019). Central to many functions and char-
acteristics of RNA is its ability to fold into well-defined three-
dimensional structures (Westhof and Auffinger 2000).
Accordingly, itisimportant to understand the folding mech-
anisms of RNA. Over the years, various experimental and
computational approaches have been used to investigate
the folding patterns of RNAs (Onoa and Tinoco 2004;
§poner et al. 2018), including their interactions with ions
(Heilman-Miller et al. 2001a,b; Kirmizialtin et al. 2012;
Denesyuk and Thirumalai 2015; Panja et al. 2017).
However, it is still unclear how the polyanionic structure of
RNA in conjunction with the complex ionic atmosphere al-
lows for RNA molecules to achieve stable tertiary structures.

It is well established that the negatively charged phos-
phate backbone of polynucleotides needs to overcome

the huge electrostatic repulsion in order to fold into com-
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Variations in ionic atmosphere as RNA folds

concentrations (Panja et al. 2017; Korman et al. 2020), sug-
gesting an important role of the monovalent ion in stabiliz-
ing folded states for this RNA.

Computational investigations of simultaneous mono-
and divalent ion interactions with polynucleotides have
observed limited success and have largely been per-
formed on folded states or lack comprehensive spatial
sampling of ions around the RNA (Yoo and Aksimentiev
2012; Ucisik et al. 2016; Fischer et al. 2018; Xi et al.
2018). A significant step forward are studies using
coarse-grained models from the Thirumalai group that
have had success in prediction of ion condensation, the
specificity of Mg?"-RNA interactions and to understand
RNA folding in mono- and divalent ion mixtures using
both fully explicit ion representations and treatment of
the monovalent ions using the reference interaction site
model (RISM) (Denesyuk and Thirumalai 2013, 2015;
Denesyuk et al. 2018; Hori et al. 2019; Nguyen et al.
2019). A comparative study using small-angle X-ray scat-
tering experiment and MD simulation was able to charac-
terize the ionic cloud around a short RNA duplex (Pabit
et al. 2010; Kirmizialtin et al. 2012). However, this ap-
proach used Rb* as the monovalent ion and Sr** as the
divalent ion, diverting away from physiologically relevant
ions. Overall, it is still not totally clear how an ionic atmo-
sphere that includes both divalent and monovalent
(Mg2+ and K¥) ions recognizes and treats the conforma-
tional heterogeneity and flexibility along with polyanionic
backbone of oligonucleotides and facilitates the folding of
complex tertiary structures such as Twister ribozyme.

This study builds on our recent work where we have im-
plemented a combination of enhanced sampling methods
to understand the impact of Mg®* ions at four different
concentrations on partial unfolding of the Twister ribo-
zyme (Kognole and MacKerell 2020). Umbrella sampling
(US) was applied to model the energetics associated with
sampling of the native and partially unfolded states of
Twister ribozyme. The reaction coordinate (RC) was de-
fined as the distance between centers of masses of two
parts of the Twister ribozyme (Supplemental Fig. S1a)
such that with increasing distance the major tertiary inter-
actions would be broken motivated by experimental stud-
ies on Twister (Panja et al. 2017). This yielded free energy
profiles for different MgCl, concentrations from the native
states through partially unfolded states that lacked tertiary
structure but maintained the secondary structural features;
recent RNA folding studies have similarly shown second-
ary, helical structures to form prior to the formation of ter-
tiary structures (Nguyen et al. 2019).

To investigate the impact of Mg?* concentration on the
free energy surfaces, Mg?*, K*, and CI~ distributions
were explicitly modeled along the RC using oscillating
Hex grand canonical Monte Carlo/molecular dynamics
(GCMC/MD) (Lakkaraju et al. 2014). The GCMC/MD ap-
proach was previously shown to recapitulate known Mg?*

binding sites as well as identify new sites in four RNAs
(Lemkul et al. 2016) and the approach facilitated a study
of Mg®* binding to and allosteric modulation of the p-opi-
oid receptor (Hu et al. 2019; MacKerell 2019). Overall, the
combined US-GCMC/MD approach achieved resampling
of both mono- and divalent ions around the native and par-
tially unfolded states of Twister yielding an atomic level pic-
ture of how Mg?* contributes to the folding of Twister.
Specifically, the study showed the divalent ion to stabilize
RNA through overall stabilization of specific nonsequential
nonbridging phosphate oxygen (NBPO) pairs, consistent
with the observation of Hori et al. (2019). Notably, this
was observed to occur through a “push-pull” mechanism
where specific nonsequential NBPO pairs were stabilized
by Mg®* while other NBPO pairs were simultaneously de-
stabilized. Presently, further analyses of those simulations
are undertaken revealing atomic details of the ionic atmo-
sphere around Twister from native to partially unfolded
states of the RNA, including the nature of the competition
between the divalent Mg?* and monovalent K* counter-
ions included in the study.

RESULTS AND DISCUSSION

The previous study focused on local interactions of Mg®*
with the RNA and how they stabilize the native state and im-
pact free energy of the sampled partially unfolded states.
From that study a “push-pull” mechanism was established
in which the presence of Mg?* leads to increased sampling
of some short interactions between NBPOs while decreas-
esin the sampling of other short NBPOs simultaneously oc-
cur. Thisleads to an overall increase in the sampling of short
nonsequential NBPO interactions, thereby favoring the
folded state. As those simulations were performed in a
background of 100-200 mM KCl at four different Mg®* con-
centrations (Supplemental Table S1) significant atomistic
information on the ion atmosphere around the RNA along
the sampled folding profile is available. Here, we presenta
detailed analysis of the ion distribution around the Twister
ribozyme at the fully folded, inflection point and the partial-
ly folded structures sampled in the US simulations in the
previous study. The potentials of mean force from the US
calculations are shown in Supplemental Figure S1b, which
indicates the three regions along RC that are referred to in
the following analyses.

Impact of Mg?* on charge neutralization

Counterion condensation (CIC) theory has been widely
used toward characterization of the ion atmosphere around
nucleic acids (Heilman-Miller et al. 2001b), although it is
formally only applicable to polynucleotides such as DNA
duplexes that have a rod-like shape (Savelyev and
MacKerell 2014). The primary role of the counterions is
neutralization of the polyanionic charge allowing the
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oligonucleotide to collapse into compact structures
(Thirumalai etal. 2001; Draper etal. 2005). Accordingly, ini-
tial analysis investigated the effect of different concentra-
tions of divalent ions around the RNA on percent charge
neutralization (%CN) (Savelyev and MacKerell 2014).
According to CIC theory for a rod-like structure with uni-
formly distributed charge there will be 76% charge neutral-
ization by condensed counterions within a 9 A Manning
radius (Manning 1978). Although Twister has a more com-
plex structure than the rod-like shape of duplex DNA, we
calculated the average number of counterions condensed
around the nonhydrogen atoms of Twister to find the dis-
tance needed to achieve a target charge neutralization of
76% and how the increasing Mg®* concentration impacted
the charge neutralization. Figure 1 shows that at the native
state with increasing Mg?®* concentrations the distance to
achieve 76% charge neutralization reduced significantly
from ~11 A at 0 mM MgCl, to ~5.5 A at 100 mM MgCl,.
For the 10 MM and 20 mM MgCl; systems the relevant dis-
tances are in the range of 9 to 10 A. The 5.5 A distance for
76% charge neutralization in the 100 mM system indicates
the effectiveness of Mg®* ions to condense around the
RNA. This is obviously associated with the divalent nature
of the Mg?" ion in conjunction with its high charge density
requiring lower entropic costs for redistribution of ions
and waters around the complex RNA (Draper 2004).
While this effect is prominent in the 100 mM system, the
10 and 20 mM systems show similar but smaller effects.
This indicates that Mg®* at the higher concentration con-
tributes to stabilization of the RNA via charge neutralization
in addition to specific interactions with the RNA seen in our
previous work (Kognole and MacKerell 2020) and earlier by
Hori et al. (2019).

Increased ion condensation near the folded state

The ion distributions and RNA conformations from the US
allows investigation of the effect of counterion condensa-
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FIGURE 1. Percent charge neutralization by counterions at the native
state (RC = 14-16 A) at different MgCl, concentrations as a function of
distance from all nonhydrogen atoms of Twister. The dashed line indi-
cates the 76% charge neutralization predicted by counterion conden-
sation theory (see text).
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FIGURE 2. Percent charge neutralization (%CN) based on an 8 A cut-
off from all heavy atoms of twister at various stages of the reaction
coordinate.

tion on charge neutralization at various partially folded
states of Twister ribozyme. Figure 2 shows the %CN based
on an 8 A cutoff as a function of the RC. In all systems there
is approximately a 4%-5% reduction in charge neutraliza-
tion at the most unfolded conformations sampled com-
pared to the native state. As reported in our previous
study, even in the most unfolded states at RC =40 A the
amount of secondary structure is similar to that in the na-
tive state. Thus, the presence of decreased charge neutral-
ization atlonger RC values indicates the contribution of the
tertiary structure of RNA on the ability of the counterions to
condense around the RNA, which is not anticipated in CIC
theory, as previously discussed (Hori et al. 2019). This ef-
fect occurs with K* as well as Mg®* as indicated by its oc-
currence in 0 mM MgCls. The results also indicate that the
condensation of K* contributes to stabilization of the fold-
ed states of Twister, consistent with the ability of the RNA
to assume compact structures in low Mg?®* concentrations.

Given the increased %CN as the RNA assumes the fold-
ed state more detailed analysis was undertaken by deter-
mining the number of ions in the environment of the
RNA along the sampled RC. The analysis involved different
cutoffs presented in the methods where a 3 A cutoff de-
fines direct contact of ions with NBPOs, 3-5.5 A represents
outer-shell contacts, 5.5-8 A range represents diffuse
(nondehydrated) contacts and ions beyond 8 A are not
considered as condensed ions. As shown in Table 1, for
the 100 mM MgCl, system the number of both Mg?*
and K" in direct contact with the RNA increase upon going
from partially unfolded to more folded states. Interesting-
ly, with Mg?* the increase of ions directly interacting with
the NBPOs is associated with a decrease in the number
of outer-shell ions with the number of nondehydrated
ions (Mg?* within 5.5-8 A) relatively low and approximately
constant across the reaction coordinate. Notably, the over-
all number of Mg?* in and outside of the condensed layer,
as defined by an 8 A cutoff, is constant along the RC. In
contrast, with K* the increase in direct RNA-ion interac-
tions is associated with an increase in the number of out-
er-shell ions leading to an overall increase in the number
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TABLE 1. Number of ions around the phosphate backbone of Twister in 100 mM MgCl,

0-3A 3-55A 5.5-8 A 0-8 A Beyond 8 A
Mg?* within
RC_15-18 2.30+0.27 13.91+0.34 1.66£0.29 17.87 £0.21 22.13+0.21
RC_19-22 2.50+0.35 13.58+0.42 1.71+0.33 17.79+0.23 22.21+0.23
RC_23-26 2.36+0.25 14.42+0.45 1.71£0.52 18.49+0.36 21.51+0.36
RC_27-30 1.86£0.40 14.19+0.56 1.71£0.55 17.76+0.39 22.24+0.39
RC_31-34 1.71£0.38 14.75+0.53 1.61+0.47 18.07 £0.29 21.93+0.29
RC_35-40 1.69 £0.27 14.73+0.40 1.70+0.40 18.12+0.27 21.88+0.27
K* within
RC_15-18 1.91+0.14 6.49+0.32 1.08+0.45 9.48 +0.34 32.52+0.34
RC_19-22 1.53+0.13 6.78+0.24 1.02£0.30 9.33+0.22 32.67 £0.22
RC_23-26 1.01£0.12 5.66+0.39 1.06£0.51 7.73+0.35 34.27 £0.35
RC_27-30 1.07 £0.09 6.04+0.40 0.98+0.59 8.09 +0.44 33.91+0.44
RC_31-34 0.94+0.07 6.03+0.28 1.12£0.40 8.09+0.29 33.91+0.29
RC_35-40 0.97+0.11 5.65+0.30 1.08 £0.38 7.70+0.26 34.30£0.26

The 3 A cutoff corresponds to direct contact of ions with nonbridging phosphate oxygens (NBPOs), 3-5.5 A range represents outer-shell contacts, 5.5-8 A
range represents diffuse (nondehydrated) contacts. The 8 A cutoff defines the full condensed-ion atmosphere. The errors represent standard error of mean

calculated over five 12 nsec trajectories.

of K" in the condensed layer while the number of noncon-
densed ions decreases. Supplemental Table S2 includes
the number of K™ ions in the 0, 10, and 20 mM MgCl, sys-
tems which may be compared to the 100 mM MgCl; re-
sults in Table 1. As expected, the decreased or absence
of Mg?* in those systems leads to a significant increase
in the number of K* ions near that RNA as required to neu-
tralize the polyanionic RNA with the total increased num-
ber of ions due to the higher concentration of K* in
those systems (Supplemental Table S1). Notably, the trend
where the number of both direct and outer shell K™ ions in-
creases associated with an overall increase in the number
of ions in the condensed layer occurs similar to that at
100 mM MgCl,, with the magnitude in the change being
larger (~4 for 0 MgCl; vs. ~2). Thus, the folding of the
RNA leads to more direct ion-RNA interactions with both
Mg?* and K* though the pool for those additional ions dif-
fers, with the increased charge neutralization being associ-
ated with increased condensation of the monovalent K* in
both the presence and absence of divalent Mg®*. This
change occurs despite a substantial decrease in the vol-
ume around the RNA occurring upon assuming the folded
state as indicated by the number of waters within 8 A of the
RNA (Supplemental Fig. S2).

Recently, it was reported that one inner-shell coordina-
tion with divalent ion releases two monovalent ions from
the ionic atmosphere, a process that is entropically favor-
able (Nguyen et al. 2019). In the present study, based on
ion counting data, upon going from the 0 mM to 100 mM
MgCl, systems the average number of K* ions released
from the local ion atmosphere based on ions in direct con-

tact with the RNA is close to 2.0 (Table 2, 0-3 A range) con-
sistent with the RISM study. However, if the full condensed
layer of ions is considered (0-8 A range), then the number
released is smaller, being ~1.3 to 1.4. In the 10, 20, and
100 mM MgCl; systems these values are 1.65, 1.56, and
1.32 K" ions, respectively, for the full condensed layer of
ions based on the 0-8 A range (Supplemental
Information Table S3). These results show that while each
Mg®* in direct contact with the RNA displaces two
K* ions, some monovalent ions still are in direct contact
with the RNA through interactions with the nucleobases
as discussed below. Overall, the present results indicate
that Mg®* can displace K* from direct interactions at a ratio
of 1:2 as previously shown, but the extent of displacement
from the overall condensed layer is lower indicating that K*
contributes to the stabilization of the RNA in the presence
of Mg?*.

TABLE 2. Average number of K* displaced per Mg?* ions for
various cutoffs at different stages of reaction coordinate for 100
mM MgCl; system compared to 0 mM MgCl; system

0-3A 355A 055A 558A 08A
RC_15-18 2.03 1.24 1.35 1.78 1.39
RC_19-22 1.78 1.23 1.32 1.75 1.36
RC_23-26 1.72 1.22 1.29 1.58 1.32
RC_27-30 2.02 1.19 1.28 1.62 1.32
RC_31-34 2.53 1.10 1.25 1.63 1.28
RC_35-40 2.30 1.14 1.26 1.50 1.28
www.rnajournal.org 1707
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0 mM MgCl, 10 mM MgCl,

20 mM MgCl,

100 mM MgCl,

FIGURE 3. Grid free energy (GFE) maps for Mgz+ (cyan mesh) and K™ (orange mesh) distributions around the native state of Twister at different

Mg?* concentrations. The GFE maps are contoured at —2.5 kcal/mol.

Competition between Mg?* and K* for
nonsequential NBPO pairs

A collection of six nonsequential NBPO pairs need to as-
sume close interactions to allow Twister to assume the
folded state (Supplemental Fig. S3c). Visualization of the
ion distributions around the full folded state of Twister in
the form of grid free energy (GFE) maps is shown in
Figure 3 at the four Mg®" concentrations. At 100 mM
MgCl, the Mg®* dominates the local environment around
the RNA including the vicinity of the important nonse-
quential NBPO, as detailed in our previous study
(Kognole and MacKerell 2020). However, consistent with
the data in Table 1, K" occupies the region adjacent
to the RNA even though there is an additional pool of
Mg?®* beyond the condensed layer around the RNA avail-
able to compete with the K*. In the absence of Mg®* ions,
the K™ ions occupy the space around both the negatively
charged backbone as well as the nucleobases. The distri-
butions show that with decreasing Mg”* those ions sample
local regions adjacent to the specific nonsequential NBPO
pairs. These results show that the local ion atmosphere of
the RNA is comprised of a combination of mono- and diva-
lent ions even in the presence of high concentrations of
Mgz+. Thus, while coordination of the Mgz+ ion at specific
binding sites facilitates stabilization of the RNA, the mono-
valent ions are not totally excluded from the regions adja-
cent to the RNA.

Our previous study of nonsequential NBPO pairs and
their interaction with Mg®" ions showed that whenever
the NBPO pair has a distance lower than 9 A, thereisa sig-
nificant probability of Mg?* being in contact with both the
phosphates (Kognole and MacKerell 2020). Such interac-
tions contribute to the formation of tertiary interactions
leading to assumption of the native state. The consistently
higher contacts with Mg®" at certain close NBPO pairs,
such as the region around NBPO pair 4-46 in the P1 helix
(Supplemental Fig. S3c) contributed to the push-pull stabi-
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lization of the ribozyme that facilitate formation of the T1
and other tertiary interactions. To investigate how effec-
tively K* can act as a surrogate for Mg®* analysis of the
probability of finding K™ ions around these close nonse-
quential NBPO pairs present in the tertiary structure was
performed along the RC.

Presented in Figure 4 are the probabilities of forming the
short NBPO pairs and K* being within 6.5 A of NBPOs of
both phosphates along the RC at both 0 and 100 mM
MgCly. In high Mg®* the probability of K* being close to
both NBPOs is 0.2 or less with the exception of the C20-
G30 pair between RC=24 and 31 A (red dashed lines).
However, in all cases in the absence of Mg®* the probabil-
ity of K™ being close to both NBPOs is significantly higher
(black dashed lines). Notably, along the entire RC higher
probabilities of K interacting with both NBPOs correlate
with the NBPOs being close, as required to assume the
folded state. The overall pattern of short NBPO pairs is
similar in both 0 and 100 mM MgCl, with the probabilities
in the presence of Mg®* typically being higher consistent
with its stabilizing effect (red solid lines). However, excep-
tions exist, including PP pair 9-28 and 6-25 from the inflec-
tion point to the folded state and with PP pair 32-41 in the
region of 20-25 A of the RC, consistent with the push-pull
mechanism. These results indicate the ability of K" to act as
an effective surrogate for Mg®* with Twister through simul-
taneous interactions of both phosphates in the case of
short NBPO pairs. Based on these results it is evident
that K™ can stabilize phosphate-phosphate interaction
through site-specific interactions though it is not as effec-
tive as Mg?".

Experimentally, it has been shown that sub millimolar
concentrations of Mg?* ions are sufficient to nucleate the
folding of ribozymes in the presence of buffer containing
K* (Denesyuk and Thirumalai 2015), and even lower con-
centrations to self-cleave in the case of Twister (Panja
etal. 2017; Korman et al. 2020). As Twister is largely folded
at 20 mM Mgz+, where there is a total of 8 ions in the
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FIGURE 4. Adjacent nonbridging phosphate oxygen (NBPO) pairs in
contact with K" ions at 0 mM MgCl; (black lines) and at 100 mM MgCl,
(red lines). Shown is the probability of selected NBPO pairs within 9 A
(solid lines) and the probability of K™ ions (dashed lines) within 6.5 Aof
NBPOs of both phosphates. The color of the text defining the interact-
ing pairs corresponds to the NPBO pairs shown in Figure S3c with the
exception of C14—A40 and C15—A17 that are not shown in
Supplemental Figure S3c.

simulation system, the probability of K* versus Mg®* inter-
acting with the NBPO pairs was compared at 20 and 100
mM MgCl; (Fig. 5). As expected at 100 mM MgCl, the
probability of K™ being adjacent to the NBPO pairs is gen-
erally significantly lower than for the divalent Mg?* ion,
though K™ is present in all cases (Fig. 5B). In addition, there
are cases where the probability of K™ is similar or higher
than that of Mg?" including with the PP pair 20-30
after the inflection point (RC=20) and 6-25 NBPO pair
where the probability of Mg®* versus K* sampling is similar
near the native state. However, at 20 mM MgCl; (Fig. 5A),
K* sampling adjacent to the nonsequential NBPOs domi-
nates over Mg?®*. This is evident for the majority of the
short NBPO pairs, including near the native state and
along the majority of the RC, showing that K* ions occupy
the same binding sites as Mg®* in a complementary fash-
ion. Based on these results it appears that in the presence
of a limited amount of Mg2+ ions, K* ions can play a crucial
supporting role by facilitating the sampling of short NBPO

pairs while available Mg®* ions may have already occupied
other sites. This phenomenon is suggested to allow for the
experimentally observed folding of Twister at low Mg?*
concentrations as well as to self-cleave at even lower
concentrations.

lon-RNA backbone and base interactions
as a function of folding

Beyond interactions with the native fold of RNA, ions can
potentially interact with the nucleobases of the RNA as
well as with the phosphates in partially unfolded states,
thereby facilitating the folding process. Previously, a
coarse-grained study has reported a relationship between
K* ion condensation and residual helical structures in un-
folded ribozyme at low Mgz+ concentrations (Hori et al.
2019). The GCMC ion sampling method in conjunction
with the use of US to sample partially unfolded states al-
lows for a comprehensive atomistic picture of the ion atmo-
sphere to be obtained as a function of the extent of
folding. A general picture of ion condensation associated
with RNA folding is shown in Figure 6 showing the changes
in Mg?" and K* ion distribution around the Twister at var-
ious stages of the RC in the 20 mM MgCl, system. Similar
analysis atthe 0, 10, and 100 mM concentrations is provid-
ed in Supplemental Figures S4-S6. The distributions in
Figure 6 show that K is broadly distributed around the
RNA including in the vicinity of the nucleobases of helical
regions. Additionally, K is close to the phosphodiester
backbone and in the buried region between the Twister
catalytic site and T2 tertiary interaction (Supplemental
Fig. S3b). At RC=21 and 24, around the inflection point
and just after it, the distribution of K* around the phospho-
diester backbone is dissipating. And with further unfolding
K™ is predominantly interacting with nucleobases of helical
regions.

Further analysis focused on understanding how the two
types of ions compete for the different classes of functional
groups comprising the RNA along the RC. Analysis in-
volved the radial distribution functions (RDF) of ions
around the NBPOs, the Gua-N7/Ade-N7 atoms and the
02/04/06 atoms of the nucleobases at three regions
along RC; the native state, the inflection region and the
partially unfolded state at 39 A (Supplemental Fig. S1b).
As previously shown, Mg®* dominates the direct interac-
tions with the NBPOs with only minimal direct interactions
with the nucleobases (Supplemental Fig. S7; Cunha and
Bussi 2017; gponer et al. 2018). The lack of direct interac-
tions of Mg?* ions with N7 has been previously reported
(Leonarski et al. 2016) which has been suggested to be
due to N7 not providing enough electrostatic attraction
for dehydration of inner-shell water molecules (Peschke
et al. 1998). Similar contributions likely lead to the lack of
direct Mg®* interactions with the oxygens atoms of the
nucleobases consistent with a PDB survey of DNA showing
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FIGURE 6. Grid free energy (GFE) maps of the distribution of K* (orange) and Mg?* (cyan) ions around the Twister ribozyme at various stages

along the umbrella sampling reaction coordinate in 20 mM MgCl,. Twister is shown as orange cartoon with T1 bases in red and T2 bases in green
cartoon. GFE level is —2.0 kcal/mol.
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that nucleobase carbonyl groups are poor binders with re-
spect to direct Mg®" inner-shell interactions but partici-
pate in direct interactions with monovalent ions
(Leonarski et al. 2019). This pattern is maintained at the
three regions of the RC shown in Supplemental Figure
S7, with direct interactions dominating with the phosphate
oxygens and the outer-layer interactions dominating with
the nucleobases. Thus, the impact of Mg2+ on RNA stabi-
lization is not associated with interactions with the nucleo-
bases to a significant degree and the pattern of
interactions is not significantly altered by the extent of
folding of the RNA.

In the case of K" more interesting behavior in the RDFs is
observed (Fig. 7). With the NBPOs as well as the nucleo-
bases, the number of direct interactions is significant. Of
these the interactions with N7 of the purines are the
most prominent. In particular, Gua N7 has multiple factors
contributing to direct interactions with monovalent ions.
These include accessibility to ions in helical structures, es-
pecially in the major groove of DNA, favorable electrostat-
ic potential and a supporting role of O6 that makes it a
more effective binding site (Lippert 2000). The magnitude
of the direct inner-layer interactions at the phosphate
NBPOs and the nucleobase oxygens is similar with more
outer-layer interactions occurring with the anionic phos-
phate backbone. More significant is the trend showing
the number of direct interactions with the phosphate
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FIGURE 7. Radial distribution functions of K* around (A) the non-
bridging phosphate oxygens (NBPO), (B) the Gua-N7/Ade-N7 atoms,
and (C) O2/04/06 atoms of the nucleobases at native state (RC = 14—
16), inflection point (RC = 19-21) and unfolded state (RC = 38-40).

NBPOs and N7 atoms to systematically decrease upon go-
ing from the folded to the partially unfolded state. This is
supported by the ion counting data shown in
Supplemental Table S2 for the NBPOs and is associated
with more of the monovalent ion moving into the con-
densed layer upon folding, as discussed above. This pat-
tern indicates that the direct interactions of K* with the
N7 of Gua and Ade as well as with the phosphate oxygens
contribute to stabilizing the folded state of Twister.

lon interactions with helical versus nonhelical regions

To evaluate the impact of helical structure on the interac-
tions of ions with the Twister RNA, we undertook analysis
of ion-RNA interactions in helical and nonhelical regions.
The helical region corresponds to 26 nt that participate
in WC base-pairs of P1, P2, and P4 helices in the native
state (Supplemental Fig. S3a). The remainder of the
28 nt comprise the nonhelical regions. RDFs of Mg®* and
K* were calculated around NBPOs and the coordinating
atoms (N7 and O2/04/06) of nucleobases at 100 mM
MgCl, at the three stages along RC (Fig. 8). In the case
of interactions with the NBPOs, both Mg®* and K* partic-
ipate in a greater level of direct inner-shell coordination in
the nonhelical regions. The trend is more pronounced with
K* with a decrease in the direct interactions occurring in
the unfolded states. A similar but smaller decrease occurs
with Mg?*. With the nucleobases substantial differences
occur between Mg?* and K*. With both N7 and the nucle-
obase oxygens direct interactions occur with Mg?* in the
nonhelical regions, though the levels are lower than with
K*. In addition to the greater number of direct nucleo-
base—K™ interactions there are significantly more such in-
teractions with the helical states. In combination with the
results above, with K™ the increased direct interactions in
the helical regions indicate that the monovalent ion con-
tributes to stabilization of the helical regions. This is consis-
tent with a report indicating that the stability of G-C base
pairs is enhanced by binding of monovalent ions at the N7
position through polarization (Sponer et al. 2000) as well as
studies showing that monovalent ions stabilize the helical,
secondary interactions of nucleic acids (Shiman and
Draper 2000; Draper 2008). According to Leonarski et al.
(2016) while purine N7 binding sites are not of primary im-
portance in RNA and DNA for Mg®* interactions, our find-
ing show that these sites can be critical for monovalent K*
interactions. In the case of Mg2+ the small, but increased
level of direct interactions in the nonhelical states suggests
that the lack of secondary structure leads to increased ac-
cessibility to the bases allowing for a small number of inter-
actions that are not accessible in compact folded states.
Concerning differences between the folded, inflection,
and partially unfolded state some changes are observed.
With Mg?", differences between the three states are gen-
erally minimal with the largest difference being a small

www.rnajournal.org 1711


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.076851.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.076851.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.076851.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.076851.120/-/DC1

Kognole and MacKerell

A Native | Inflection | Unfolded |

— helical
—— non-helical 7

+

Y 4 - — —
° 4 4 4
2 24 . .
1G] | i 4
0_4A_A—4—_ I
c 3
6x10 .
& 4 4
ERES - -
[\' - -4 4
ol i 4 4
0 N, — A__,_
T T T T TTTT T 1 TTTT T 1
D
6x10 " 1 1
A 4 4 4
N 4 - — -
= _ i i
Z
=2+ . .
o - ] i
0 -
T T rTTrrrr1 rrrrrrrri
E 3
;6)(10

T G(r): 020406 - Mg
(3]
|
|
|

s e e T LA B e O B B B
6x10° - -
+
M - - -
< - - -
3
8 29 . .
S

LA L LA DL LA LA DL L | “rrrrrTi
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Distance (A) Distance (A) Distance (A)

FIGURE 8. Radial distribution functions (RDF) of Mg?* (A,C,E) and K*
(B,D,F) around NBPOs, Ade-N7/Gua-N7, and O2/04/06 atoms of
nucleobases that participate or do not participate in helical structures,
respectively. From left to right the plots correspond to RDFs calculat-
ed at native state (RC = 14-16), inflection point (RC = 19-21), and un-
folded state (RC = 38-40) for 100 mM MgCl,. Red line—helical region;
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increase in the outer-layer coordination of N7 in the helical
regions of the unfolded state. With K, there is a trend to-
ward decreased direct interactions in the more unfolded
state for the NBPOs. This also occurs to a small extent
with direct interactions with the nucleobases in both the
helical and nonhelical regions. To investigate this more
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closely, ion counting based on a 3.5 A cutoff was undertak-
en over all the nucleobase coordinating atoms with K*. For
all four systems there is a decrease in the count in the un-
folded state versus the native state in both helical and non-
helical regions. However, in the case of nonhelical regions,
the total decrease in count from native to unfolded is larger
(~1.0) than in the helical regions (~0.5). With the decreas-
ing Mg®* concentration, a higher number of K* ions is
available to interact with the nucleobases in both helical
and nonhelical regions. The average total increase from
100 mM to O mM system is bigger for the nonhelical region
(~4.0) as compared to the helical region (~2.5). This overall
increase in direct interactions of K* ions with nucleobases
in the absence of Mg?" is consistent with RDFs in Figure 7.
These differences further indicate the role of K* in stabiliz-
ing Twister through direct interactions with the RNA by
compensating for the lack of Mg®* as well as contributing
to stabilization of the helical regions.

In conclusion, the present study takes advantage of a
unique combination of umbrella sampling with GCMC/
MD ion sampling in the context of an all-atom additive
model allowing detailed, atomic level analysis of the ionic
atmosphere and specific ion-RNA interactions of the
Twister ribozyme for both folded and partially unfolded
states. This capability offers an additional approach along
with the advances in coarse grain models to study ion-RNA
interactions. Results show that monovalent ion binding
sites in RNA are highly dependent on the concentration
of divalent ions. The RDF analysis of mono- and divalent
ions around various groups of atoms provides detailed in-
formation of differences and similarities in their interac-
tions with RNA molecules. With increasing concentration
of Mg®* ions, we find that K* ions are readily displaced
at specific binding sites near NBPOs. However, even
with high Mg®* concentrations, K* ions retained certain
binding sites around the RNA as well as contributing to
the condensed layer of ions. Notably, ion condensation in-
creases upon going from partially unfolded to the fully
folded native state with the increase in ions in the con-
densed layer being supplied by K" indicating that counter-
ion condensation by the monovalent ion contributes to
stabilization of the tertiary structure. Localized K*-nucleo-
base interactions have a stabilizing effect on helical struc-
ture, including in partially unfolded states of Twister.
Notably, in the presence of limited amounts of divalent
ions, the monovalent ions may assume a supporting role
in stabilizing the native, folded state of Twister by facilitat-
ing short NBPO pair interactions. Given Twisters ability to
self-cleave at low Mg?* concentrations further studies are
required to address if these observations may be applied
to other RNAs.

Many of the present results are consistent with those re-
ported by Thirumalai and coworkers on alternate RNAs
based on coarse-grained simulations in conjunction with
both explicit ions (Denesyuk and Thirumalai 2015; Hori
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et al. 2019) and explicit divalent with a RISM monovalent
ion model (Denesyuk et al. 2018; Nguyen et al. 2019).
This includes the occurrence of RNA-Mg?®* interactions in
unfolded states with the number of interactions increasing
upon going to the folded state and increases in Mg?* con-
centration increasing the extent of such interactions. The
importance of specific Mg”*-RNA interactions is also ob-
served. However, the present results indicate that as
RNA folds, the monovalent K" ions also participate in
charge neutralization, structural stability of secondary in-
teractions, and sequence specific indications, even in the
presence of high MgCl,, suggesting the importance of
their explicit treatment in simulation studies versus the
use of effective potentials. On the other hand, the small
number of direct interactions of Mg®* with the nucleo-
bases indicates that the assumption in the coarse-grained
model that omit direct Mg?*-base interactions is reason-
able (Nguyen et al. 2019). Finally, the coarse-grained mod-
el is quite impressive in its ability to model the impact of
ions on the thermodynamics of folding from fully unfolded
states through the native states, a capability that is still a
challenge for all-atom models. Thus, it is clear that both
coarse-grained and all-atom based approaches are re-
quired to fully elucidate details on the folding of RNA, in-
cluding the impact of ions.

MATERIALS AND METHODS

The Twister ribozyme, which exhibits a double pseudoknot com-
prised of strong secondary and tertiary interactions
(Supplemental Fig. S3b), was obtained from a crystallographic
study (PDB ID: 40Jl) (Liu et al. 2014). The ribozyme structure
was crystalized in 100 mM Ammonium Acetate and 20 mM
MgCly. The simulations were performed at four different concen-
trations of divalention (0, 10, 20, and 100 mM MgCl,) with a back-
ground buffer concentration of monovalent ions ranging from
~100 to 200 mM KCl with the number of ions and concentrations
shown in Supplemental Table ST of the Supplemental
Information. The physiological concentration of Mg?* is around
1-1.5 mM and those of K* are in the 140-150 mM range
(Romani 2011; Zacchia et al. 2016). Atomistic molecular simula-
tions at submillimolar concentrations pose various practical limita-
tions as evidenced by the small number of ions required to
achieve a concentration of 10 mM (Supplemental Table S1).
However, in physiological conditions there is a large available
bath of ions, even at the low 1.5 mM concentrations. This com-
bined with counterion condensation effects will potentially lead
to an effectively larger concentration around the RNA. In addition,
the applied concentrations correspond to that used in experi-
mental studies on Twister folding and self-cleavage (Panja et al.
2017).

As stated above, this study is based on extended analysis of the
simulations performed and reported in our previous article
(Kognole and MacKerell 2020), where specific details of the sys-
tem setup, umbrella sampling and GCMC/MD protocol are de-
scribed. In short, the CHARMM36 additive force field was used
to model RNA and the ions (Beglov and Roux 1994; Denning

et al. 2011; Hart et al. 2012). Water molecules were modeled by
the CHARMM modified-TIP3P force field (Jorgensen et al.
1983; Durell et al. 1994). To sample both the native and partially
unfolded states US was applied based on a RC defined as the dis-
tance between centers of masses of two groups of heavy atoms
(Supplemental Fig. S1a). The native state corresponds to RC =
15 A and the most unfolded conformation sampled corresponds
to RC=40 A. In total, 26 windows were used along the RC for
each of the four systems with each window being subjected to
two sets of five cycles of GCMC/MD simulations. Each GCMC/
MD cycle included six stages of GCMC sampling of ions and wa-
ter molecules followed by 10 nsec of production MD run. lon in-
sertions and deletions were performed using fully dehydrated
ions allowing for different hydration states and direct interactions
of the ions with the RNA to be sampled. Overall, 2.6 microsec-
onds of sampling for each of the four systems was performed us-
ing in-house code for GCMC (Lakkaraju et al. 2014; Sun et al.
2018) and OpenMM (version 7.1.1) for MD (Eastman et al.
2017). The first 4 nsec of each 10 nsec MD run were discarded
as equilibration providing in total 1.56 microseconds of MD sim-
ulation per system to analyze the ion atmosphere around a range
of RNA conformations. Snapshots from the trajectories were
saved every 10 psec. Analysis of ion distributions included “grid
free energies” (GFE) where GFE = —kgT In(P), where P is the prob-
ability of the ion occupying a voxel (1 A cubic unit of volume) on
the RNA surface relative to the voxel occupancy of the same spe-
cies in bulk solution, kg is the Boltzmann constant, and T is the
temperature (303.15 K) (Raman et al. 2013; Lemkul et al. 2016).

Analysis of ion count around Twister to characterize the ion at-
mosphere uses a cutoff scheme that was adopted in the present
study to simplify the comparison between Mg?* and K* ions.
Previously, in atomistic simulations a general cutoff of 9 A associ-
ated with the Manning Radius based on CIC theory has been used
to separate the condensed ions from bulk ions when only mono-
valent ions are present in the system (Savelyev and MacKerell
2014). Recently, a coarse-grained approach calculated ions com-
prising the ion-atmosphere by defining a preferential interaction
coefficient (Nguyen et al. 2019). Here, based on the radial distri-
bution function (RDF) of Mg®* and K* ions around the NBPOs
(Figs. 7, 8), we have implemented the following cutoffs to differ-
entiate between direct inner-shell (0-3 A), outer-shell (3-5.5 A)
and nondehydrated (5.5-8 A) interactions. lons beyond 8 A are
considered outside of the condensed layer. The RDF of ions
around a set of atoms was calculated by collecting the distances
between the ions and the atoms over selected frames and calcu-
lating the probability of finding them at distance r. The probabil-
ities are corrected for the change in volume of each shell used for
counting the ions and further normalized with the number of se-
lected RNA atoms and total number of frames. The ion counting
analysis was performed by finding the total number of ions in
spherical regions of given cutoff radius around the selected at-
oms. The counting was carried out over five sets of 12-nsec trajec-
tories at each reaction coordinate and errors were calculated as
standard error of mean.

Convergence of ion sampling was evaluated by calculating se-
lected radial distribution functions for the individual sets of five
cycles (i.e., first and second halves of sampling in each US win-
dow) for the Mg?*-NBPO and K*-Gua-N7 pairs at 100 mM
MgCl; for the native state, inflection region and unfolded state
(Supplemental Fig. S8). As may be seen the overlap of the RDFs
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for the two sets of data is high although some small differences
are evident. This analysis indicates that the ion sampling, while
not fully converged, is adequately converged for the present anal-
yses. This is consistent with the error analysis included in Table 1
and Supplemental Table S1 of the Supplemental Information. As
discussed in our previous paper, the level of convergence of the
10 and 20 mM MgCl; systems appears to be less than the 0 and
100 mM MgCl; systems, an effect that may lead to the similarity of
the 10 and 20 mM MgCl; curves in Figures 1, 2.
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