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How nanopore translocation experiments can measure RNA unfolding
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Abstract

Electrokinetic translocation of biomolecules through solid-state nanopores represents a label-free single-molecule technique
that may be used to measure biomolecular structure and dynamics. Recent investigations have attempted to distinguish indi-
vidual transfer RNA (tRNA) species based on the associated pore translocation times, ion-current noise and blockage currents.
By manufacturing sufficiently small pores, each tRNA is required to undergo a deformation in order to translocate. Accord-
ingly, differences in nanopore translocation times/distributions may be used to infer the mechanical properties of individual
tRNA molecules. In order to bridge our understanding of tRNA structural dynamics and nanopore measurements, we apply
molecular dynamics (MD) simulations using a simplified “structure-based” energetic model. Calculating the free-energy
landscape for distinct tRNA species implicates transient unfolding of the terminal RNA helix during nanopore translocation.
This provides a structural/energetic framework for interpreting current experiments, which can aid the design of methods for
identifying macromolecules using nanopores.
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Statement of significance

The current study employs simulations to explore the structural characteristics that govern transport of tRNA through a
nanopore. By adopting a simplified description, the presented calculations demonstrate that the energetics of tRNA folding
can rationalize the differential translocation timescales that have been observed in experiments. Through comparison with
experimental measurements, the presented calculations provide a physical-chemical foundation that can enable nanopore
technologies to measure the stabilities of RNA helices.

Introduction

Advances in nanopore fabrication and design (1-5) provide a range of new opportunities to probe the physical characteris-
tics of biomolecules. In nanopore experiments, a dielectric membrane with a single nanopore separates two electrodes in an
electrolytic cell, and charged biomolecules are introduced into one of the chambers. When a voltage is applied between the
electrodes, the flow of ions results in a constant “open-pore” current. However, when a biomolecule reaches the pore opening,
the flow of ions is partially (or fully) obstructed. This results in a net reduction of the current flow, where the duration and
current level depends on the properties of the biomolecule. To quantify blockage dynamics, the most commonly employed
metrics are the magnitude (A7) and duration (dwell time, t4) of the current drop. Since these quantities are sensitive to the
precise physical attributes of the pore-biomolecule complex, the statistical properties of blockage distributions will encode
signatures of the biomolecular dynamics.

Quantifying transport through nanopores has the potential to provide insights into the physical properties that govern
functional dynamics of biomolecules, such as proteins (6—10) and transfer RNA (tRNA) (11, 12). During protein synthesis
in the cell, codon-anticodon interactions are formed between tRNA and messenger RNA (mRNA), which allow the ribosome
to accurately decode mRNA sequences. Since the energetic differences between correct and incorrect tRNA base-pairing
can only partially account for the fidelity of translation, the ribosome employs a subsequent proofreading step (13—15). This
involves a large-scale conformational change (i.e. accommodation) in the incoming tRNA molecule, where intramolecular
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tRNA interactions that are distal to the anticodon region can modulate the accuracy of translation (16). Subsequent to accom-
modation, tRNA molecules must undergo several additional rearrangements in order to complete the elongation cycle (17-20),
and a balance between ribosome and tRNA flexibility is necessary to ensure rapid dynamics (21-23). With the essential role
of molecular flexibility during protein synthesis, measuring the mechanical properties of tRNA can help reveal principles that
underlie accurate gene expression. Accordingly, this class of molecules represents an excellent test case for the application of
nanopore-based measures of molecular flexibility, where physical insights can have biological implications.

In recent nanopore translocation experiments it was shown that current signals for different tRNA species are sufficiently
distinct that one may differentiate the tRNA species. By combining the signals with machine-learning algorithms, the identity
of one type of tRNA in a binary mixture could also be discerned from a single-molecule pulse (12). In those experiments,
the width of the nanopore was chosen to be larger than the radius of an RNA double helix, while also sufficiently small that
a tRNA is unable to translocate without undergoing a deformation (Fig. 1). The motivation for the measurement was, since
the molecule must rearrange in order to translocate, it could be possible to use nanopores to measure molecular flexibility.
These early experiments demonstrated a potential for nanopores to elucidate the mechanical properties of RNA, where future
objectives may include the characterization of mutations, as well as post-transcriptional modifications. However, while struc-
tural data suggests qualitative mechanistic interpretations, establishing a quantitative relationship between current changes
and biomolecular properties will require a more comprehensive physical-chemical framework. It is our expectation that a
detailed understanding of this relationship may allow next-generation nanopore measurements to provide precise insights into
biologically-relevant molecular properties.

In the current study, we employ molecular dynamics simulations (MD) with a simplified model of tRNA to explore the
relationship between structural dynamics and nanopore translocation kinetics. Here, we describe the internal energetics of the
tRNA molecule using a force field in which all non-hydrogen atoms are represented and the native conformation is explicitly
defined to be stable (i.e. an all-atom structure based model (24, 25)). To mimic the pore, we account for excluded volume
interactions between the pore and tRNA, where electrophoretic effects are treated through perturbative techniques. While this
is intended to be a simplified representation, we find that it is sufficient to capture the experimentally-observed differential
kinetics of tRNA species. Contrary to expectations, this analysis also indicates that the translocation process is not associated
with simple bending/shearing motions of the tRNA. Rather, there is a dramatic unfolding of the tRNA acceptor arm helix.
Taken together, these results illustrate how current nanopore technologies may be combined with molecular simulations to
measure the stabilities of individual helices within RNA assemblies.

o
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Figure 1: Schematic representation of a tRNA-nanopore experiment. A dielectric membrane (gray) separates the electrolytic
cell into two chambers, where solvent is allowed to pass through a nanometer-scale pore. The geometry of a nanopore typically
consists of conical openings connected by a cylindrical region. Here, the diameter of the cylinder is drawn to-scale, relative
to the dimensions of a tRNA molecule. Due to the L-shaped structure of a tRNA molecule, translocation through a nanopore
requires molecular deformations, which may involve a range of distortions. The detailed character of these deformations will
govern the measured changes in ion currents.
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Methods
RNA Force Field

An all-atom structure-based model (24) was used to describe the intramolecular energetics of the tRNA molecule. This model
was generated using the SMOG-server webtool (25). In this model, all heavy (non-Hydrogen) atoms are represented as spheres
of unit mass. The functional form of the potential is given by
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The parameters {ro}, {6o}.,{x0}.-{¢0} and {o;;} are given the values adopted in the crystallographic structure of each
molecule. Thus, the potential energy is defined to have a global minimum that corresponds to the crystallographic struc-
ture. We use a reduced energy scale in units of ¢y = 1 for all terms. As described below, free-energy profiles were calculated
at a reduced temperature of 0.71. Accordingly, ¢y = ’8{3—7:{ = 1.42kpT. Consistent with previous implementations, the coef-
ficients for this model are given the values €, = 50eg/nm?, ¢y = 40¢q /radz, €ximproper = 10€g /radz, Explanar = 40¢€9 /radz,
enxc = 0.01¢g and oy = 2.5A. To assign the dihedral strengths, the number of dihedral angles that share a pair of atoms
is determined. If Np is the number of dihedrals shared by a bond, the energy of each such dihedral angle is scaled by 1/Np.

The weights of the dihedral and contact energies are set such that
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where NV is the number of atoms in the molecule.

As seen in the functional form of the potential, all the interactions (except for non-contacts) stabilize the crystallographic
structure of the molecule. By defining an experimental structure as stable, the direct interactions in this model describe the
effective energetics of the system. That is, each stabilizing non-bonded term implicitly accounts for the stability imparted
by non-specific electrostatic and solvent interactions. The non-contacting atom pairs are given excluded volume interactions,
which ensure that proper stereochemistry is preserved. The structures were obtained from PDB entries 1F7U (26) for tRNAA,
1QU3 (27) for tRNA'" and 1EHZ(28) for tRNA™®,

tRNA-pore interaction

In the presented model, the tRNA only interacts with the pore through an excluded volume interaction:
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all atoms

where €yore = enc = 0.01€0, Opore = OnC = 2.5A and r is the shortest distance between each atom and the pore wall.

The pore is defined as a long cylinder of radius rpe With a conical mouth followed by a flat wall perpendicular to the axis
of the pore (Fig. 1). Due to the excluded volume interaction of the pore, the effective radius of the pore is (rpore — Tpore)- This
pore geometry is consistent with the observed geometry (29) of the solid state nanopores used in the experimental study of
tRNA (12).
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Simulation details

Umbrella sampling (30) was used in conjunction with replica exchange protocols (31, 32) to calculate the free energy as a
function of tRNA position. Each umbrella was included as a harmonic restraint along I' (coordinate of the center of mass
of 41 residues that are near the anti-codon stem loop; Fig. 1). Umbrellas were defined from I'=-18 nm to I'=10 nm spaced
at 0.2 nm intervals. Initially, short equilibration simulations were iteratively performed: The model was initially equilibrated
at I' = —3nm. The equilibrated structure was then used to initiate the I' = —2.8nm and the I' = —3.2nm runs. This was
repeated until I' = 10nm (inside the pore) and I' = —18.0nm (outside the pore) were reached. The system was initially
positioned, such that the ASL loop was inserted in the pore. After an initial equilibration period, replica exchange simulations
with 10 temperatures were performed for each value of the umbrella position. No electrophoretic bias was applied during
the simulations. These simulations were repeated for pores of radii 3.5nm, 3.8nm and 4nm for tRNA® and tRNA™. The
simulations were performed using Gromacs (v4.6.7) (33) with in-house source-code modifications added to include the pore-
tRNA interactions. Reduced units were utilized for all calculations. The iterative equilibration runs were each performed for
500,000 steps of size 0.002, while the replica exchange runs were performed for at least 80 million steps. Comparison of
tRNA dynamics with a SMOG model and an explicit-solvent model suggests the effective reduced timescale is between 50ps
and 1 ns (34). Accordingly, one may estimate the effective simulated time of each replica to be approximately 50-100 us. For
replica exchange simulations, the temperatures between 0.71 and 0.89 were chosen with geometric spacing since it resulted
in an exchange acceptance probability of approximately 0.2. Langevin dynamics protocols with a leap-frog integrator were
applied to maintain a constant reduced temperature. All reported quantities were obtained for the lowest simulated tempera-
ture of 0.71 (reduced units). In this model, the tRNA structure is found to melt at around 0.9 reduced units (not shown). Since
tRNA molecules tend to denature around 350K (35), the simulated temperatures may be estimated as ranging from 280 to 350
K.

The Weighted Histogram Analysis Method (WHAM) (36) was used to calculate free-energy profiles from the umbrella
simulations. To verify convergence of the free-energy profiles, WHAM calculations were repeated using the first, or second,
half of the simulated time (Fig. S1 in the Supporting Material) To account for the electrophoretic bias along the pore, we
assume a uniform electric potential gradient that is parallel to the axis of the pore. The electric potential decreases linearly
from Vppiieq to zero over a distance of 30 nm (I' = —10nm to I' = 20 nm). To implement a reduced effective charge due to
solvation of phosphate groups, each phosphorous atom was modeled as carrying an effective charge of -6, where the precise
value in each simulation was held at a specific uniform value. Different simulations used distinct values that ranged from 0
to 1. 8. = 1 would correspond to the case where there is no counter-ion condensation. The average electrophoretic potential
energy of the tRNA was calculated post hoc as a function of the translocation coordinate (I'), based on the simulated positions
of the P atoms. That is, the electrophoretic potential profile was added to the free-energy profile obtained from WHAM, in
order to provide an effective free-energy profile as a function of I'. Here, directly adding the potential energy is a suitable
approximation, since the variation in electric potential energy (for a given value of I') was small (< 1 kgT), relative to the
change in potential energy during translocation (= 100 kgT).

Results and Discussion

In order to identify the molecular factors that lead to differential kinetics of tRNA translocation through nanopores, we con-
structed a simplified energetic model and then used MD simulations to calculate the free-energy barriers associated with
tRNA translocation events. Specifically, we utilized an all-atom structure-based model (24, 25), where all interactions were
explicitly defined to stabilize an experimentally-resolved structure. This model was chosen since it provides a description of
molecular flexibility that is consistent with more highly-detailed models (37) and crystallographic B-factors (38). To model
the presence of the nanopore, we introduced repulsive interactions between the tRNA and pore, where the pore was described
as a cylindrical surface with a conical opening (Fig. 1). By defining the tRNA-pore interactions as purely repulsive, this model
is designed to identify the extent to which confinement of tRNA leads to specific structural deformations during transloca-
tion. That is, since the model provides a description of flexibility that is consistent with other theoretical and experimental
measures, the objective when applying this model is to determine whether molecular flexibility is sufficient to rationalize the
translocation kinetics. As described below, we find that flexibility is not sufficient, and more dramatic unfolding processes are
likely to occur. Since the modeled flexibility and sterics of confinement are consistent with more highly-detailed models, one
further expects that partial unfolding will be a robust feature when using other models. In order to assess whether the predicted
kinetics are quantitatively consistent with experimental measurements, we used perturbation techniques to describe the effects
of electrophoretic bias, counter-ion condensation and hydrodynamic drag. When accounting for these factors, the simplified
representation of the tRNA-pore energetics is sufficient to rationalize the differential translocation kinetics of tRNA" and
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Figure 2: Modeled pore geometry and calculated free-energy profiles. a) Schematic representation of a 3.7 nm diameter pore
(full pore dimensions shown in inset). tRNA*™ is shown to scale. Here, translocation through the pore is described by the
coordinate I': axial position of the center of mass of residues near the anticodon stem-loop (ASL) region. The ASL region used
for center-of-mass calculations is shown in green tubes, and the position of the center of mass is depicted by a green sphere.
b) Free-energy profile in the absence of an applied electric field. As expected, there is a large (> 50kpT) barrier, which is
consistent with a lack of observed translocation events in the absence of an applied field (39). c) Free-energy profile obtained
after including the effect of an external potential of strength 200mV. Under these conditions, the predicted free-energy barrier
AG is approximately 12kpT.

tRNA™. From a mechanistic perspective, these calculations implicate partial unfolding as the key molecular process that
determines translocation kinetics.

Simplified molecular model captures translocation kinetics

To determine whether the simplified model is able to account for differential tRNA kinetics, we first calculated the free-
energy barriers of translocation in the absence of an electrophoretic bias. After calculating the field-free barriers, we then
introduced electrophoretic effects to calculate perturbed free-energy surfaces. To illustrate the overall approach, we first pro-
vide a description for tRNA™™. In the simulations, intramolecular tRNA interactions are explicitly defined to stabilize the
folded conformation, whereas the tRNA and pore only interact through a repulsive potential. It should be noted that nitride
pores can form non-specific stabilizing interactions with tRNA, which can introduce an overall drag on the molecule (40, 41).
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As described below, in the current study, we account for drag implicitly using a perturbative approach. Umbrella sampling
and replica exchange techniques were applied to calculate the free energy as a function of tRNA position within the pore (see
Methods for simulation details). The corresponding rates of pore translocation were then obtained by describing tRNA motion
in terms of diffusion along a one-dimensional free-energy surface. Specifically, we calculated the free energy as a function
of the axial position (I') of the anticodon stem loop (Fig. 2a, green). By describing the motion in terms of diffusion across a
one-dimensional free-energy surface G(I'), the corresponding mean first passage time (MFPT) may be calculated according

to (42, 43):
I T ,

MFPT — / £ / oo EUGD) = G /hsT) 5
! o DE(r)

it
where Ty, corresponds to the position of the free-energy minimum that is encountered immediately before crossing the
barrier (i.e. post-capture, pre-translocation) and I'y corresponds to the value of the same coordinate when the entire molecule
is inside the pore. Numerically, I';,i¢ & 2nm and I'y = 7nm (Fig. 2). While it is possible that the diffusion of tRNA molecules
in nanopores will be position-dependent, as observed in protein folding studies (44), for simplicity we apply a constant value
based on Stokes-Einstein estimates (100um? /s for a radius of gyration of ~2.3nm). Consistent with this estimate, proteins
of similar radii of gyration have been observed to show comparable diffusion constants in vitro (45, 46).

As expected, in the absence of an electric field there is a large (> 50kpT’) free-energy barrier (Fig. 2b). A barrier of this
magnitude would correspond to negligibly slow kinetics, which is consistent with a lack of observed translocation events in
the absence of a significant electrophoretic bias (39).

To calculate the rate of translocation as a function of applied field strength, we used our field-free simulations and
employed a perturbation approach. The average electrostatic potential energy was calculated as a function of the progress
coordinate I' and then added to the unperturbed free-energy profile. For these calculations, the field was modeled as being
uniform strength between the openings of the conical mouth of the pore,' and each backbone phosphorous atom was assigned
a charge of —e. Intra-tRNA electrostatic interactions were not considered, since these are implicitly described in structure-
based models (47). To account for the influence of counterion condensation and drag on the tRNA, we further rescaled the
effective charge of each residue by the factor §.. While an exact value of 6.. is not currently known, direct force measurements
have estimated it to be approximately 0.25-0.35 for double stranded DNA in the presence of a nanopore (48). However, it is
worth noting that Ghosal (49) showed the effective rescaling of electrophoretic forces may primarily arise from hydrodynamic
drag effects. Luan et al. (40, 41) came to the same conclusion by observing a pore size dependence on the radial ion distri-
bution in molecular dynamics simulations. In the current study, we do not distinguish between these possible contributions.
Rather, we use these empirical measurements and predicted values to guide the approximate scale of 6. in our calculations.
For values of 6, ranging from 0.25 to 0.40, we added the effective electrostatic energy to the unbiased free energy profile, in
order to estimate the field-dependent free-energy profile along I'.

Consistent with experimental observations, we find that the free-energy barrier and mean first passage times (MFPT)
decrease with increasing electrophoretic bias (Fig. 3). At low field strengths, the MFPT decreases with electrophoretic
bias. However, at high applied voltages, the scale of the electrophoretic bias greatly exceeds the sterically-induced barrier,
which leads to a downhill free-energy profile (Fig. S2). As a result, the MFPT becomes saturated and appears to adopt a
diffusion-limited value.

While the presented model provides a simplified representation of the system, the predicted kinetics are on the same
scale as those obtained experimentally (12) (Fig. 3). When accounting for the uncertainty in the condensation factor 6., the
predicted range of rates includes the experimental values for applied voltage that span from 200-400 mV, for both tRNAA™
and tRNA™. We also find that tRNA™™ is slower than tRNA™ (Figs. S3 and S4). The displayed level of agreement indicates
that native interactions and excluded volume effects are sufficient to provide a rough estimate of the translocation rates. It
is also interesting that the free-energy barriers reported here are similar to the predicted internal energy of tRNA™ bending
(50), which was based on an adiabatic mapping technique. While the range of predicted timescales is somewhat broad, the
uncertainty in 6. only introduces an uncertainty of +5k57 in the free-energy barrier height. When considering the various
unquantified experimental factors (pore asymmetry, non-uniform field effects, etc), it is non-trivial to obtain barriers that are
consistent with experiments to within a few kgT. This degree of similarity is even more surprising when one considers that
the effective free-energy profiles result from the contributions of multiple large (~ 50 — 100k T") quantities (i.e. initial free-
energy barrier and electrophoretic effects). If the molecular model, or the modeled electrophoretic effects, were sufficiently
imprecise, then the predicted timescales could easily differ from experiments by many orders of magnitude. Here, we consider
the case where the tRNA anticodon region enters the pore first. This simplification is motivated by the observation that the
flexibility of the 3’-CCA is much larger than that of the anticodon region, as measured by the RMSF (Fig. S5). Accordingly,

llinearly decreasing from the value Vyppiied to zero over a distance of 30 nm along the axis of the pore
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Figure 3: Predicted mean first passage times (MFPT) are comparable to experimental dwell times. a) MFPT predicted for
tRNA™ as a function of applied field strength for different values of the ion condensation factor 6. (dashed lines). The
experimentally-measured dwell times are within the range of predicted values, which illustrates how a simple energetic model
can predict an overall timescale that is consistent with experimental measurements. b) Experimental dwell times for tRNAA™
and tRNA"® show a distinct separation, where shorter dwell times are associated with tRNA. This separation in timescales is
consistent with previous experimental measurements (12). Here, to reduce the influence of pore heterogeneity, measurements
were taken for both species using the same physical pore. ¢) Theoretical MFPT for tRNA®™® and tRNA™ (9, = 0.25 and
0.40 shown) also predict faster kinetics are associated with tRNA'®, Overall, the structure-based model identifies differential
kinetics and timescales that are similar to experiments.

this difference in flexibility should disfavor initial capture of the 3’-CCA end. While it is possible that the tRNA may enter
via the 3’-CCA end, the current study shows that capture via the anticodon region is sufficient to rationalize the experimental
differences in rates. However, it is worth noting that, since the in-pore ensemble was exhaustively sampled, the structural
properties of the tRNA inside of the pore (described below) will not depend on the direction of entry. With these limitations in
mind, the current comparison indicates that the model provides a physical-chemical description of the mechanical properties
of tRNA that is consistent with experimentally-measured kinetics.

In addition to providing a predicted translocation timescale for tRNA*' that is similar to experimental values, this model
also predicts faster rates for tRNA™ (Fig. 3c). The predicted rates for tRNA* are consistently lower than for tRNA™, regard-
less of the precise pore size used in the calculations (Fig. S6). Further, we find that the separation of rates is robust to changes
in the simulated temperature (Fig. S7). The robustness of these trends supports the use of simplified structure-based models
to identify mechanistic features that can rationalize experimentally observed differences in kinetics.

Partial unfolding of the tRNA is associated with translocation

One can envision a variety of mechanistic scenarios that could explain the apparent free-energy barriers associated with
translocation. Translocation could involve bending/shearing motions that allow the molecule to preserve the majority of
the secondary and tertiary interactions. A more drastic process could involve loss of some/all tertiary and/or secondary
structure interactions. This would result in an unfolded chain that exhibits significant disorder in the backbone. However,
pore-induced confinement should disfavor an extended unfolded ensemble (51-54). With this range of mechanistic possibil-
ities, simulations provide an opportunity to identify which of these exhibit physical-chemical properties that are compatible
with experimentally-measured kinetics.

To probe whether unfolding/melting is associated with translocation, we calculated the fraction of native contacts formed
per residue (Q;) as a function of the translocation coordinate I'. Here, native contacts are defined as non-bonded interactions
present in the native structure of the tRNA, as identified by the Shadow algorithm (55). Consistent with studies of protein
folding, for a given simulated configuration, a native contact is considered to be “formed” if the respective atom pair is within
1.2 times the native distance (24, 25, 56). We further partition the native contacts into stacking and non-stacking (e.g. base
pairing and tertiary) interactions. We find that the average fraction of non-stacking native interactions decreases as the tRNA
molecule enters the pore (Figs. 4a,c). Specifically, there is a decrease in the fraction of contacts formed in the acceptor arm
region (residues 1-7, 50, 66-73; Fig. S8) at I' ~ 2 — 3nm. There is also a concomitant decrease in the fraction of stacking
contact pairs in these residues (Fig. S9). The remaining residues do not display a significant reduction in @);, indicating that
overcoming the free-energy barrier is primarily associated with changes in the acceptor stem.
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Figure 4: Pore entry leads to tRNA unfolding. a) Fraction of native contacts formed per residue );, as a function of tRNA
translocation, for tRNA®. Gray indicates that a residue does not have any contacts in the native structure. As the tRNA
molecule initially enters the pore (I' ~ 3nm), there is a sharp decrease in the fraction of native contacts formed (~ 0.9 to
~ (.2) in the acceptor arm and CCA end (Fig. 1). b) Average Hellinger distance per residue (), as a function of translocation
coordinate T, for tRNA®™. There is an abrupt decrease in H; (from ~0.7 to ~0.4) for acceptor arm residues, which signifies
an increase in disorder of the tRNA backbone. Similarly, Q); and H; calculated for tRNA (panels c, d) confirm a decrease in
native content and increase in disorder are associated with nanopore translocation for both molecules.

Since the loss of native structure would suggest the tRNA molecule unfolds upon entry into the pore, we next asked
whether there is also a substantial increase in the degree of disorder of the molecule. To address this, we calculated the
Hellinger distance between the distribution of each backbone dihedral angle and a uniform distribution. The Hellinger distance
is a measure of similarity between two probability distributions, and it is defined as (57):

k
1
H=— > (VB = V&§)? ©6)
2\ &
where P = (p1,...,px) and Q = (q1,...,qx) are any two discretized and normalized probability distributions. H = 0 for

identical distributions, and 0 < H < 1 if there are differences, where larger values indicate more significant differences in the
distributions. Here, we compare the probability distribution of an individual dihedral angle (P) against a uniform distribution
(®). A uniform distribution is used for comparison, since it would represent a perfectly disordered dihedral angle. With this
definition, H will be proportional to the degree of order in an individual dihedral. For reference, representative distributions
for H ~ 0.3 and H ~ 0.8 are shown in Figure S11.

We find that upon tRNA entry into the pore, an increase in disorder coincides with a loss of secondary structure (Fig. 4).
Specifically, there are sharp decreases in the average value of H for specific residues (H;: average value of H for dihedrals
in a residue) upon entry (Figs. 4b,d). While the RNA backbone is well-ordered prior to entering the pore (H; ~ 0.7 for most
residues), the loss of native contacts leads to the tRNA arm becoming locally disordered (H; ~ 0.4), even in this confined
environment. These low values of H; are comparable to the values found for the single-stranded 3’-CCA end (residues 74 to
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76), which has previously been described as a highly disordered/unfolded region (58). Together, this analysis reveals that the
acceptor arm does not simply deform, but it enters a disordered ensemble of unfolded configurations during the translocation
process. With regards to the dynamics of other tRNA types, the current results suggest that if a tRNA molecule favors a larger
angle between the acceptor arm and ASL (e.g. mitochondrial tRNA), or if the acceptor arm is less stable, one should observe
faster nanopore translocation kinetics.

Unfolding and confinement lead to non-monotonic changes in configurational entropy

One implied consequence of the presented calculations is that capture rates and translocation rates will have opposing tempera-
ture dependencies. To better understand the potential temperature dependence, it is instructive to consider the configurational
entropy as a function of tRNA displacement. Before discussing the results, it is important to note that these calculations
only describe the configurational entropy of the tRNA molecule. Accordingly, one should not compare the precise val-
ues to experimental quantities, which will necessarily depend on the solvent. From our simulations, we calculated the
configurational entropy as a function of tRNA position (Fig. 5a) from the free energy and average energy according to:
AS(T) = ((AE)T) — AG(T")) /T. We find that during initial association (i.e. capture) with the pore (—5nm < I < Onm),
there is a marginal decrease in configurational entropy. This decrease may be largely attributed to the reduction of accessible
rotational motion. To quantify the change in rotational motion upon entry into the pore, we calculated the orientational order
parameter

_ 3cos?0—1

= 5 )

Here, 6 is the angle formed by the first principal axis (lowest moment of inertia. Fig. S12) with the pore axis. The average
value of m as a function of the translocation coordinate (7 (I")) displays an increase from ~ 0 (isotropic) to ~1 (co-linear)
that coincides with a reduction in the configurational entropy (Figs. 5b and S13). The variance of m also decreases as the
tRNA approaches the pore, where the distribution of m values is unimodal (not shown). After initial association with the pore
(" ~ 0), the tRNA molecule transiently samples a free-energy minimum (Fig. 2¢) prior to unfolding the terminal acceptor arm
helix (Figs. 4b,d). As the acceptor arm unfolds, there is a decrease in the average value of H; (H; of arm residues decrease
from > 0.65 to ~ 0.5, Figs. 5c and S14?), with individual values dropping by as much as 0.3 (Fig. S14). Together, the modest
reduction in entropy during association would suggest that the rate of tRNA capture will be weakly dependent on temperature,
where capture rates should decrease with increasing temperature. In contrast, the increase in entropy upon unfolding indicates
that translocation rates should increase rapidly with temperature. We also note that the apparent change in configurational
entropy is different for the two tRNA species (Fig. 5a). This may be attributed to differences in stability of the acceptor
arm helix when using this model. Specifically, since the root mean squared fluctuations (RMSF) of the acceptor arm helix is
larger for tRNA' than tRNA*"® when the molecules are folded (Fig. S5), there should be a smaller increase in entropy upon
unfolding for tRNA™®. This differential degree of flexibility is also supported by crystallographic B-factors, which implicate
larger RMSF values for tRNA™ (1.38 A) than (RNA™™ (0.86 A). Together, these observations demonstrate that the predicted
temperature effects on translocation kinetics are generally in agreement with independent experimental observations.

(N

Conclusion

Nanofabrication technologies continue to be developed as a staggering rate. With the many possibilities for novel nanode-
vices, there is a growing need for quantitative descriptions of the underlying molecular processes that are being exploited. In
the current study, we demonstrate how a relatively simple molecular model may be used to explore the origins of differential
timescales of biomolecular transport through a nanopore. We find that tRNA transport is likely associated with partial unfold-
ing/melting of the tRNA structure. This suggests new strategies for designing nanotechnologies that can precisely measure
the mechanical properties of individual biomolecules. Through the iterative development of theoretical models and experi-
mental devices, it should soon be possible to design a range of nanotechnologies that can report on the precise properties of
arbitrarily-complex molecular systems.

Author contributions

P.B. performed all production simulations. H.Y. performed preliminary simulations. R.H. discussed results and analysis. All
author prepared the manuscript.

2tRNAAE: residues 3-6, 66-69; tRNA: residues 1-4, 65-68

Biophysical Journal 00(00) 1-12



10 Biophysical Journal

a) 14—

120F —— tRNAA™
—— tRNA!®

0.8
0.6
0.4

0.2

0.0

€)0.68

0.64
I 0.60f

0.56}

0.52_ 1 1 1

['(nm)

Figure 5: Non-monotonic configurational entropy during translocation. a) During initial association with the pore (I' < 0),
there is a modest decrease in configurational entropy, which is followed by a sharp increase during translocation (I' > 0). b)
The initial decrease in configurational entropy may be partially attributed to the reduction in accessible rotational motion, as
measured by the orientational order parameter m. c) During translocation, the overall increase in biomolecular disorder,
as measured by the average value of H for acceptor arm residues (H) can rationalize the sharp increase in configura-
tional entropy. This overall non-monotonic behavior of AS suggests that tRNA capture and translocation will have opposing
dependencies on temperature.
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