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Elucidating the structure-function relationships for therapeu-
tic RNAmimicking phosphorodiamidate morpholino oligonu-
cleotides (PMOs) is challenging due to the lack of information
about their structures. While PMOs have been approved by the
US Food and Drug Administration for treatment of Duchenne
muscular dystrophy, no structural information on these
unique, charge-neutral, and stable molecules is available. We
performed circular dichroism and solution viscosity measure-
ments combined withmolecular dynamics simulations andma-
chine learning to resolve solution structures of 22-mer, 25-mer,
and 30-mer length PMOs. The PMO conformational dynamics
are defined by the competition between non-polar nucleobases
and uncharged phosphorodiamidate groups for shielding from
solvent exposure. PMO molecules form non-canonical,
partially helical, stable folded structures with a small 1.4- to
1.7-nm radius of gyration, low count of three to six base pairs
and six to nine base stacks, characterized by �34 to �51 kcal/
mol free energy, �57 to �103 kcal/mol enthalpy, and �23 to
�53 kcal/mol entropy for folding. The 4.5- to 6.2-cm3/g
intrinsic viscosity and Huggins constant of 4.5–9.9 are indica-
tive of extended and aggregating systems. The results obtained
highlight the importance of the conformational ensemble view
of PMO solution structures, thermodynamic stability of their
non-canonical structures, and concentration-dependent viscos-
ity properties. These principles form a paradigm to understand
the structure-properties-function relationship for therapeutic
PMOs to advance the design of new RNA-mimic-based drugs.
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INTRODUCTION
Single-stranded nucleic acids have been studied for decades, first in
attempts to understand the nature of structural variability in both
naturally occurring DNA and RNA, then later in efforts to begin
mimicking the functionality of specific single-stranded RNAs in order
to understand their roles in normal cellular functions as well as
disease etiology and progression.1,2More recent attempts to utilize ca-
nonical RNA for an array of therapeutic purposes (gene editing,
replacement, addition, and inhibition) were challenged by a number
of their undesirable properties, which included immune activation
Molecular The
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propensity, susceptibility to nuclease digestion in the cellular environ-
ment, and unfavorable physicochemical properties inhibiting trans-
port into cells, thereby requiring the development of specialized
cellular delivery technologies.3 To overcome these limitations, a num-
ber of backbone modifications have been developed recently, result-
ing in the current diverse array of backbone platform replacement
approaches that have led to a number of successful nucleic acid
therapeutics being approved for clinical use.4

Phosphorodiamidatemorpholino oligonucleotides (PMOs) (Figure 1)
are a subclass of antisense oligonucleotides (ASOs) that have the
canonical nucleic acid backbone replaced by morpholino rings con-
nected by phosphorodiamidate linkages.5–7 They are single-stranded
DNA analogs that have favorable biophysical properties, including
high solubility in an aqueous medium, low to no metabolic degrada-
tion primarily due to their neutral charge, and high duplex stability,
which make this class of compounds useful as potential therapeu-
tics.8–14 PMOs have been approved by the US Food and Drug Admin-
istration (FDA) for the treatment of Duchenne muscular dystrophy
(DMD) since 2016,15–17 and they have been designed to target
Marburg, Ebola,18,19 Picornaviruses, and other viruses,8,20 along
with bacterial targets and have been developed as anti-cancer
agents.21 For treatment of DMD, PMOs can be designed to target re-
gions of the dystrophin pre-mRNA to allow skipping of a targeted
exon, and restoration of the mRNA reading frame allowing for trans-
lation of a shortened, yet functional, dystrophin protein. PMOs can be
designed to bind to complementary sequences in target mRNA by
Watson-Crick base pairing to effectively block translation through
an RNase H-independent steric blockade.22 Furthermore, PMOs
can also be effective as antiviral agents, since the formation of a
rapy: Nucleic Acids Vol. 31 March 2023 ª 2023 The Author(s). 631
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Figure 1. 22-mer, 25-mer, and 30-mer PMO

structures

Shown for three therapeutic PMOs, Exon45 (22-mer

PMO), Exon53 (25-mer PMO), and Exon51 (30-mer

PMO), are the primary sequence (A) and the reference

structures: initial extended conformations (B) and

unfolded conformations (C). The PMOs represent thera-

peutic oligomers complementary to the different indicated

exon transcripts in the human dystrophin gene. Each

sequence is shown with its base composition, the total

amount of nucleobases, i.e., adenine, A; cytosine, C;

guanine, G; and thymine, T, and the relative amount of G

bolded (percentage). The conformers are shown in licorice

representation (sticks) and in twister representation (blue

line) describing the backbone. The MPG linker is shown in

orange (within the black circle). The A and T bases are

shown in green color, whereas C and G bases are shown

in red.

Molecular Therapy: Nucleic Acids
PMO:mRNA duplex may effectively block translation of the viral
RNA genome, thereby inhibiting viral replication.8 PMOs have
been shown to resist the activity of a variety of enzymes present in
biological fluids, including nucleases, proteases, esterases, and hydro-
lases.23 In addition, due to their uncharged backbone and overall
neutral charge, interactions of PMO with cellular proteins are mini-
mal, helping to limit therapeutic side effects.24,25 Therefore, these
attractive properties make PMOs very different from DNA, RNA,
and other ASOs in terms of their solution structures, roles in thera-
peutic activities, and interactions with other biological moieties.

While conformational transitions in biomolecules (DNA, RNA, and
proteins) in general, and RNA molecules in particular, have been
studied extensively, very little is known about dynamic structural
transitions in PMOs, whose backbone structure is distinctly different
from canonical nucleic acids. There is no information about the spe-
cific PMO structures that exist in aqueous solution, and there are no
experimentally resolved crystal or NMR structures available for PMO
oligomers. To date, only one study of a related but distinctly different
morpholino backbone has been published on the oligomers’ physical
properties (melting temperature, circular dichroism (CD), thermody-
632 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
namic parameters).26 As a physical technique,
CD spectroscopy has proved very useful over
the decades in characterizing low-resolution as-
pects of the solution structures of nucleic acids,
especially the presence of structured, helical re-
gions of both double- and single-stranded nu-
cleic acids.27 Importantly, it is possible to calcu-
late CD spectra theoretically using structures
from the all-atom molecular dynamics (MD)
simulations28,29 in order to interpret the exper-
imental CD profiles, but this can only be per-
formed if PMOs’ solution structures are known.
However, the lack of any known high-resolution
structures makes this comparison problematic.
This is in addition to the lack of atomic force fields available that
are required for a computational exploration of PMO’s dynamic
structural properties.

To overcome these multiple limitations, we carried out for the first
time combined experimental and computational studies of the dy-
namic structural properties of PMOs, in which structural inputs
from the all-atom MD simulations have been used to inform experi-
mental measurements.We, first, calculated atomic partial charges and
developed the atomic force field for those atoms and atomic
groups forming the morpholino ring and the phosphorodiamidate
group in the PMO backbone. These efforts enabled us to then carry
out microsecond-long all-atom MD simulations using PMOs of
therapeutics-based size composed of 22 nucleobases (22-mer), 25 nu-
cleobases (25-mer), and 30 nucleobases (30-mer) as important study
systems. These three oligomers’ sequences are complementary to
exon 45, exon 53, and exon 51, respectively, of the dystrophin gene
pre-mRNA transcript.4 By directly correlating the CD spectra
measured experimentally with those calculated theoretically based
on the output from the all-atom MD simulations, we resolved the
ensemble of PMO conformer structures that exist in an aqueous



Figure 2. Theoretical reconstruction of CD spectra for 22-mer, 25-mer, and

30-mer PMOs

Superposed are the CD profiles for the 22-mer (A), 25-mer (B), and 30-mer (C)

PMOs obtained experimentally (black solid lines) and theoretically (red dashed lines).

The snapshots of PMO structures generated in silico numbered I–III, which

correspond to the most representative, highest-weight-solution conformations

contributing to the ensemble average CD spectra, are shown in twister represen-

tation (blue line going through backbone) and in PaperChain representation (for

nucleic bases).
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solution for these three therapeutic PMOs at room temperature.
These structures were further cross-validated by their use in calcu-
lating the concentration-dependent profiles of viscosity of PMO solu-
tions, which approximate very well the experimental viscosity mea-
surements in the dilute and semi-dilute solution regimes. Viscosity
characterization is an important physical property of these PMO olig-
omers to understand solution aggregation since these properties are
directly relevant to the stable and injectable formulation aspects of
PMO use as therapeutics and in biotechnology applications as
RNA-mimic drugs.30,31 The multiple points of agreement we have
obtained between the results of experiments and simulations have
enabled us to calculate the hydrodynamic properties of PMO solu-
tions, including the intrinsic viscosity and Huggins constant,32 and
the thermodynamic state functions: the entropy, enthalpy, and free-
energy changes associated with PMO folding in solution. Impor-
tantly, the trend observed for concentration-dependent viscosity
validated the simulation approach as a predictive guide to therapeutic
delivery by confirming the suitability of intermediate PMO concen-
tration (50 mg/mL) for therapeutic use. The novel structural insights
gained here, coupled with detailed information about the PMOs’
molecular properties and thermodynamic parameters, significantly
advances the current understanding of the solution structure-func-
tion relationship for PMOs. Taken together, the results obtained
can be useful in the rational design of a new generation of RNA-
mimic drugs.
RESULTS
22-mer, 25-mer, and 30-mer PMOs

The sequences of nucleotides forming the 22-mer, 25-mer, and
30-mer PMOs, complementary to exons 45, 53, and 51, respec-
tively, of the dystrophin gene pre-mRNA, are displayed in Fig-
ure 1, which shows the total number of nucleobases adenine,
cytosine, guanine, and thymine along with the percent of G in
each sequence, which varied between 20% and 32%. All PMOs
contain a polyethylene glycol at the 50 end of the molecule. Gua-
nine-rich sequences are known to form preferred secondary struc-
tures,33 but since there are no more than two guanines next to
each other in any of the PMO structures, those secondary struc-
tures are not expected to form in either the 22-mer, 25-mer, or
30-mer PMOs.
CD spectra

We carried out CD spectroscopic measurements on the 22-mer,
25-mer, and 30-mers to explore the structure of these PMOs in
aqueous solution. Because the CD spectra obtained for the un-
charged PMO molecules reconstituted and diluted in water and in
Dulbecco’s phosphate buffered saline (DPBS) were very similar
(data not shown), in this study we describe only the CD spectra
for the PMO molecules in pure aqueous solution. The higher-order
structures of PMOs were assessed by CD analysis in the UV wave-
length region (ca. 200–340 nm). The spectra of ellipticity Q as a
function of wavelength l for PMOs are displayed in Figure 2. The
most significant band at l z 270 nm was observed in all PMO sam-
ples, and overall the intensities and exact peak and trough positions
are only slightly different for individual PMOs. The addition of up
to 1 M urea and 1 M LiCl did not result in any changes to these
peak features (see Figure S4B). These stable CD spectral features
indicate the overall stability of the PMOs’ solution structures’
chirality properties.
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 633
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Figure 3. Theoretical reconstruction of viscosity

profiles for 22-mer, 25-mer, and 30-mer PMOs

Superposed are the 25�C viscosity h versus concentration

C profiles for the 22-mer (A), 25-mer (B), and 30-mer (C)

PMOs obtained experimentally (black data points) and

theoretically (black solid line). The insets show the

profiles of specific viscosity hsp = h� h0
h0

(h0 is the

viscosity of a pure solvent). Vertical dashed-dotted lines

represent the borderline between the regions of dilute,

semi-dilute, and concentrated solutions. (D–F)

Representative snapshots from the all-atom MD

simulations for the 25-mer PMO in the simulation box

representing different solution concentrations: C = 35

g/L (D), C = 75 g/L (E), and C = 100 g/L (F). The

conformers are shown in licorice representation (sticks)

and in twister representation (blue line) describing the

backbone. MPG linker is shown in orange, A and T (C

and G) bases are shown in green (red).
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Viscosity-concentration profiles

Wemeasured solution viscosity h for the 22-mer, 25-mer, and 30-mer
PMOs as a function of their solution concentration (by mass) C. The
number of nucleotides in a PMO sequence was not found to affect the
viscosity of these molecules significantly at or below C = 25-mg/mL
concentrations. The viscosities of C = 25-mg/mL concentrations of
22-mer, 25-mer, and 30-mer at 25�C temperature were similar, being
equal to h = 1.07, 1.13, and 1.11 mPa/s, respectively. However, at
higher concentrations (range 35–100 mg/mL), the solution viscosity
of the 22-mer was lower compared with the 25-mer and 30-mer (Fig-
ure 3). Viscosity measurements for C = 100-mg/mL PMO solutions at
25�C temperature gave h = 2.41 mPa/s, 6.74 mPa/s, and 4.30 mPa/s
for the 22-mer, 25-mer, and 30-mer PMOs, respectively. These mea-
surements revealed that the viscosity of PMO solutions is positively
correlated with the concentration and somewhat with the length of
PMOs. This becomes evident for PMO concentrations above C =
70 mg/mL, where the dependence of h on C becomes strongly non-
634 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
linear. This finding is indicative of intermolec-
ular interactions (dimerization, trimerization,
etc.) that occur in all three PMOs at higher solu-
tion concentrations. Similar observations for the
dependence of h on C have been reported, e.g.,
for monoclonal antibodies, where intermolec-
ular interactions resulting in the formation of
networks of antibody molecules and higher-or-
der structures were implicated.34

Dynamic structural transitions in PMO

sequences

To provide a structural basis for interpretation
of the experimental CD spectra, we turned to
computational molecular modeling. The use of
MD simulations is predicated upon the avail-
ability of an accurate force field for the molecu-
lar system in question. Although there are force
fields for nucleic acids (DNA and RNA), there are no force fields
available for PMOs. However, PMOs are RNA-like molecules, in
which the canonical five-member ribose ring is replaced with the
six-member morpholino ring and the canonical phosphate is replaced
by the phosphorodiamidate linkage. Therefore, we used RNA force
field bsc0cOL3 with improved torsion angles35–38 as the basis, and
we extended it to account for atoms not described in bsc0cOL3 using
GAFF.39 Selection of the dominant conformation of the morpholino
ring, calculation of atomic charges in the morpholino ring and in the
phosphorodiamidate group, development of the atomic force filed pa-
rameters for MD simulations of PMOs, and reconstruction of the
initial PMO structures are all described in detail in the supplemental
information.

For each PMO system, we generated 15 independent 1-ms-long
MD simulation runs (total time of 15 ms) using the extended confor-
mations as initial structures (see Figure 1). To generate different



Figure 4. Conformational transitions and dynamic

structural properties of therapeutic 22-mer, 25-mer,

and 30-mer PMOs

(A) Extended conformation of the 22-mer PMO (see

Figure 1) and three representative partially folded

conformations formed in the course of three

independent MD runs. The extended and partially folded

conformations are displayed in the twister representation

(for the backbone; blue line) and in the PaperChain

representation (for nucleic bases). (B and C) Time

profiles of the structural properties of the 22-mer (red

curves), 25-mer (green curves), and 30-mer (black

curves) PMOs from structure snapshots extracted from

these simulations at every 5-ns time interval. (B)

Evolution of the end-to-end distance X (solid curves; left

y axis) and radius of gyration Rg (dashed curves; right y

axis) from a 1-ms MD simulation run. (C) Number of

base-stacking interactions NBS (solid curves; left y axis)

and base-pairing interactions NBP (dashed curves; right

y axis).
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dissimilar initial extended conformations for each of the 22-mer,
25-mer, and 30-mer PMO molecules, with different orientations of
bases along the backbone but with the same end-to-end distance X,
we ran 30-ns MD simulations with the first and last P-atoms con-
strained (supplemental methods). Starting from these extended con-
formations, the PMO molecules formed the lower energy stable
compact conformations in the first 100–200 ns of MD simulations
(Figure 4A). Videos S1 and S2 exemplify, respectively, the folding
transitions and conformational fluctuations for the 22-mer PMO.

We explored the dynamic structural properties of the 22-mer, 25-mer,
and 30-mer PMOmolecules by profiling the end-to-end distanceX, the
radius of gyration Rg , and the number of base pairsNBP and base stacks
NBS (supplemental methods). While X and Rg carry information about
the overall spatial distribution of atoms in PMO molecules (tertiary
structure),NBP andNBS reflect their secondary structure characteristics.
For example, for an extended conformation of the 22-mer (Figure 4A),
NBP might be expected to be very small (NBPz 0), whereas NBS could
take on large values. By contrast, for the potential double-stranded
helical arrangement in the 22-mer, NBP and NBS could be largely due
to the formation of the base-pairing and base-stacking interactions.
The typical time profiles of X, Rg , NBP, and NBS are displayed in
Figures 4B and 4C, which show that, while these characteristics fluc-
tuate about their average values, they do not significantly change
with time for any PMOs modeled. The end-to-end distance varies be-
tween X = 1.2 nm and 2.6 nm, and the radius of gyration fluctuates
around Rg = 1.3–1.5 nm for the 22-mer, 25-mer, and 30-mer PMOs
(Figure 4B). We did not observe the reverse transition from the more
compact (folded) structures to themore extended (unfolded) structures
for any of the PMOs studied on the 1-ms timescale. This would have
been reflected in large-amplitude changes in both X and Rg . Hence,
the results obtained demonstrate that folded PMOmolecules form sta-
ble structures in aqueous solution.

Time-dependentprofiles ofNBP andNBS revealed only a limitednumber
of base pairs and base stacks formed. Indeed, NBP fluctuates averaging
3.3 ± 0.9 pairs for the 22-mer, 8.9 ± 2.7 for the 25-mer, and 5.4 ± 1.7
for the 30-mer; NBS also fluctuates, averaging 6.5 ± 3.6 for the
22-mer, 8.7±1.5 for the25-mer, and11±2.1 for the30-mer (Figure 4C).
Thismeans that none of the PMOs form significant sections of a typical
canonical nucleic acid duplex structure, as in the case of RNAs. This can
also be gleaned from the structure snapshots of the 22-mer PMO (Fig-
ure 4A). Indeed, to form canonical RNA-like structures, the 22-mer,
25-mer, and30-merPMOswouldhave to fold andbe stabilized by ama-
jority of their bases occurring in the form of base pairs and roughly by
twice as many base stacks. This is not the case for the 22-mer, 25-mer,
and 30-mer PMOs. Hence, due to a lower count of base pairs and base
stacks, the secondary structures of PMOs largely deviate from the ca-
nonical folded double-stranded RNA-like duplex array (Figure 4A).

Theoretical modeling of CD profiles

Next, we turned to theoretical modeling of the CD spectra using the
output from the all-atom MD simulations for the 22-mer, 25-mer,
and 30-mer PMOs to compare with experiments (Figure 2). To select
structurally different conformations, we employed the eRMSD mea-
sure of structure similarity,40,41 which varies between �1.2 and �2.0
for all PMO molecules. For each 22-mer, 25-mer, and 30-mer PMO,
we selected the structures that differ in their eRMSD values by
DeRMSD >0.003. These structures were then used to calculate the
theoretical CD spectral profiles for the PMO molecules. An example
of theoretical CD profiles for different conformations of the 22-mer
PMO is presented in Figure S3. We found that the existence of
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 635
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Table 1. Solution conformations of therapeutic 22-mer PMO for Exon45, 25-mer PMO for Exon53, and 30-mer PMO for Exon51

22-mer PMO

w X, nm Rg , nm NBP NBS SASA, Å2 ½h�, cm3/g DG, kcal/mol TDS, kcal/mol DH, kcal/mol

I 0.23 1.75 1.76 3 4 4,665 5.35 �58 �19 �75

II 0.22 0.81 1.31 3 8 4,368 3.88 �18 �28 �46

III 0.16 1.66 1.50 4 4 4,912 4.72 �23 �21 �44

25-mer PMO

w X, nm Rg , nm NBP NBS SASA, Å2 ½h�, cm3/g DG, kcal/mol TDS, kcal/mol DH, kcal/mol

I 0.19 2.1 1.25 6 12 4,803 5.8 �71 �43 �114

II 0.17 2.5 1.22 5 6 4,602 3.9 �33 �46 �79

III 0.16 3.9 1.37 6 11 5,002 4.5 �55 �32 �87

30-mer PMO

w X, nm Rg , nm NBP NBS SASA, Å2 ½h�, cm3/g DG, kcal/mol TDS, kcal/mol DH, kcal/mol

I 0.25 3.7 1.60 12 7 5,651 5.7 �53 �60 �113

II 0.13 1.7 1.59 5 12 5,794 5.7 �54 �58 �112

III 0.12 2.6 1.71 3 5 6,299 6.7 �51 �34 �85

Shown for each principal solution conformer I–III are the equilibrium population w, end-to-end distance X, radius of gyration Rg , number of base pairs NBP , numbers of base stacks
NBS , SASA, intrinsic viscosity ½h�; and thermodynamic state functions (changes in free energy DG, entropy TDS, and enthalpy DH) for folding of PMOs.
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multiple different 22-mer PMO conformations (see the inset in Fig-
ure 2A) gives rise to distinctly different CD profiles.

We used non-linear regression to fit the ensemble of theoretical CD
spectral curves to the experimental CD spectrum (see section “mate-
rials and methods”). This helped us to resolve the most relevant solu-
tion structures and evaluate their weights in the statistical ensemble.
A similar non-linear regression approach was used successfully in
our previous study to model the experimental small-angle X-ray
scattering (SAXS) data.42 Briefly, for each i-th structure type, i = 1,
2,., N � total number of structures, a CD profile qiðlÞ is calculated.
Next, the average theoretical profile QthðlÞ is constructed using a
weighted superposition, QthðlÞ =

P
iwiqiðlÞ (see Equation 1), where

wi is the statistical weight (population weight) for the i-th structure
type. We used the mean squared error (MSE) as a penalty function
(see Equation 2) and population weights w1;w2;.;wN (wtot =P

iwi = 1) as regression coefficients (see section “materials and
methods”). For all three PMOs, the gradient descent algorithm
converged after 20,000 iterations. Applying this approach has enabled
us to describe solution structures for the 22-mer, 25-mer, and 30-mer
PMOs, which have the largest statistical weights in the ensemble of
conformations. By discarding the structures with small weights
<0.05 (i.e., less than 5% of the total population wtot), we identified
the most important conformations, which account for �85%–90%
(majority) of all solution conformations. The first three most impor-
tant (most populated) conformations I–III for the 22-mer, 25-mer,
and 30-mer PMO (displayed in Figure 2) are characterized in Table 1,
which also lists the population weights corresponding to these confor-
mations. The ensemble average theoretical CD profilesQthðlÞ for the
22-mer, 25-mer, and 30-mer PMOs are compared with the experi-
mental CD spectra in Figures 2A–2C, which also show the most
important solution conformation types I–III.
636 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
Next, we explored the dynamic structural properties of conformation
types I–III of the 22-mer, 25-mer, and 30-mer PMOs in an aqueous
solution. The end-to-end distance X varies between 0.81 and
1.75 nm for the 22-mer, between 2.1 and 3.9 nm for the 25-mer,
and between 1.7 and 3.7 nm for the 30-mer PMO. The radius of gy-
ration Rg varies between 1.31 and 1.76 nm for the 22-mer, between
1.22 and 1.37 nm for the 25-mer, and between 1.59 and 1.71 nm
for the 30-mer PMO (Table 1). The number of base pairs NBP varies
between three and four for the 22-mer, between five and six for the
25-mer, and between three and twelve for the 30-mer PMO. Finally,
the number of base stacks NBS varies between four and eight for the
22-mer, between six and twelve for the 25-mer, and between five
and twelve for the 30-mer PMO (Table 1). The solvent-accessible sur-
face area (SASA), which quantitates the degree to which a molecule is
exposed to water, varies between 4,368 Å2 and 4,912 Å2 for the
22-mer, between 4,602 Å2 and 5,002 Å2 for the 25-mer, and between
5,651 Å2 and 6,299 Å2 for the 30-mer PMO (Table 1).

Theoretical reconstruction of viscosity-concentration profiles

for PMOs

Next, we modeled experimental solution viscosity data for the
22-mer, 25-mer, and 30-mer PMOs (Figure 3; profiles of specific vis-
cosity hsp are displayed in the insets). In the Einstein formula for the
average solution viscosity h in the dilute regime (Equation 3), the
slope for the linear dependence of the reduced viscosity h=h0 on
the solution concentration C, h=h0 = 1+ ½h�C, is given by the
intrinsic viscosity ½h�, which is the inverse concentration of amolecule
in its pervaded volume averaged over the ensemble of molecular con-
formations.32 First, we used the first 10 most populated conforma-
tions identified in the all-atom MD simulations for the 22-mer,
25-mer, and 30-mer PMOs (Table 1) and the HYDROPRO package43

to calculate the values of intrinsic viscosity for these conformers,



Table 2. Dynamic molecular properties and thermodynamic state functions

for the three therapeutic 22-mer, 25-mer, and 30-mer PMOs

Parameter 22-mer PMO 25-mer PMO 30-mer PMO

X, nm 1.6 ± 0.5 3.2 ± 1.0 2.8 ± 0.9

Rg , nm 1.48 ± 0.19 1.4 ± 0.1 1.7 ± 0.1

NBP 3.3 ± 0.9 5.9 ± 1.1 6.4 ± 4.2

NBS 6.5 ± 3.6 8.3 ± 3.2 8.7 ± 3.0

SASA, Å2 4,538 ± 248 4,819 ± 158 5,945 ± 341

½h�, cm3/g 4.5 ± 0.6 4.7 ± 0.6 6.2 ± 0.8

kH 4.5 9.9 3.8

DG, kcal/mol
�34/�46
(�37 ± 23)

�51/�51
(�58 ± 20)

�50/�69
(�53 ± 33)

TDS, kcal/mol
�23/�46
(�24 ± 7)

�38/�57
(�33 ± 14)

�53/�68
(�48 ± 20)

DH, kcal/mol
�57/�92
(�62 ± 38)

�89/�108
(�79 ± 60)

�103/�137
(�105 ± 60)

Shown are the following ensemble average quantities (and standard deviations) deter-
mined from the principal solution conformers for each PMO: the end-to-end distance
X, radius of gyration Rg , total number of base pairs NBP , total number of base stackings
NBS , SASA, intrinsic viscosity ½h�, and Huggins constant kH . Also shown are the changes
in free energy DG, entropy TDS (at T = 300K), and enthalpy DH for ensemble average
PMO solution structures. These quantities were calculated using the five or six most
populated structures, which account for �90% of the total population. DG, TDS, and
DH were calculated using the PMOs’ unfolded structures and extended structures (Fig-
ure 1B; separated by a slash) as the reference states (Figure 1C). Also shown are the
average values and standard deviations of DG, TDS, and DH extracted from the histo-
grams displayed in Figure S7 using the unfolded structures as the reference states
(shown in parentheses). The Huggins constant kH is obtained from the fit of the Einstein
formula given by Equation 3 into the experimental data points.
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which are shown in Table 1 for the most important conformations I–
III. The intrinsic viscosity varies for different conformations (f½h�ig)
for the same PMO as well as for different PMOs: it varies between 3.88
and 5.35 cm3/g for the 22-mer, between 3.9 and 5.8 cm3/g for the
25-mer, and between 5.7 and 6.7 cm3/g for the 30-mer PMO (Table 1).
Next, we calculated the theoretical ensemble average intrinsic viscos-
ity, ½h� = ½h�th =

P
iwi½h�i, for the 22-mer, 25-mer, and 30-mer

PMOs using their population weights (fwig). The average values of
½h� for the 22-mer, 25-mer, and 30-mer PMOs, shown in Table 2,
vary from 4.5 cm3/g for the 22-mer to 4.7 cm3/g for the 25-mer
and to 6.2 cm3/g for the 30-mer PMOs. We used the obtained values
of ½h� for the 22-mer, 25-mer, and 30-mer PMOs to predict the depen-
dence of h on C in the dilute solution regime; i.e., h = h0ð1 + ½h�CÞ.
In these calculations, we set the solvent (water) viscosity to h0 =

0.909 mPa � s as estimated from the y intercepts in the experimental
viscosity profiles. Figure 3 shows excellent agreement between the
experimental data points and theoretical profiles of h for all PMOs
studied. These results also confirm our findings regarding the
ensemble of PMO structures existing in an aqueous solution and vali-
date our computational modeling approach.

Next,weused the full Einstein equation,h = h0ð1 + ½h�C + kH ½h�2C2Þ,
to describe the experimental data in the dilute and semi-dilute solution
regimes. By performing non-linear fitting to the experimental viscosity
data, we estimated theHuggins constant kH for the 22-mer, 25-mer, and
30-mer PMOs, which is equal to 4.5 for the 22-mer, 9.9 for the 25-mer,
and 3.8 for the 30-mer (Table 2). The theoretical curves of h versus C
deviate from the experimental data points in the concentrated solution
regime for all PMOs, especially for the 25-mer and 30-mer PMOs (Fig-
ure 3). To elucidate the reason for this disagreement, we prepared three
model systems for the 25-mer PMO, which correspond to 35, 75, and
100 mg/mL concentration of this PMO in aqueous solution. Structure
snapshots displayed in Figure 3 show that, while for 35mg/mL concen-
tration there is only one 25-mer PMO molecule per water box of
�430 nm3 volume (Figure 3D), for higher 75- and 100-mg/mL concen-
trations there are, respectively, two and three 25-mer PMOmolecules in
the water box (Figures 3E and 3F), separated by �2.8 and �2.0 nm.
These distances are close to the 2.6-nm size of 25-mer PMOmolecules,
estimated to be equal to twice the average radius of gyration (2Rg) of this
PMO (Table 2). Therefore, at a higher (>75–100mg/mL) concentration,
the 25-mer PMO molecule is expected to aggregate in an aqueous
solution.

We obtained similar results for the smaller 22-mer and for the
larger 30-mer PMOs. At higher 75- and 100-mg/mL concentra-
tions, the 22-mer PMO molecules are separated by 2.3 and
1.1 nm, respectively, and the 30-mer PMO molecules are separated
by 3.5 and 1.6 nm, respectively. These values are comparable with
the 22-mer and 30-mer PMOs’ respective average sizes of 3.0–3.4
(2Rg) (Table 2). Hence, at higher 75- to 100-mg/mL concentration,
the 22-mer and 30-mer PMOs also tend to aggregate,
forming oligomers (dimers, trimers, etc.) This concentration-
dependent aggregation explains the differences between the theo-
retical results obtained based on the perturbative expansion of h
in the powers of C truncated at the quadratic term (� C2) (Equa-
tion 3) and the upward-deviating experimental data for the depen-
dence of h on C for the 22-mer, 25-mer, and 30-mer PMOs
(Figure 3).

Resolving thermodynamic state functions for PMOs

Next, we focused on the energetics of conformational transitions in
PMOs. We used the results of MD simulations for the 22-mer,
25-mer, and 30-mer PMOs at T = 300 K to gather thermodynamic in-
formation underlying structure alterations in these PMO molecules
(see section “materials and methods”). The simple MM/GBSA
method enabled us to analyze many thousands of conformations of
the 22-mer, 25-mer, and 30-mer PMOs, in order to resolve the entire
probability distributions of thermodynamic state functions, DH,
TDS, and DG. For the most important folded conformations I–III
and unfolded (reference) structures (Figure 1C), the values of DH
for folding vary between �44 and �75 kcal/mol for the 22-mer, be-
tween �79 and �114 kcal/mol for the 25-mer, and between �85
and �113 kcal/mol for the 30-mer PMOs. The values of TDS for
folding range from �19 to �28 kcal/mol for the 22-mer, from �32
to �46 kcal/mol for the 25-mer, and from �34 to �60 kcal/mol for
the 30-mer PMOs; the values of DG for folding vary between �18
and �58 kcal/mol for the 22-mer, between �33 and �71 kcal/mol
for the 25-mer, and between �51 and �54 kcal/mol for the 30-mer
PMOs (Table 1).
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The histogram-based estimates of the probability distributions of
values of thermodynamic state functions, DH, TDS, and DG, for
the folding of the 22-mer, 25-mer, and 30-mer PMOs, are displayed
in Figure S7, which shows that these quantities are broadly distrib-
uted, especially DH and DG. Indeed, values of DH range from
�143 to �13 kcal/mol for the 22-mer, from �164 to 50 kcal/mol
for the 25-mer, and from �187 to 33 kcal/mol for the 30-mer
PMOs (Figure S7); values of DG vary between 2 and �75 kcal/mol
for the 22-mer, between 3 and �80 kcal/mol for the 25-mer, and
between 5 and �82 kcal/mol for the 30-mer PMOs (Figure S7).
Variations in TDS are smaller, ranging between �38 and
�12 kcal/mol for the 22-mer, between �54 and �11 kcal/mol for
the 25-mer, and between �80 and �15 kcal/mol for the 30-mer
PMOs (Figure S7).

Finally, we calculated the average values of DH, TDS, and DG for
PMO folding using the unfolded PMO structures as the reference
state (Figure 1C) and then the extended structures as the reference
states (Figure 1B). For the folded reference structures, we obtained
DH = �57, �89, and �103 kcal/mol for the 22-mer, 25-mer, and
30-mer PMOs, respectively; TDS = �23, �38, and �53 kcal/mol
for the 22-mer, 25-mer, and 30-mer PMOs, respectively; and DG =

�34, �51, and �50 kcal/mol for the 22-mer, 25-mer, and 30-mer
PMOs, respectively (Table 2). For the extended reference structures,
we obtained DH = �92, �108, and �137 kcal/mol for the 22-mer,
25-mer, and 30-mer PMOs, respectively; TDS = �46, �57, and
�68 kcal/mol for the 22-mer, 25-mer, and 30-mer PMOs, respec-
tively; and DG = �46, �51, and �69 kcal/mol for the 22-mer,
25-mer, and 30-mer PMOs, respectively (Table 2).

DISCUSSION
PMOs play an increasingly important role in the development of
ASO-based approaches to drug discovery and have led to the approval
of several nucleic acid therapeutics for clinical use.4 However, the
structure-function relationships for RNA-mimicking PMOs, or other
ASO-based RNAmimics, remain elusive duemainly to the lack of any
information about their sequence-dependent solution structures. To
the best of our knowledge, there are no X-ray crystallography data
or NMR structures of PMO molecules available to date. This lack
of knowledge hampers the much-needed development of PMO-based
applications of rational drug design approaches.

In this study, we have overcome this limitation—the lack of PMO so-
lution structure knowledge—by carrying out combined experimental
and computational studies for a range of PMO study systems of
increasing size, from the 22-mer PMO, to the 25-mer PMO, and to
the 30-mer PMO (Figure 1). This is, to the best of our knowledge,
the first systematic study of the structural, energetic, and hydrody-
namic properties of a range of PMOs at the atomic level of detail.
Computational molecular modeling continues to play an important
role in the molecular-level understanding of the properties of biomol-
ecules (DNA, RNA, and proteins) in general and RNA and their
derivatives in particular.26,44 We carried out CD spectroscopic mea-
surements on the 22-mer, 25-mer, and 30-mer PMOs. The CD tech-
638 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
nique has been used in numerous previous studies to help elucidate
the chiral/helical structures of short-chain oligonucleotides. These
studies demonstrated that canonical single-stranded nucleic acid ba-
ses stack with differing levels of long-range order in aqueous solution
as a result of their hydrophobic base-facing stacking interactions.45 In
addition, CD spectroscopy has contributed a great deal to our under-
standing of the contribution of helices, bulges, loops, and base mis-
matches to the overall tertiary structures observed in canonical
RNAs,45 as well as to the characteristic right-handed B-form duplex
DNA structures and A-form duplex DNA and RNA structures45

observed in neutral aqueous solutions of moderate salt concentration.

Considering that PMOs are charge neutral, it is expected that second-
ary structures for these molecules are primarily governed by the bal-
ance between the hydrophobic and hydrophilic interactions in the
backbone and in the bases, which are different from canonical poly-
anionic nucleic acids. However, in the absence of any information
about the secondary structure of PMOs (or any other neutral
ASOs), meaningful interpretation of CD spectra for the 22-mer,
25-mer, and 30-mer PMOs remains difficult. Experimentally, we
found that all three PMO systems share similar broad features, exhib-
iting a large positive peak at l z 270 nm and a small peak at l z
220 nm, with a trough at l z 240 nm and negative peak at l z
210 nm. In addition to shifts in the peak maxima and trough, the large
positive peak at lz 270 nm decreases when the 22-mer and 25-mer
PMOs are compared, and increases when the 25-mer and 30-mer
PMOs are compared (Figure 2). However, overall, these three similar
CD spectra share the chiral features of canonical RNA oligonucleotide
CD spectra that possess an A-type of base conformation with a signif-
icant degree of ordered right-handed base stacking.46 The small peak
at l z 220 nm increases for the 22-mer, to the 25-mer, and to the
30-mer PMOs, but an important difference is that, for the 22-mer
and 25-mer, the ellipticityQ is negative, while for the 30-mer it is pos-
itive (Figure 2). Finally, a negative peak around lz 210 nm is present
in all three PMOs’ spectra. This lowest-wavelength negative peak has
been shown to be due to more localized electrons in stacked bases in
single-stranded RNAs.47 Further interpretation of CD spectral curves
requires the examination of actual solution structures, which we carry
out below.

We profiled the dependence of viscosity of the PMO-derived aqueous
solutions on the PMO concentrations for the 22-mer, 25-mer, and
30-mer PMOs (Figure 3). We found that, overall, the dependence
of the PMO solution viscosity h on PMO concentration C is roughly
linear in the 0- to 70-mg/mL range of solution concentration, and is
strongly non-linear for higher concentration (Figure 3). This higher-
concentration non-linearity is undoubtedly due to formation of
higher-order structures and intermolecular networks mediated by in-
teractions between multiple PMO molecules in close proximity.34

Few data are available for the viscosity of a range of higher RNA/
DNA concentrations and their potential higher-order structures.48

However, for PMOs in the lower-concentration linear region of the
h versus C profiles, formation of ordered chiral secondary structure
in PMOs in their monomeric forms is determined primarily by the
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interplay between the hydrophobic and hydrophilic interactions, and
not by any formal charge interactions. Again, the lack of any prior so-
lution structure information about PMOs makes it difficult to under-
stand and unambiguously interpret the results of solution viscosity
measurements. However, the trend observed for concentration-
dependent viscosity confirmed the suitability of using the intermedi-
ate concentration (50 mg/mL) therapeutically for PMOs and high-
lighted the importance of simulations in providing a predictive guide
for therapeutics delivery and formulation decisions. In the matter of
therapeutics delivery, it is worth noting that the intermediate concen-
tration (50 mg/mL) studied here is significantly diluted with 0.9% sa-
line prior to patient administration via intravenous (i.v.) infusion;
therefore, its viscosity could have no direct impact on efficacy.
However, viscosity is a key parameter from the standpoint of manu-
facturability. The viscosity of the solution is critical for consistent per-
formance of downstream unit operations such as filtration and filling,
as well as storage and stability.

The results obtained thus far indicate that the experimental CD
spectra (Figure 2) and solution viscosity versus concentration data
(Figure 3) require meaningful solution structure-based PMO
modeling for their interpretation. This is a formidable task due to
the possible existence of an entire manifold of conformational sub-
populations of any given PMO in an aqueous solution. Because there
is no structural information available, we turned to computational
molecular modeling to discover PMOs’ solution structure popula-
tions. We carried out quantum chemistry calculations of atomic
partial charges (see Figures S1 and S2) and derived the Amber force
field-based molecular mechanics parameters (Tables S1 and S2).
These efforts have enabled us to explore the micro-second conforma-
tional dynamics of the 22-mer, 25-mer, and 30-mer PMO molecules
in an aqueous solution (Figure 4 for 22-mer PMO).

We explored the PMOs’ conformers molecular characteristics (see
Table 1), including metrics of the secondary structure content (NBP

and NBS), the surface area of PMO molecular conformations acces-
sible to water (SASA), measures of the overall distribution of PMO
atoms in three-dimensional space (X and Rg), as well as hydrody-
namic characteristics (½h� and kH). We obtained the average values
of NBP , NBS, X, Rg , SASA, and ½h� for the 22-mer, 25-mer, and
30-mer PMOs (Table 2). We used the average intrinsic viscosity ½h�
for the PMOs obtained from the modeling of the experimental CD
spectra (Table 2) to predict the dependence of PMO solution viscosity
h on concentration C. This can be viewed as an example of physics-
based cross-validation. A very good agreement between the theoret-
ical profiles of h = h0ð1 + ½h�CÞ and the experimental data points
in the dilute solution regime (Figure 3) were obtained, which enabled
us to calculate Huggins constants for the PMOs (Table 2). The struc-
tural characteristics (Rg , NBP , NBS, and SASA) and hydrodynamic
quantities (½h� and kH) of PMOs all increase with the number of bases
(system size) for the 22-mer, 25-mer, and 30-mer (Table 2). However,
this increase is not monotonic: X and kH are larger for the smaller
25-mer PMO compared with the larger 30-mer PMO (Table 2).
The clearest interpretation of these property trends is that they largely
depend upon the PMOs’ morpholino nucleotide base composition
and sequence, and not only its size. Another point worth considering
is that the Huggins constant reveals something important about all of
the PMOs. For the three PMOs, kH changes from 4.5 for the 22-mer,
to 9.9 for the 25-mer, and to 3.8 for the 30-mer. Elevated values of this
magnitude are known to be exhibited by larger systems that can be
globular but are not particularly flexible (Bovine Serum Albumin),
that are more rigid and extended in character (polystyrene sulfonate),
and that exhibit aggregation behavior (Folch-Pi protein, silica rods) to
name a few properties (see Table 1 in Pamies et al.49). These kH values
for the PMOs suggest that the ensembles of conformers we have iden-
tified possess viscosity behavior that is driven by a relative lack of flex-
ibility, being somewhat extended in shape and being prone to aggre-
gation. This is especially true for the 25-mer with the highest value of
kH = 9.9. In fact, this also agrees with our observation of the 25-mer
having the largest X value and especially its viscosity behavior in the
concentrated solution regime, where it exhibits the largest deviation
from ideal behavior and is, therefore, most prone to aggregation of
all the three PMOs (Figure 3).

We attempted to carry out the direct MD simulation-based modeling
of experimental CD spectra of the 22-mer, 25-mer, and 30-mer PMO
molecules at elevated temperatures, but we arrived at poor fits (data
not shown), which are indicative of insufficient sampling of the
conformational subpopulations for these PMOs. This finding implies
the existence of a rugged free-energy landscape for the folding
of PMOs, in which local minima are separated by large energy
barriers. Therefore, we employed temperature replica exchange MD
(T-REMD; supplemental information) simulations widely used in
the conformational sampling of RNA tetranucleotides, protein un-
folding, and other applications.50–53 Because of the conformational
exchange, low-temperature conformations can surmount high energy
barriers by switching to higher temperatures; as a result, the sampling
efficiency improves. The theoretical CD profiles constructed based on
the output from T-REMD simulations are compared with the exper-
imental CD spectra for the 55�C and 85�C in Figure S4, which shows
good agreement between the calculated and experimental CD spectra.
For both calculated and experimental spectra, there is a decrease in
the intensity of all positive and negative peaks with increasing tem-
perature, as well as shifts in the wavelength maxima. These features
resemble the behavior determined experimentally for canonical
mRNA.46 The intensity decreases can be understood in terms of tem-
perature-dependent decreasing order in the population ensemble of
conformers that would inevitably decrease the overall chirality of
the conformers, irrespective of the chromophore or its molecular
location. The intensity decreases, especially at the highest wavelength,
appear gradual, suggesting the absence of energetic cooperativity as
the conformers disorder. This is expected given the lack of any
regular long-range order evident visually in the most populated
conformers we identified (Figures 2 and 5). Of the wavelength
shifts with increasing temperature, the easiest to understand is the
l z 268 nm peak at 25�C, shifting up to l z 273 nm at 55�C,
then to l z 282 nm at 85�C. This region of the spectrum is solely
determined by electronic transitions in the bases.
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Figure 5. Interpretation of CD spectra for

conformers I, II, and III for 22-mer PMO

Shown are the theoretical CD profiles (black solid lines) for

conformer I (A), conformer II (B), and conformer III (C).

Each of these profiles has been broken down into CD

spectra calculated separately for the two halves of each

conformer, shown structurally in the panels’ insets, for

bases 1–11 (red solid lines) and for bases 12–22 (blue

solid lines). The experimental CD profile for 22-mer PMO in

water is shown via black data points. The four vertical

dotted lines are placed at wavelengths corresponding to

peak maxima and trough minima to aid in the visual

comparison of all the CD curves.
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Taken together, the results obtained highlight the following important
aspects of PMO-based RNA mimics: (1) the utility of the conformer
ensemble perspective on folding and conformational transitions in
PMOs, (2) the predominance of non-canonical single-stranded
RNA-like structures of PMOs, (3) the importance of morpholino
nucleotide base composition and sequence of PMOs, and (4) the ther-
modynamic stability of compact folded PMO structures due to a
rugged free-energy landscape. In the remainder of this paper, we
discuss these important aspects of PMO molecules in more detail.

PMO conformational ensemble perspective

Utilizing the ensemble average solution conformations of the 22-mer,
25-mer, and 30-mer PMOs, theoretical CD spectra were produced
that correspond well to their experimental CD spectra (Figures 2A–
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2C and S3). We would not be able to achieve
this high level of accuracy at describing the
experimental CD profiles (and viscosity-con-
centration profiles) had the correct PMO con-
formations not been generated in the course of
the MD simulations. Thus validated, the results
of the MD simulations demonstrate the exis-
tence of rapidly interconverting subpopulations
of distinctly different conformations, in which
the nucleobases compete with the phosphoro-
diamidate groups and morpholino rings of the
backbone for shielding from their exposure to
water molecules. The ensemble average popula-
tion of solution conformers is a weighted super-
position of a large number of conformationally
different subpopulations. Rather than the struc-
tural paradigm coming from protein chemistry,
where a single structure (or few structures) rep-
resents the native state (folded basin), our find-
ings illuminate the ensemble of conformers view
of PMO solution structure, which has been
demonstrated for canonical single-stranded
RNAs in a number of cases.54

The individual CD spectra for the highest-
weight solution structure conformers for the
22-mer PMO, contributing to the total theoretical CD spectrum
that agrees with the experiment, are in fact quite distinct from one
another (Figure S3). In the l = 230- to 290-nm wavelength region,
which corresponds to molar ellipticity resulting from electronic tran-
sitions for more delocalized electrons in bases, there are conformers
that have completely opposite chirality behavior. For the 22-mer
PMO conformers with w = 0.22 (green) and w = 0.13 (orange), their
CD spectra resemble that of the right-handed helicity reminiscent of
B-form DNA, while, for the conformers with w = 0.13 (purple) and
w = 0.16 (magenta), their spectra resemble the left-handed base hel-
icity (Figure S3).27 In the shorter l = 200- to 230-nm wavelength re-
gion, corresponding to molar ellipticities from electronic transitions
for more localized electrons in the bases, a similar behavior is
observed. For three 22-mer PMO conformers (in Figure S3), the
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molar ellipticities are quite positive, suggesting an overall right-
handed helicity in the chromophore arrangement within the back-
bone, while, for the other three conformers, they possess a pro-
nounced negative trough region, suggesting an overall left-handed
helicity occurring in their base chromophores.27 To add to the
complexity of this picture, for the w = 0.22 conformer with right-
handed helicity exhibited in the base origin higher-wavelength region,
there is a left-handed base origin helicity exhibited as a negative ellip-
ticity trough in the lower wavelength region, perhaps due to different
bases in this structure having differing helical arrangements.

Adding further to the complexity of interpreting individual con-
formers’ calculated CD spectra are the following observations. We
calculated the CD spectra for fragments of conformers from the
22-mer resulting from breaking each conformer into two fragments
of equal size. These are shown along with the conformer’s fragments
schematically in Figure 5. What is clear for the three conformers
examined is the fact that, even within a given conformer, the two
fragments’ CD spectra look very different; this is especially true for
conformers I and III. Therefore, it appears that few regular structural
features occur in the ensemble solution structure populations of
PMOs. One final point is worth mentioning. When the 30-mer CD
was examined experimentally with solution concentrations of either
urea or LiCl added separately at up to 1 M, no alterations to the
CD spectra were observed (Figure S4B). Urea breaks hydrogen bonds
and is widely used experimentally to totally remove all secondary
structures in canonical nucleic acids, and LiCl is known to remove
G-quartet types of structures and other non-Watson-Crick base pair-
ing and encourage duplex formation instead.55 Therefore, the lack of
any spectra changes with the addition of these two solutes in the CD
experiments suggests that little canonical base-paired hydrogen-
bonded secondary structure or exotic G-quartet or other non-Wat-
son-Crick-paired structures exist or can be encouraged to form in
the solution PMO ensemble of conformations. This picture is in
agreement with our simulation-based view of the PMO ensemble
conformations: that they lack any substantial conformer stabilizing
a sizable canonical nucleic acid secondary structure as well as being
devoid of exotic G-quartet or other non-Watson-Crick base-pairing
types of structures.

Non-canonical structure of PMO molecules

3Dynamic competition between the phosphorodiamidate groups and
morpholino rings of the backbone with the bases for shielding from
their exposure to solvent (water) molecules gives rise to the formation
of non-canonical structures. These are quite different from the canon-
ical arrangements of base pairs and base stacks that characterize sin-
gle-stranded RNA molecules. Indeed, to form canonical RNA-like
structures, the 22-mer, 25-mer, and 30-mer PMOs would have to
be stabilized by a majority of its bases occurring in the form of base
pairs and roughly by twice as many base stacks. This is clearly not
the case for PMOs, because, in all three PMOs, the charged canonical
phosphate groups (as in RNA) are replaced in the PMO backbone
with the neutral phosphorodiamidate groups. As a result, polar but
uncharged phosphorodiamidate groups compete with polar nucleo-
bases for shielding from solvent exposure in PMOs, and the pattern
of base-pairing and base-stacking interactions found in typical
RNAs is not energetically favorable. Hence, owing to a lower count
of base pairs and base stacks, the secondary structure of PMO mole-
cules largely deviates from the canonical double-stranded RNA-like
folded duplex array, thus favoring the formation of the non-canonical
partially helical arrangement of morpholino nucleotides (Figure 4A).

Interestingly, we found that, as a consequence of the polar nucleo-
bases being partially exposed to water solvent, a relatively large num-
ber of bases are capable of forming intermolecular (rather than intra-
molecular) base-pairing interactions. This relatively large fraction of
bases observed on the periphery of the PMO’s ensemble structures
suggests that they are poised structurally to interact with other se-
quences of complementary nucleic acids, such as in pre-mRNAs in
the cellular environment, where their specific interactions can be de-
signed to result, for instance, in targeted exon skipping to produce
desired therapeutic effects.9–14 Another important consequence of
the solvent exposure of polar nucleobases’ hydrogen-bonding moi-
eties is that the PMO molecules “self-interact” in concentrated solu-
tions. Indeed, the results displayed for the 25-mer PMO indicate that
at higher 75- to 100-mg/mL concentration, this PMO molecule tends
to aggregate, i.e., form dimers and trimers, in aqueous solutions (Fig-
ure 3). We obtained similar results for the smaller 22-mer and for the
larger 30-mer PMOs (data not shown).
Importance of morpholino nucleotide composition of PMO

sequences

Given the uncharged backbone of PMOs, they are not expected to
have the same interaction energetics with water that canonical nucleic
acids do, where a significant fraction of bases participate in base-
paired double-helical structured regions sequestered from the water
environment, as well as forming loops and bulges.48 What we have
seen from the ensemble of conformers present in the oligomers’ solu-
tion populations is that a sizable fraction of bases stack on the exterior
of individual conformers, strongly indicating that the PMO con-
formers’ structures result from a competition between the bases
and the uncharged backbone for their being shielded from interacting
with water molecules. Therefore, when we examine in detail the base
pairing and base-stacking properties of the conformers, some inter-
esting facts emerge. In Figure 6A, we present an averaged view of
the different PMO conformer populations’ pyrimidine/purine base-
stacking picture in the different PMOs. To begin with, it is worth
noting that the three PMOs have percentage-purine base composi-
tions of 41% for the 22-mer, 40% for the 25-mer, and 53% for the
30-mer PMOs. Purines being a larger base than pyrimidines (nine-
versus six-ring atoms), their stacking might be expected to produce
a greater stacking enthalpy contributing to overall stability. We see
that the 30-mer has a far greater number of purine-purine stacks
than other stacking types compared with the 22-mer and 25-mer
PMOs (�120% more), well in excess of its somewhat larger percent-
age-purine fraction relative to the other two PMOs’ purine-purine
stacks (�31% more).
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Figure 6. Distribution of base-stacking interactions in 22-mer, 25-mer, and

30-mer PMO molecules

(A) The ensemble average number of base stacks, shown for the 22-mer (red bars),

25-mer (green bars), and 30-mer PMOs (black bars), are broken down into different

types of interacting bases: purine interacting with purine, pyrimidine stacked with

purine, and pyrimidine stacked with a pyrimidine. (B) The ensemble average number

of base stacks shown broken down into different nearest-neighbor pairs of inter-

acting bases, including guanine (G), cytosine (C), thymine (T), and adenine (A)

(bottom x axis), sorted in a descending order of their interaction enthalpies DH of

single-stranded base stacks coming from the nearest-neighbor model56 (top x axis).
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Viewed from a somewhat different perspective, we decided to
examine the three PMOs’ base-stacking distributions relative to the
types of possible base-stacking pairs (Figure 6B) sorted in the de-
scending order of the enthalpies DH of canonical single-stranded
DNA base stacks derived in Chakraborty et al.56 using the nearest-
neighbor model.57,58 The bottom x axis shows only the five strongest
types (of 10 total) of interacting stacked pairs arrayed from left to
right and the top x axis shows their corresponding enthalpy values.
We present these results for the three PMOs’ conformer ensemble-
averaged properties in Figure 6B, which shows large variations in
the distributions between the three PMOs. The 22-mer has low values
for most of the five interaction pairs, while the 25-mer has quite large
values. In agreement with our previous purine-purine pair observa-
tion of the percentage-purine-enriched 30-mer, its G/A pair value is
high compared with the other two PMOs. When we examine the rela-
tive occurrence of the strongest interacting pairs shown in Figure 6B
with the weakest five pairs (data not shown), we observe that there are
clear differences. We tabulated for each PMO the average number of
base stacks for the five largest enthalpy interacting pairs and
compared them with the lowest five enthalpy interacting pairs. For
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the 25-mer, there is a significantly greater population of the five
largest enthalpy interacting pair types (1.14) compared with the value
for the lowest enthalpy interacting pair types (0.52). Among the five
largest enthalpy interacting pair types are all three purine-purine
pairs (G/G, G/A, and A/A), in agreement with our discussion of the
25-mer above. For the 30-mer, the same trend is evident but not
nearly to the same extent (0.91 versus 0.83, respectively), while, for
the 22-mer, the trend reverses (0.45 versus 0.89, respectively). These
data suggest that the PMOmolecule’s sequence and base composition
have an effect on its ability to form base stacks and of which pair type,
but not always of the maximum energetic magnitude. Therefore, we
find that the competition between bases and uncharged backbone
to being shielded from interaction with water molecules always forces
a given conformer to adopt a compromise structure that does not
necessarily maximize the possible energy derivable from base-stack-
ing enthalpies.

These findings can also be used to explain the spectral signatures in
CD spectra at higher temperature (Figure S4). It is known that the
two-ring purines contain electrons that are more delocalized in
lower-energy molecular orbitals than the single-ring pyrimidine ba-
ses, with electronic transitions occurring at higher wavelengths where
purines have their absorption maxima.59 As a result, their helicity or
chirality properties are expected to be dominant over pyrimidines at
these higher wavelengths. Therefore, the resulting shift upward in the
wavelength maximum with the increasing temperature can be easily
understood in terms of purines remaining preferentially in helical
structures longer than pyrimidines as the temperature is increased.
This is exactly what our analysis of base-stacking distributions sug-
gests (Figure 6); namely, that the three purine-purine stacking pairs,
G/G, G/A, and A/A, have the third to fifth highest out of 10 values of
DH contributing to stability, and that the 30-mer ensemble-averaged
conformer properties have the greatest fraction of their stacked bases
in the purine-purine category, strongly suggesting that they will
exhibit the higher-temperature CD helical properties at increasing
wavelength maximum characteristic of their most stable purine-pu-
rine base stacks. This observed increase in the higher-wavelength
CD maximum with increasing temperature, as we observed in Fig-
ure S4, is a common feature of mixed-sequence nucleic acids, due
to the similar effect of purine-purine base stacks being preferentially
more stable and retaining greater helical character at higher
temperatures.59

Thermodynamic stability of compact folded PMO structures

The large negative values of the free energy of folding for the 22-mer,
25-mer, and 30-mer PMOs,DG = �34 to�51 kcal/mol (Table 2; and
�37 to �58 kcal/mol from the histograms in Figure S7) we have ob-
tained demonstrate that folded PMO molecules form somewhat sta-
ble structures in aqueous solution. The probability distributions of all
three thermodynamic state functions DH, TDS, and DG for all
the PMO molecules are nearly symmetric, but quite broad, especially
the distributions of DH and DG (Figure S7). The standard deviations
and the average values are comparable; i.e., DH = �62 ± 38 kcal/mol
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and DG = �37 ± 23 kcal/mol (22-mer), DH = �79 ± 60 kcal/
mol and DG = �58 ± 20 kcal/mol (25-mer), and DH = �105 ±

60 kcal/mol and DG = �52 ± 33 kcal/mol (30-mer); see Table 2.
These numbers point to the large variability of these energies across
the ensemble of PMO solution structures and the diversity of solution
conformations in terms of the energies of PMOs’ intramolecular in-
teractions and their interactions with water solvent. For all PMOs
studied, the probability distributions of the PMOs’ folding entropy
(TDS) are much narrower than the probability distributions of the
PMOs’ folding enthalpy (DH); see Figure S7. This means that there
exist a large number of alternative base-pairing and base-stacking ar-
rangements, which corresponds to variable enthalpy, for a given fixed
conformation of a PMO’s backbone. Video S3 exemplifies this inter-
esting aspect of the conformational dynamics of PMOs in solution.

For all PMOs studied, the folding entropy TDS is negative; i.e.,
TDS = �23 kcal/mol (for 22-mer), �38 kcal/mol (for 25-mer), and
�53 kcal/mol (for 30-mer); see Table 2. This entropy decrease for a
PMO molecule (i.e., PMO plus water solvent) for the folded confor-
mations compared with the unfolded conformations implies reduced
structural heterogeneity of folded PMOmolecules. We also estimated
the difference in solvation of PMO molecules by water in the folded
state versus the unfolded state. The average area of solvent-accessible
PMO surface (SASA) in the folded state is 4,538 Å2 (for 22-mer),
4,819 Å2 (for 25-mer), and 5,945 Å2 (for 30-mer); see Table 2. The
average SASA for the unfolded state comes to 5,700 Å2 (for
22-mer), 6,235 Å2 (for 25-mer), and 7,169 Å2 (for 30-mer), and so,
when PMOs fold, the area of PMO molecules exposed to solvent de-
creases by 1,162 Å2 (for 22-mer), 1,416 Å2 (for 25-mer), and 1,224 Å2

(for 30-mer). Assuming that the solvation energy (enthalpy) is
proportional to SASA, folding of PMOmolecules in aqueous solution
results in reduced solvation and lowering of solvation energies.

In summary, we have determined, for the first time, the solution
conformer structures and a number of novel physical properties of
the little-studied PMO molecules, for three examples that are already
approved for use in the clinic as therapeutics. We have identified the
existence of ensembles of stable solution conformers for the individ-
ual PMOs that are validated by being used to accurately determine
their measured CD spectra and viscosity properties. The conforma-
tional dynamics we identified are defined by the competition between
the non-hydrogen-bonding faces of nucleobases and the uncharged
phosphorodiamidate groups for shielding from solvent exposure.
As a result, PMO molecules form non-canonical, partially helical,
yet stable folded structures with a small 1.4- to 1.7-nm radius of gy-
ration, and three to six base pairs and six to nine base stacks, the latter
largely confined to the molecules’ exterior. The free-energy landscape
for PMO folding is rugged with�31 to�42 kcal/mol free energy,�52
to �80 kcal/mol enthalpy, and �21 to �38 kcal/mol entropy of
folding. The estimated 4.5- to 6.2-cm3/g intrinsic viscosity and 4.5–
9.9 Huggins constant are indicative of low-flexibility, somewhat
extended, and aggregating systems. The latter property is perhaps
facilitated by the exterior, solution pendant stacked bases we identi-
fied in our ensembles of solution conformers, allowing adjacent
PMOs to interact easily through intermolecular base pairing and/or
base stacking. The existence of these exterior-oriented stacked bases,
in contrast to mostly interior-oriented bases in canonical RNAs, al-
lows PMOs to more readily interact with their target cellular RNAs,
representing a potentially unique mechanism of action for these
RNA-mimic oligonucleotides. The atomic force field for PMOs devel-
oped in this work can now be used in computational studies focusing
on duplex formation of PMOs with complementary RNAs, in order to
explore mechanism of action for RNA-mimic oligonucleotides.

To conclude, we have gathered a sufficient corpus of knowledge to un-
derstand solution structures and behavior of PMO sequences. This
can be used to formulate semi-quantitative rules that will greatly
aid the drug discovery process, including sequence selection criteria
(e.g., exact sequence and limit on G content) and the high-throughput
screening approaches. Our findings highlight the importance of the
conformational ensemble perspective of PMOs’ solution structures,
the thermodynamic stability of the non-canonical structures of
PMOs, and the specific morpholino nucleotides composition and
sequence of PMOs. The elucidation of these fundamental physico-
chemical principles, for the first time, now allows investigators to
better understand the solution structure-properties-function relation-
ship for PMOs to greatly facilitate the rational design of a new gener-
ation of RNA-mimic-based drugs. They also contribute important
predictive capabilities to formulation and delivery considerations,
such as how concentration-dependent viscosity properties affecting
aggregation can be obtained through calculations.
MATERIALS AND METHODS
Synthesis of PMOs

Synthesis of PMOs comprising 22 nucleobases (22-mer), 25 nucleo-
bases (25-mer), and 30 nucleobases (30-mer) (Figure 1) from the dys-
trophin gene (DMD) were performed using solid phase synthetic
methodology described elsewhere.5,60–62 All PMOswere characterized
including liquid chromatography-mass spectrometry (LC-MS) for
identity and high-pressure liquid chromatography (HPLC) for overall
purity. Other novel methods for the synthesis of PMOs have been
described in the literature.63,64

CD spectroscopy

CD studies were carried out using a Chirascan Q100 Circular Dichro-
ism Spectrometer with Pro-Data Viewer v.4.7.0.194 data analysis soft-
ware (KBI Biopharma, Louisville, CO). Initially, both cell path length
and PMO concentration were evaluated to determine the optimal
testing parameters. The concentration of the sample was adjusted
based on Beer’s law to maintain an optimal absorbance signal of
�0.8 AU. It was noted that the cell pathlength does not have a signif-
icant impact on the CD spectrum noise level, and hence a 1-cm path-
length cell was used for testing with a target concentration of 0.05 mg/
mL. The raw CD spectra were buffer subtracted, baseline corrected,
and normalized to the mean residue molar ellipticity. Analysis was
performed at 20�C (Figure 2), except for the 30-mer, where additional
data were collected at higher temperatures.
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Viscosity measurements

Experimental viscosity values were assessed for the 22-mer, 25-mer,
and 30-mer PMOs. Concentrated stock solutions of each PMO
were formulated by dissolving lyophilized drug substance material
into both DPBS and distilled water. The concentration of the stock so-
lutions was verified using UV-visible (UV-vis) spectroscopy. A set of
samples with concentrations ranging from 0 to 100 mg/mL PMO
were made from the stock solutions via serial dilution. The samples
were analyzed for viscosity at 25�C on a RheoSense VROC Initium
Model #INI-H-1000. Analysis conditions were set to a controlled
sample flow rate of 1,000 mL/min using the Initium high-pressure
E02 chip.

Construction of PMO structures

Construction of the atomic models of PMOs composed of 22 nucle-
obases (22-mer), 25 nucleobases (25-mer), and 30 nucleobases (30-
mer) was carried out using the Visual Molecular Dynamics (VMD)
package.65 The atomic coordinates of the six-member morpholino
ring in the chair conformation were obtained from Caleman et al.66

We attached guanine (G), cytosine (C), thymine (T), and adenine
(A) nucleobases to the morpholino ring to obtain morpholino nucle-
otides; i.e., the canonical nucleotides having the five-member ribose
ring substituted with the six-member morpholino ring. The connec-
tion between the morpholino ring and any of the nucleobases is
through the covalent bond C10‒N1 as in canonical DNA or RNA nu-
cleotides (Figures S1 and S2B). The linker (PMO) oligomer backbone
was formed by connecting morpholino nucleotides through phos-
phorodiamidate groups. The morpholino polyethyleneglycol (MPG)
linker was attached to the 50 end of each sequence through the phos-
phorodiamidate group (Figures S1 and S2A).

MD simulations

Atomic partial charges and force field parameters were derived as
described in the supplemental information. The all-atom MD simu-
lations were carried out as described in the previous studies.53,67

Each PMO study system (22-mer, 25-mer, and 30-mer PMOs) was
solvated in an octahedron water box, containing a PMO wrapped
with �8,000 water molecules (�280 nm3 volume), �8,600 water
molecules (300 nm3 volume), and �10,000 water molecules
(�360 nm3 volume), respectively. These simulation setups corre-
spond to �50 mg/mL PMO mass concentration. PMOs are un-
charged oligomeric molecules, and so counterions were not included.
Each PMO system was energy minimized using the steepest descent
algorithm68 over 10,000 steps, and then using the conjugate gradient
method over 5,000 steps (with 50-kcal/mol energy restraint imposed
on all solute atoms). Heating of each PMO study system was carried
out from 0 to 300 K within 50 ps. Next, 100 ps of restrained MD sim-
ulations (with 0.05-kcal/mol energy constraint placed on all solute
atoms) were performed for each PMO to equilibrate the system.
Finally, 1-ms-long unrestrained production MD simulation runs in
water at T = 300 K were carried out for each PMO study system using
the CUDA version of pmemd69 in the GPU-accelerated68,70 AMBER
20 package.71 The output from MD simulations was analyzed as
described in supplemental methods.
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Theoretical calculation of CD spectra

For each conformer and for each model system (22-mer, 25-mer, and
30-mer PMO), we calculated theoretical CD spectral profiles using the
matrix method described elsewhere.27–29. In the matrix method, one
calculates the interactions between the various electronic excitations
to determine the values of rotational strength. This yields a CD
profile; that is, a set of values for the rotational strength for each
electronic transition as a function of the wavelength l, qðlÞ.72 The
methodology for the theoretical calculation of a CD spectrum is
implemented in the DichroCalc software.72,73

Resolving PMO solution conformations

The step-by-step implementation of the non-linear regression algo-
rithm for theoretical reconstruction of the average theoretical CD spec-
trumQth is the following. Step 1: assign a randomweight (i.e., ensemble
population) wi to each CD profile qi representing the i-the conforma-
tion of a PMO in question in the ensemble of N conformations. The
PMO conformations selected should have large negative value of the
free energy for folding. Step 2: form a weighted superposition,

QthðlÞ = w1q1ðlÞ+w2q2ðlÞ+.+wNqNðlÞ (1)

in order to obtain the theoretical spectrum QthðlÞ. Step 3: calculate
the MSE,

MSE =
1
m

Xm

j = 1

�
Qj

�
lj
� � Qth j

�
lj
��2

(2)

by comparing the values of experimental CD data pointQj and theo-
retical prediction Qth j for all values of the wavelength lj, j = 1, 2,.,
m (m = 131 is total number of data points). Step 4: minimize the MSE
by varying the populationswi for all i = 1, 2,.,N using the stochastic
gradient descent algorithm. The five to seven conformations with the
largest weights R0.05 were selected for further analysis and
modeling.
Theoretical reconstruction of PMO solution viscosity versus

concentration profiles

The solution conformations of the PMO molecule in question ob-
tained from the numerical fit of theoretical CD curves to the experi-
mental CD spectra were used to reconstruct solution viscosity profiles.
For each i-th PMO conformation, i = 1, 2,., n (n is the total number
of PMO conformations from the modeling of CD spectra), the
intrinsic viscosity hi values were calculated using the hydrodynamic
volume, which was estimated with the HYDROPRO package.74 The
ensemble average intrinsic viscosity ½h� was calculated as ½h� =Pn

i = Iwihi, where the total population adds up to unity; i.e.,Pn
i = Iwi = 1. The profiles of PMO solution viscosity h versus con-

centration C were reconstructed using the Einstein formula75:

h = h0

�
1 + ½h�C + kH ½h�2C2

�
(3)

where h0 is solvent viscosity and kH is the Huggins coefficient kH . The
profiles of specific viscosity hsp were obtained using the formula:
hsp = h� h0

h0
.
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Thermodynamic state functions

The Gibbs free energy (DG), enthalpy (DH), and entropy (DS) of PMO
foldingwere calculated for each j-th conformer observed in equilibrium
MD simulations for 22-mer, 25-mer, and 30-mer PMO, where j = 1, 2,
., N (N is the total number of conformations for a PMO), using the
extended structures (Figure 1B) and unfolded structures of PMOs (Fig-
ure 1C) as the reference states. To calculateDG,DH, andDS, we utilized
the molecular mechanics/generalized born surface area (MM/GBSA)
method76 implemented in the MMPBSA.py program.77 The enthalpy
of a state H is estimated using the following equation:

H = Eint + EC + EvdW + Ep + Enp (4)

In Equation 4, the first three terms are standard molecular mechanics
potentials, which describe the bond length potential, bond angle po-
tential, and dihedral angle potential (included in Eint), electrostatic
interaction potential (EC), and van der Waals interaction potential
(EvdW). In Equation 4, Ep and Enp are the polar and non-polar contri-
butions to the solvation free energies, respectively; Ep is obtained by
using the generalized Born (GB) model, and Enp is estimated using
the solvent-accessible surface area (SASA). Although computation-
ally expensive approaches to the entropy calculations exist,78 in this
study, we estimated the entropy of a state S using the normal mode
analysis.79 Changes in thermodynamic state functions DH (enthalpy)
and TDS (entropy) were estimated by taking the difference between
the enthalpies and entropies for a reference state (extended or
unfolded conformation; see Figures 1B and 1C) and the j-th confor-
mation, i.e., DHj = Hj � Href and DSj = Sj � Sref , and DGj was
then calculated as DGj = DHj � TDSj (for T = 300 K). The proced-
ure for creating the reference structures for the calculation of thermo-
dynamic state functions is described in supplemental information in
more detail.
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Supplemental Material 
 
 

Supplemental Methods 
 

Atomic partial charges and force field parameters: For each PMO study system, we calculated 
atomic partial charges separately for the following three structure fragments: i) with phosphorodiamidate 
group attached to the 3’-end and capping the HO atomic group attached to the O5’ atom (mimicking the 
PMO 5’-end; see Figure S1A); ii) for phosphorodiamidate group attached to the 5’-end and capping the 
HN atomic group attached to the N3’ atom (mimicking the PMO 3’-end; Figure S1B); and iii) for 
phosphorodiamidate group attached to both 5’- and 3’-ends (Figure S1C). These fragments were 
reconstituted as described in the previous section. The procedure of Restrained Electro Static Potential 
(RESP) charge fitting to obtain atomic charges has been described1, and was implemented in the RED 
server (RESP ESP charge Derive Server2). We used this method to derive atomic partial charges for 
each of the four “morpholino nucleotides” separately. Next, for each atom of the morpholino ring we 
averaged charges over these different partial charge calculations, so the atomic charges on the 
morpholino ring would be the same (except for the C1’ and H1’ atoms) for any base, as is the case for 
the ribose ring in the canonical bsc0χOL3 force field for RNA (see Refs. 35-38 in the main text). We also 
averaged partial charges on atoms in the phosphorodiamidate group. The values of bond angles and 
dihedral angle parameters were adopted from the bsc0χOL3 force field for atom types for those atoms 
which comprise the morpholino ring, except for the N3’-atom. Parameters related to atom types of the 
atoms in the phosphorodiamidate group that are not described in bsc0χOL3, such as the N3’ atom in the 
morpholine ring, and connections between them (i.e. covalent bonds, bond angles, and dihedral angles), 
were developed using the general Amber force field GAFF (see Ref. (39) in the main text; see also 
Tables S1 and S2). 
 
Quantum chemistry calculations and force field development for PMOs: Here we describe in detail 
i) the selection of the dominant conformation of the morpholino ring, ii) the calculation of atomic 
charges in the morpholino ring and in the phosphorodiamidate group, iii) the development of the atomic 
force filed parameters for MD simulations of PMOs, and iv) the reconstruction of the initial PMO 
structures. 

“Chair” versus “boat" conformations of morpholino – A 6-atom morpholino ring, forming a 
cyclic structure, might exist in either the “chair” or “boat” conformation. We carried out quantum 
chemistry calculations to determine the free-energy minimum state, and to estimate the free-energy 
difference between the “boat” and “chair” conformations. Atomic coordinates of the morpholino ring in 
the “chair” conformation were obtained from Ref.3, and coordinates for the “boat” conformation were 
derived from those for the “chair” conformation by changing the rotation angle N3’-C2’-C1’-H1’ with 
GaussView 5.04. Next, we performed optimization of the two ring geometries, using Hartree-Fock (HF) 
theory with the 6-31G* basis set and the Gaussian 16 package5, to compare the energies of these 
conformers. The free energy was found to be lower for the “chair” conformation by ∆𝐸𝐸 = 6.7 kcal/mol, 
which agrees with a previous study of morpholino geometries6. Because the characteristic temperature 
for the transition from the “chair” conformation to the “boat” conformation 𝑇𝑇𝑐𝑐ℎ = ∆𝐸𝐸

𝑘𝑘𝐵𝐵� ≈ 3,372 K is 
much higher than room temperature (𝑇𝑇 = 300K), in the all-atom MD simulations we set all morpholino 
rings to be in the free-energy minimum “chair” conformation.  
 Calculation of atomic partial charges – Next, we created the atomic structures of PMO systems 
(Figure 1 in the main part). In a PMO sequence, each “morpholino nucleotide” is connected with the 
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phosphorodiamidate group either through the 3’-end, through the 5’-end, or both the 3’-end and the 5’-
end (Supplemental Figure S1). We created and utilized these three fragments in the calculation of atomic 
partial charges in the morpholino ring and phosphorodiamidate groups. We used the RESP method1 in 
conjunction with HF theory and the 6-31G* basis set. Because this is a standard choice for the level of 
theory used in the GAFF7 and bsc0χOL3 force fields (Refs. 35-38 in the main text), our calculations are 
consistent with these previous derivations of atomic partial charges. Several ab initio calculations were 
carried out for each fragment and for each of the guanine (G), cytosine (C), thymine (T), and adenine 
(A) bases; 3 runs per nucleobase (total of 36 runs). The partial charges for atoms in the morpholino ring 
and in the phosphorodiamidate group were averaged over these runs. Two exceptions were charges 
carried by the C1’ and H1’ atoms, which depend upon the attached nucleobase (Supplemental Figure 
S2). All atomic charges for nucleobases were obtained from bsc0χOL3. Since the negatively charged O-
atom within the canonical phosphate group is replaced by the uncharged -N(CH3)2 group, the total 
charge for all non-terminal “morpholino nucleotides” (Supplemental Figure S2) was set to zero. The 
Morpholino polyethyleneglycol (MPG) linker was constructed as described in Supplemental Methods.  

Force field parameters: All-atom types for atoms in the phosphorodiamidate group, morpholino 
ring, and MPG linker were determined using the Antechamber package8. The molecular mechanical 
parameters, such as the equilibrium bond distances (𝑟𝑟0), spring constants for covalent bonds (𝑘𝑘𝑏𝑏), 
equilibrium bond angles (𝜃𝜃0), and spring constants for bending of bond angles (𝑘𝑘𝜃𝜃), as well as torsional 
angle parameters (magnitude associated with torsion energy (𝑉𝑉𝑛𝑛/2), phase offset (𝛾𝛾) and periodicity (𝑛𝑛)), 
were obtained from the bsc0χOL3 force field for the atom types described therein. Parameters for atom 
types, which are not described by bsc0χOL3, were generated based on GAFF7 (Supplemental Tables S1 
and S2).  

PMO structures: We created the topology files for each of the “morpholino nucleotides” and for 
the MPG linker. Next, we linked “morpholino nucleotides” through the phosphorodiamidate groups and 
added the MPG linker at the 5’-end of each of the target sequences (see Figure 1 in the main part). These 
structures were used in all the MD simulations described in the main part.  
 
Creating reference structures for calculation of thermodynamic state functions: To generate the 
extended initial (reference) conformations for each of the 22-mer, 25-mer, and 30-mer PMO molecules, 
we ran short (~30 ns) all-atom MD simulations with the first and last P-atoms in these molecules 
constrained. We selected 54 extended conformations for the 22-mer, 59 conformations for the 25-mer, 
and 63 extended conformations for the 30-mer PMO. These were used to generate the average reference 
enthalpy (𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟) and reference entropy (𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟) for the extended initial conformations for the 22-mer, 25-
mer, and 30-mer PMOs shown in Figure 1B in the main part. To generate the unfolded initial (reference) 
conformations of PMO oligomers, we performed the all-atom MD simulations of thermal unfolding MD 
simulations using the Generalized Born (GB) model of implicit solvation9 implemented in pmemd10. In 
these simulations, the solution conformations obtained from the numerical fit of the theoretical CD 
profiles to the experimental CD spectra were used as initial conformations. Each of the 22-mer, 25-mer, 
and 30-mer PMO molecules were gradually heated from 300 K to 500 K over a 2.5-µs time interval to 
make them unfold (see Figure S5). The numerical output from these MD simulations of thermal 
unfolding was then used in conjunction with the Support Vector Classifier approach to Machine 
Learning to identify the unfolded conformations for the 22-mer, 25-mer, and 30-mer PMOs (see Figure 
S6). We selected 54 unfolded conformations for the 22-mer, 59 conformations for the 25-mer, and 63 
unfolded conformations for the 30-mer PMO. These conformations were used to generate the average 
reference enthalpy (𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟) and reference entropy (𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟) for the unfolded initial conformations for the 22-
mer, 25-mer, and 30-mer PMOs shown in Figure 1C in the main part. 
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Analysis of MD simulation output: The numerical output from MD simulations for PMOs (coordinate 
and energy files) was used in data analyses and modeling. The end-to-end distance 𝑋𝑋 was calculated as 
the distance between the P-atoms of the first and last “morpholino nucleotides”. The radius of gyration 
𝑅𝑅𝑔𝑔 was calculated using the coordinates of all atoms, 𝑅𝑅𝑔𝑔 = (∑ 𝑚𝑚𝑝𝑝𝒓𝒓𝑝𝑝2

𝑄𝑄
𝑞𝑞 /∑ 𝑚𝑚𝑝𝑝

𝑄𝑄
𝑞𝑞 ) 1/2, where 𝑚𝑚𝑝𝑝 is the 

mass of atom 𝑝𝑝 and 𝒓𝒓𝑝𝑝 is the position of atom 𝑝𝑝, relative to the center of mass of the molecule. The 
Solvent Accessible Surface Area (SASA) was estimated using the LCPO algorithm11 implemented in the 
CPPTRAJ module12  in AmberTools2013. The total number of base pairs and number of base stackings 
were calculated using Barnaba software14. The structure schematic for the calculation of the numbers of 
base pairs and base stackings is shown in Figure S2. Bases were classified as stacked if (�𝑧𝑧𝑘𝑘𝑘𝑘� and �𝑧𝑧𝑘𝑘𝑘𝑘� > 

2Å) and (𝜌𝜌𝑘𝑘𝑘𝑘 or 𝜌𝜌𝑘𝑘𝑘𝑘 < 2.5Å) and (�𝜃𝜃𝑘𝑘𝑘𝑘� < 40°). Here, 𝜌𝜌𝑖𝑖𝑘𝑘 = �𝑥𝑥𝑘𝑘𝑘𝑘2 + 𝑦𝑦𝑘𝑘𝑘𝑘2 , where the 𝑥𝑥- and 𝑦𝑦-axes are in 

the plane of the base (𝑥𝑥𝑘𝑘𝑘𝑘 and 𝑦𝑦𝑘𝑘𝑘𝑘 are the distances between the centers of mass of the two bases along 
the 𝑥𝑥- and 𝑦𝑦-axes, respectively) and the 𝑧𝑧-axis is normal to the 𝑥𝑥𝑦𝑦-plane, 𝑧𝑧𝑘𝑘𝑘𝑘 is the distance between the 
centers of mass of the two bases, and 𝜃𝜃𝑘𝑘𝑘𝑘 is the angle between the normal vectors of the two bases 
(Figure S2; Ref.14). All the non-stacked bases are considered to be base-paired if �𝜃𝜃𝑘𝑘𝑘𝑘� < 60° and there 
exists at least one hydrogen bond (H-bond) between 𝑘𝑘-th and 𝑗𝑗-th bases (Figure S2 in the main part). We 
assume that the H-bond D–H…A between the hydrogen donor atom (D) and acceptor atom (A) is 
formed if the donor–acceptor distance 𝑑𝑑𝐷𝐷𝐷𝐷 is less than the 3.3Å cutoff and the bond angle is larger than 
the 140° cutoff (Ref.14). To avoid selecting similar conformations we used the eRMSD measure of 
structural similarity (Ref.15) implemented in the Barnaba software14. Briefly, the eRMSD is a contact 
map-based distance metric, with the addition of a number of features that make it suitable for the 
comparison of structures of nucleic acids. We used eRMSD to prescreen the output from the all-atom 
MD simulations for 22-mer, 25-mer, and 30-mer PMOs and to discard similar structures from 
subsequent data analysis. 
 
Replica Exchange Molecular Dynamics: Temperature Replica Exchange Molecular Dynamics (T-
REMD) is an enhanced sampling technique16. T-REMD simulations were performed with the 
Generalized Born (GB) model of implicit solvation9 implemented in pmemd10. A total of 10 independent 
replicas running at different temperatures (300 K, 318 K, 336 K, 354 K, 372 K, 390 K, 408 K, 426 K, 
444 K, and 462 K) were simulated in parallel. After a 1 ns time interval, replica exchange was attempted 
between neighboring replicas, i.e. between 300 K and 318 K replicas, between 318 K and 336 K 
replicas, between 336 K and 354 K replicas, etc. Successful exchange probability 𝑝𝑝𝑖𝑖𝑘𝑘 was determined by 
the 𝑖𝑖-th and 𝑗𝑗-th replica pair’s temperature and energy differences based on the Metropolis criterion: 
𝑝𝑝𝑖𝑖𝑘𝑘 = min {1, exp [−(𝛽𝛽𝑖𝑖 − 𝛽𝛽𝑘𝑘)(𝐸𝐸𝑘𝑘 − 𝐸𝐸𝑖𝑖)]}, where 𝛽𝛽𝑖𝑖 = 1/𝑘𝑘𝐵𝐵𝑇𝑇𝑖𝑖 and 𝛽𝛽𝑘𝑘 = 1/𝑘𝑘𝐵𝐵𝑇𝑇𝑘𝑘 , and 𝑇𝑇𝑖𝑖, 𝑇𝑇𝑘𝑘 and 𝐸𝐸𝑖𝑖, 𝐸𝐸𝑘𝑘 are 
temperatures and potential energies of the 𝑖𝑖-th and 𝑗𝑗-th replicas (𝑘𝑘𝐵𝐵 is a Boltzmann constant). 
Conformations were extracted from T-REMD trajectories every 5 ns for data analysis.  

We employed T-REMD simulations to theoretically model CD spectra for the 30-mer PMO at 
higher T = 328-358 K range because non-linear regression and numerical fitting of the ensemble average 
theoretical profiles to the experimental CD spectra for 30-mer PMOs in the 328-358 K temperature 
range resulted in poor fits and large associated values of MSE (results not shown). This points to 
insufficient sampling of statistical ensembles of the 30-mer PMO conformations at elevated 
temperatures. A total of 10 replicas were simulated starting from their extended conformation as initial 
structures, each for 750 ns, in the temperature range between 300 K and 462 K. Due to replicas rapidly 
exchanging between different temperatures, changes in the kinetic energy and subsequent energy 
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redistribution between the kinetic and potential energy forms lead to changes in the potential energy of 
the system, which is why multiple unfolding-refolding transitions are observed. We observed a large 
number of unfolding-refolding transitions for the 30-mer PMOs. Hence, our use of T-REMD resulted in 
the covering of a much larger conformational space than the brute force use of conventional MD 
simulations. 
 
Classification of unfolded conformations of PMOs: To generate the unfolded conformations for the 
22-mer, 25-mer, and 30-mer PMO molecules, we carried out 4 independent 2.5-μs long MD simulations 
of thermal unfolding, using the first 4 most populated conformations as initial structures (first 3 of them 
are shown in Figure 2 in the main part). In these simulations, each of the 22-mer, 25-mer, and 30-mer 
PMOs were gradually heating them from 300 K to 500 K. The numerical output from these MD 
simulation runs (coordinate and energy files) were then used to identify molecular properties that best 
characterize the unfolding transitions in the 22-mer, 25-mer, and 30-mer PMO molecules at high 
temperatures (order parameters). The temperature-dependent profiles of the end-to-end distance 𝑋𝑋, 
radius of gyration 𝑅𝑅𝑔𝑔, number of base stacks 𝑁𝑁𝐵𝐵𝐵𝐵, and Solvent Accessible Surface Area (SASA), 
extracted as described in Materials and Methods (see main text) shows the sigmoidal shape 
characteristic of a phase transition (Figure S5). This has helped us to select the unfolded conformations 
of the 22-mer, 25-mer, and 30-mer PMO molecules to form the training set for the Machine Learning 
based classification of the ensemble of conformations for these PMOs. Specifically, we selected the 
conformations for which the values of 𝑋𝑋, 𝑅𝑅𝑔𝑔, 𝑁𝑁𝐵𝐵𝐵𝐵, and SASA are in the upper 90% of their maximum 
values (see horizontal dashed lines in Figure S5A-D).  

For each PMO system, we constructed the dataset containing the values of 𝑋𝑋, 𝑅𝑅𝑔𝑔, 𝑁𝑁𝐵𝐵𝐵𝐵, SASA 
and eRMSD. These quantities are described in detail in Materials and Methods (see main part). The 
numerical output containing a manifold of various conformations for the PMO molecules, obtained from 
the equilibrium MD simulations in an aqueous solution at 300 K, were used to form datasets 𝐷𝐷𝑟𝑟𝑞𝑞,22, 
𝐷𝐷𝑟𝑟𝑞𝑞,25 and 𝐷𝐷𝑟𝑟𝑞𝑞,30 for the 22-mer, 25-mer, and 30-mer PMOs, respectively. The numerical output data for 
PMOs’ conformations obtained from the MD simulations of thermal unfolding were used to form 
datasets 𝐷𝐷𝑢𝑢𝑛𝑛𝑟𝑟,22, 𝐷𝐷𝑢𝑢𝑛𝑛𝑟𝑟,25 and 𝐷𝐷𝑢𝑢𝑛𝑛𝑟𝑟,30 for the 22-mer, 25-mer, and 30-mer PMOs, respectively. For each 
PMO system, these datasets were combined into datasets 𝐷𝐷22, 𝐷𝐷25 and 𝐷𝐷30, with two classes labeled 
‘Folded’ and ‘Unfolded’. These combined datasets were randomly separated into two halves forming the 
training sets (𝐷𝐷𝑡𝑡𝑟𝑟𝑡𝑡𝑖𝑖𝑛𝑛,22, 𝐷𝐷𝑡𝑡𝑟𝑟𝑡𝑡𝑖𝑖𝑛𝑛,25 and 𝐷𝐷𝑡𝑡𝑟𝑟𝑡𝑡𝑖𝑖𝑛𝑛,30) and the test sets (𝐷𝐷𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡,22, 𝐷𝐷𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡,25 and 𝐷𝐷𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡,30). Next, we 
employed the Support Vector Machines (SVM) method to perform data classification, i.e. separation of 
PMOs’ structures, generated in MD simulations, into the folded conformations (‘Folded’ class) and the 
unfolded conformations (‘Unfolded’ class). The implementation of the SVM algorithm was based on 
Python scikit-learn package17.  

SVM was implemented with the linear, polynomial (degree up to 5), sigmoidal, and radial basis 
function (RBF) kernels. Using each kernel, we extracted the confusion matrices, which label the class 
chosen for each prediction against the true (known) class. Each matrix compares the predictions to their 
correct classes, and, for each matrix entry, we report the number of predictions and the percentage of 
predictions per total number of data points in a sample. Using the obtained confusion matrices, we 
calculated the number of false negatives (FN), i.e. the conformations from the MD simulations of 
thermal unfolding which were classified as ‘Folded’ class, and the number of false positives (FP), i.e. 
the conformations from ‘Folded’ class which were classified as the unfolded conformations. The latter 
are the target structures. These were identified the best with the RBF kernel giving the smallest FN 
number but the largest FP number. Figure S5 shows the confusion matrices for SVM obtained with the 
RBF kernel for the 22-mer, 25-mer, and 30-mer PMOs applied to the test sets 𝐷𝐷𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡,22, 𝐷𝐷𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡,25 and 
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𝐷𝐷𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡,30. Since the test sets contain only a half of the unfolded structures generated at 300 K, next, we 
applied these pre-trained SVM models to the data sets 𝐷𝐷𝑟𝑟𝑞𝑞,22, 𝐷𝐷𝑟𝑟𝑞𝑞,25 and 𝐷𝐷𝑟𝑟𝑞𝑞,30, in order to extract all 
the unfolded PMOs’ conformations that would exclude conformations from the MD simulations of 
thermal unfolding. Therefore, we identified 54 conformations for the 22-mer, 59 conformations for the 
25-mer, and 63 conformations for the 30-mer PMO. The results obtained for the classification of 
conformations of the 30-mer PMO into the ‘Folded’ class and ‘Unfolded’ class are displayed in Figure 
S5, which shows the two-dimensional projections of the separating hypersurface, i.e. 𝑁𝑁𝐵𝐵𝐵𝐵 vs. 𝑅𝑅𝑔𝑔 and 
𝑁𝑁𝐵𝐵𝐵𝐵 vs. SASA. 
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Supplemental Movies 

 
Video S1. Folding of the 22-mer PMO: The movie shows the conformational transition of the 22-mer 
PMO from the extended state to a collapsed state (folded state) as observed in a 150-ns MD simulation 
run at 𝑇𝑇 = 300 K. The MD run was carried out in explicit water (cyan transparent spheres). The PMO 
molecule is shown in the Licorice representation (sticks) and in the Twister representation for the 
backbone (blue line). The MPG-linker is shown in orange, A and T bases are shown in green, and C and 
G bases are shown in red. The length of the movie is 25 s (the movie is played ~167,000,000 times 
slower than the computational experiment). 
 
Video S2. Conformational dynamics of the 22-mer PMO: The movie shows conformational 
fluctuations of the 22-mer in the folded state as observed in a 1-µs MD simulation run at 𝑇𝑇 = 300 K. The 
MD run was carried out in explicit water (cyan transparent spheres). The PMO molecule is shown in the 
Licorice representation (sticks) and in the Twister representation for the backbone (blue line). The 
MPG-linker is shown in orange, A and T bases are shown in green, and C and G bases are shown in red. 
The length of the movie is 16 s (the movie is played ~16,000,000 times slower than the computational 
experiment).  
 
Video S3. Conformational dynamics of the 30-mer PMO: The movie shows conformational 
fluctuations of the 30-mer in the folded state as observed in a selected 400 ns of a 1-µs MD simulation 
run at 𝑇𝑇 = 300 K. The MD run was carried out in explicit water (cyan transparent spheres). The PMO 
molecule is shown in Twister representation (for the backbone; blue line) and in PaperChain 
representation (for nucleic bases). The movie shows different base-pairing and base-stacking 
arrangements, which correspond to variable enthalpy, for a given fixed conformation of a PMO’s 
backbone. The length of the movie is 15 s (the movie is played ~37,500,000 times slower than the 
computational experiment). 
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Supplemental Table 
 

Table S1. Molecular Mechanical parameters for covalent bonds and bond angles in PMOs: Shown 
for each covalent bond are the equilibrium covalent bond distance 𝑟𝑟0 and spring constant 𝑘𝑘𝑏𝑏, and for 
each bond angle the equilibrium bond angle 𝜃𝜃0 and bending angle spring constant 𝑘𝑘𝑡𝑡. These force field 
parameters were determined for the PMOs comprising the oligonucleotide backbone explored in this 
study (see Material and Methods in the main text). The following atom types are described: CT ‒ sp3 
hybridized carbon with 4 explicit substituents; NT ‒ sp3 hybridized nitrogen with 4 explicit substituents; 
H1 ‒ hydrogen on aliphatic carbon with 1 electron-withdrawing group; OS ‒ ester oxygen; O2 ‒ 
phosphate oxygen; H ‒ amide hydrogen; P ‒ phosphorus in phosphate group; and HC ‒ aliphatic carbon.  

 
Bond 𝑘𝑘𝑏𝑏, kcal/mol/Å 𝑟𝑟0, Å 

CT-NT 326 1.465 
CT-CT 310 1.526 
CT-H1 340 1.090 
CT-OS 320 1.410 
P-O2 525 1.480 
P-OS 230 1.610 
NT-H 434 1.010 
NT-P 367 1.670 
Angle 𝑘𝑘𝜃𝜃, kcal/mol/rad² 𝜃𝜃0, deg 

NT-CT-CT 80.0 111.20 
NT-CT-HC 49.5 109.88 
CT-CT-HC 50.0 109.50 
H1-CT-H1 35.0 109.50 
CT-NT-CT 50.0 109.50 
CT-NT-H 50.0 109.50 
CT-CT-OS 50.0 109.50 
OS-CT-H1 50.0 109.50 
CT-OS-CT 60.0 109.50 
P-OS-CT 100.0 120.50 

CT-CT-CT 40.0 109.50 
CT-NT-H 47.4 109.29 
CT-NT-P 78.4 119.86 
NT-P-O2 42.9 114.64 
NT-P-OS 43.9 102.23 
NT-P-NT 42.7 103.37 
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Table S2. Molecular Mechanical parameters for torsion angles in PMOs: Shown for each torsion 
angle are the number of bond paths and the magnitude of torsion energy 𝑉𝑉𝑛𝑛/2, the phase offset 𝛾𝛾, and 
the periodicity of torsion 𝑛𝑛. Atom X denotes any atom of the atom type described in the caption to Table 
S1. 

 

Torsion angle no. of paths 𝑉𝑉𝑛𝑛/2, kcal/mol 𝛾𝛾, deg 𝑛𝑛 
X‒CT‒CT‒X 9 1.4 0.0 3.0 
X‒CT‒NT‒X 6 1.8 0.0 3.0 
CT‒NT‒P‒O2 1 3.0 180.0 -2.0 
CT‒OS‒P‒NT 3 2.4 0.0 2.0 
CT‒CT‒NT‒P 6 1.8 0.0 3.0 
CT‒NT‒P‒OS 6 18.0 180.0 2.0 
CT‒NT‒P‒NT 6 18.0 180.0 2.0 
X‒CM‒P‒X 6 8.8 180.0 2.0 
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Supplemental Figures 
 

 
 

Figure S1. Structures used in RESP calculations of atomic partial charges for PMOs: Shown are 
the phosphorodiamidate morpholino (PM) nucleotide structures used for calculating partial charges (see 
Materials and Methods in the main text): PM with the phosphate group attached to the 3’-end (panel A), 
attached to the 5’-end (panel B), and attached to both the 3’-end and the 5’-end (panel C). Color 
denotation: the C-atoms are shown in grey; the N-atoms are in blue, the O-atoms are in red, the P-atoms 
are in orange, and the H-atoms are shown in white color. 
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Figure S2. Atomic partial charges for PMO backbone structure: Panel A: Partial charges for the 5’-
end (MPG) linker (circled). Panel B: Partial charges for the non-terminal PMO residues. The charges on 
the atoms of nucleic acid bases used are the same as in the bsc0χOL3 force field, as well as partial charges 
carried by C1’ and H1’ atoms. All charges for morpholino ring and phosphorodiamidate groups were 
calculated using the RESP method (see Supplemental Methods in main text). For each of the four bases 
the total charge is shown in different colors for each base: for A in blue, for C in red, for G in orange, 
and for T in green. Panel C: Local coordinate systems for purines and pyrimidines used in the 
calculation of base pairing and base stacking interactions (Supplemental Methods in main text). The 
center of the base ring atoms C2, C4, and C6 represents the origin of the coordinate system as shown. 
The x-and y-axes lie in the plane of the base while the 𝑧𝑧-axis lies normal to the 𝑥𝑥𝑦𝑦-plane. The 𝑥𝑥-axis is 
pointed in the C2-atom direction, and the 𝑦𝑦-axis is pointed toward the C4-atom (for C and U) or toward 
the C6-atom (for A and G). Two bases are forming a base pair via hydrogen bonds represented as 
dashed black lines. Panel D: Same as Panel C, but bases are forming base stacking interaction. Panel E: 
Structures of four ribonucleic acid bases used in the computational modeling of PMO molecules.  
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Figure S3. Circular Dichroism spectra for 22-mer PMO: Theoretical CD spectra for the six most 
important (most populated) conformations I-VI generated in silico for the 22-mer PMO complementary 
to Exon 45 (see Figures 2 and 4 in main text for conformers’ structures) with the corresponding weights 
(equilibrium populations) shown in the inset. The experimental data points are displayed as black data 
points (average spectrum), and the theoretical profiles are shown using differently colored curves (the 
average theoretical spectrum from the MD simulations is shown as a red curve). 
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Figure S4. Circular Dichroism spectra for 30-mer PMO: Panel A: Experimental CD spectra for the 
30-mer PMO complementary to Exon51 determined at three different temperatures 25ºC, 55ºC and 85ºC 
(color denotation is explained in the inset). Experimental data points are superposed with theoretical CD 
profiles (solid lines) for 30-mer PMO. The theoretical CD curves modeling experimental CD spectra at 
55ºC were constructed using conformers obtained from T-REMD simulations in the 336K-426K 
temperature range and non-linear fitting (see Materials and Methods in the main text). The experimental 
CD spectrum at 85°C was modelled using conformers from T-REMD simulations in the 390K-426K 
temperature range. Panel B: Experimental CD spectra for the 30-mer PMO complementary to Exon51 
corresponding to 0.1 M and 1 M urea solution, and 0.1 M and 1 M LiCl solution (color denotation is 
explained in the inset). 
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Figure S5. Dynamic structural properties and structure alterations associated with thermal 
unfolding of 30-mer PMO: Panels A-D display temperature-dependent profiles of the secondary and 
tertiary structural properties of the 30-mer from three independent 2.5-µs MD simulation runs of gradual 
heating of this PMO from 300 K to 500 K: number of base-stacking interactions 𝑁𝑁𝐵𝐵𝐵𝐵 (panel A), Solvent 
Accessible Surface Area (SASA; panel B), radius of gyration 𝑅𝑅𝑔𝑔 (panel C), and end-to-end distance 𝑋𝑋 
(panel D). Only the results of 400 K – 500 K portion of the thermal unfolding experiments are shown for 
clarity. Horizontal dashed-dotted lines represent the regions corresponding to the folded and unfolded 
conformations. Panel E shows an example of the initial folded conformation for the thermal unfolding 
simulation (structure II from Figure 2C in the main next; left) and three representative unfolded 
conformations formed in the course of 3 independent MD runs (right). The folded and extended 
conformations are displayed in the Twister representation (backbone; blue line) and in PaperChain 
representation (bases). 
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Figure S6. Support Vector Machines based analysis of conformations for 22-mer, 25-mer, and 30-
mer PMOs: Confusion matrices describing the number of predictors made using the SVM technique 
compared to every prediction’s true class for the 22-mer (𝐷𝐷𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡.22; panel A), 25-mer (𝐷𝐷𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡.25; panel B) 
and 30-mer (𝐷𝐷𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡.30; panel C) PMOs. The values in the center of each box indicate the number of 
predictions and the percent of predictions made for a certain class compared to the overall number of 
true class samples. The darker color of the cells corresponds to the larger amount of data points. Also 
shown are the scatter plots of a number of base-stacking interactions 𝑁𝑁𝐵𝐵𝐵𝐵 vs. radius of gyration 𝑅𝑅𝑔𝑔 
(panel D) and vs. Solvent Accessible Surface Area (SASA; panel E) for the 30-mer PMO. The black 
data points correspond to the 30-mer PMO’s conformations extracted from the equilibrium MD 
simulations in an aqueous solution at 300 K, while the red data points represent the conformations 
observed in the MD simulations of thermal unfolding. The blue dashed lines represent the two-
dimensional projection of an optimal hypersurface obtained using the Support Vector Classifier, which 
separates the conformations that belong to the ‘Folded’ class and ‘Unfolded’ class. The black data points 
under the border line which belong to the ‘Unfolded’ class are the initial unfolded (reference) structures 
used in data analysis (see Figure 1C in the main text). 
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Figure S7. Histograms of thermodynamic state functions for 22-mer, 25-mer, and 30-mer PMOs: 
Shown are the histogram-based estimates of the probability distributions for the values of enthalpy 
change ∆𝐻𝐻 (red bars), entropy change 𝑇𝑇∆𝑆𝑆 (blue bars) and free energy change ∆𝐺𝐺 (black bars) for 
folding of the 22-mer PMO (panel A), 25-mer PMO (panel B) and 30-mer PMO (panel C), obtained 
using the unfolded solution structures as the reference states. The distributions were sampled using the 
output from the equilibrium MD simulations at 𝑇𝑇 = 300 K temperature (see Materials and Methods in 
the main text).  
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