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The mechanical stability of tRNAs contributes to their biological activities. The mitochondrial tRNAA® from Ro-
manomermis culicivorax is the shortest tRNA ever known. This tRNA lacks D- and T-arms, represents a stem-bulge—stem
architecture but still folds into a stable tertiary structure. Although its structure had been reported, studies on its mechan-
ical folding and unfolding kinetic characteristics are lacking. Here, we directly measured the single-molecule mechanical
folding and unfolding kinetics of the armless mt tRNAA™ by using optical tweezers in different solution conditions. We
revealed a two-step reversible unfolding pathway: the first and large transition corresponds to the unfolding of acceptor
stem and bulge below 11 pN, and the second and small transition corresponds to the unfolding of anticodon arm at 12 pN-—
14 pN. Moreover, the free energy landscapes of the unfolding pathways were reconstructed. We also demonstrated that
amino acid-chelated Mg”(aaCM), which mimics the intracellular solution condition, stabilizes the bulge of mitochon-
drial tRNAA' possibly by reducing the topological constraints or stabilizing the possible local non-canonical base pairings
within the bulge region. Our study revealed the solution-dependent mechanical stability of an armless mt tRNA, which may

shed light on future mt tRNA studies.

Keywords: mitochondrial tRNA, mechanical stability, singlemolecule manipulation, amino acid-chelated

Mg2+
PACS: 82.37.Rs, 87.14.gn, 87.15.Cc, 87.15.La

1. Introduction

Mitochondria are the sites of aerobic respiration and re-
sponsible for energy production in eukaryotic cells. Mito-
chondrial genomes encode not only proteins essential for en-
ergy production, but also parts of the translation machinery,
including mitochondrial tRNAs (mt tRNAs).!!! Notably, for
bilateral animals, high aerobic respiration demands and ac-
cumulative replication errors in asexual reproduction, results
in strong mutation pressure in mt DNA encoded genes.>%!
As a result, mutation in mt tRNAs can cause serious diseases
such as myopathies and neurological disorders in human.[7-1?]
However, inevitable mutations in mt tRNA frequently lead to
some bizarre mt tRNAs which have various degrees of trun-
cation and loss on D- or T-arms, being deviation from canon-
ical tRNAs.!'3-17 Evidence indicated that these armless tR-
NAs lacking one or both side arms could still fold into a stable
L-shape tertiary structure,!'’! and interact with tRNA process-
ing enzymes, i.e., aminoacyl-tRNA synthetase (aaRS).!'8! The
conserved tertiary structure is crucial to the functionality of
tRNA, including interaction with post-transcriptional editing
enzymes, aaRS, and elongation factor, as well as positioning
in the ribosome.!'°-2?! Interestingly, recent studies illustrated
an mt tRNA/aaRS recognition mechanism which used shape
and folding properties rather than specific base pair in eukary-
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otic cells to discriminate cognate from non-cognate mt tRNA
substrates.!?3] Besides the tertiary structure, the mechanical
stability of tRNAs is also important to their biological activi-
ties. For example, tRNA is under tension and distorted during
ribosomal translocation.2*! However, how the armless mt tR-
NAs maintain the L-shape tertiary structure and mechanical
strength is not clear.

A recent research discovered an mt tRNAA™ without D-
and T-arms from Romanomermis culicivorax, which is the
shortest mt tRNA ever known (45 nucleotides (nt), including
CCA tail).["] It has a stem-bulge-stem secondary architecture
and an L-shape tertiary structure, but lacks tertiary interaction
even in the presence of Mg>t (Fig. 1(a)).l'”! Moreover, the
predicted folding free energy (—8.34 kcal/mol) for folding mt
tRNAA2 is substantially higher than canonical tRNA in 1 M
NaCl, at 22 °C by using MFold. >

Besides the advances on structural biology of mt tRNAA™
from Romanomermis culicivorax, its mechanical unfold-
ing/refolding properties have not been studied previously.
To clarify its adaptive mechanism of maintaining structural
stability in physiological conditions when suffering the en-
vironmental destabilization, we performed single-molecule
pulling/relaxing experiments on the mt tRNAA™ using home-
built optical tweezers.?%) Moreover, it is known that RNA is
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Project of Guangdong Province, China (Grant No. 2018A050506034).
TCorresponding author. E-mail: zhongzhsh@mail.sysu.edu.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

108203-1


http://dx.doi.org/10.1088/1674-1056/ac1e1e
zhongzhsh@mail.sysu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 30, No. 10 (2021) 108203

exposed to large amounts of amino acid-chelated magnesium
(aaCM) in vivo,!?’3% and these weakly chelated magnesium
ions promote the thermal stability of RNA.[*! However, how
the aaCM affects the mechanical stability of RNAs is still un-
known. Thus, we also investigated the single-molecule me-
chanical folding/unfolding pathways in the presence of aaCM
using optical tweezers. Our results unraveled the folding and
unfolding kinetics as well as the free energy landscapes of the
mt tRNAA in different solutions. We discovered the solution-
dependent mechanical stability of the bulge region of the arm-
less tRNA, which may shed light on the mechanisms of arm-
less tRNA-protein interactions.

2. Methods and model
2.1. Sample preparation

The synthesis strategy of the single-molecule construct
in this study was modified from the one described by Block
et al.P®?! In brief, a chemically synthesized DNA containing
the mt tRNAA™ sequences (42 nt, without 3’ CCA tail) and
the upstream 1 nt spacer (‘C’) was inserted in between the
HindlIII site and Xbal site of pUC19 vector (Sangon). The lin-
ear DNA template for in vitro transcription was generated by
PCR using the recombinant plasmids, a T7 promoter labeled
upstream primer and a downstream primer (see Appendix A,
Table A1). RNA containing the mt tRNA”' sequences (42 nt,
without 3’ CCA tail), the upstream 1 nt spacer sequence, the
upstream and downstream 30 nt ‘sticky’ sequences, was syn-
thesized by in vitro transcription using T7 RNA polymerase
(Promega). Two dsDNA handles were generated by PCR us-
ing the pUC19 plasmid as their templates. The 1195 bp up-
stream handle with an abasic site and a 30 nt 5’ overhang
was synthesized by PCR, using an autosticky primer and a
5’'-digoxygenin modified primer (see Appendix A, Table A1).
The 1409 bp downstream handle with a 30 nt 3’ overhang was
generated by PCR using a 5’ phosphorylated primer with three
phosphorothioate bonds and a 5’-biotin modified primer (see
Appendix A, Table Al), followed by 1 minute lambda exonu-
clease (New England Biolabs) digestion. All primers were
purchased from Sangon, and both handles were purified us-
ing PCR purification kit (QIAGEN). The RNA was annealed
to the dsDNA handles at the ratio of 1:3:1 in a buffer con-
taining 100 mM NaCl, 20 mM PIPES, and 1 mM EDTA,
pH 7.0. During the annealing process, the temperature was
first held at 80 °C for 5 minutes, then lowered from 80 °C
to 4 °C at a rate of —1 °C/min. The samples were first teth-
ered to the cover-glass surface through digoxigenin—antibody
interaction and then attached to an 800 nm streptavidin-coated
polystyrene bead (Spherotech, Lake Forest, IL, USA) through

biotin-streptavidin interaction (Fig. 1(b)).

2.2. Amino acid-chelated magnesium (aaCM)

The recipe of aaCM buffer was described by Ryota Ya-
magami et al.3'! Briefly, aaCM buffer for 2.0 mM free Mg>*
contains 96 mM potassium glutamate, 4.2 mM aspartate, 3.8
mM glutamine, 2.6 mM alanine, 50 mM KCI, 16.0 mM
MgCl,, and 20 mM Tris, pH 7.4. All the amino acids were
purchased from Sigma-Aldrich.

2.3. Single molecule experiments and data processing

Single-molecule force-ramp experiments were performed
using homebuilt single-trap optical tweezers described

(261 The 3D piezoelectric stage moved at a con-

previously.
stant speed of 100 nm/s during the pulling/relaxing process.
The laser power was kept constant during the whole measure-
ment. Each tether was pulled no more than five times. All the
experiments were performed at a temperature [(22+ 1) °C]
and humidity [(50 % 5)%] controlled room. The buffer condi-
tions were 20 mM Tris, 0.4 U/uL RNasin plus RNase Inhibitor
(Promega), | mM DTT, in interested KCl and MgCl, concen-
trations or aaCM, pH 7.4. The 1 kHz raw data were averaged

to 200 Hz by using custom MATLAB programs.

2.4. Worm-like chain (WLC) model

During unfolding, contour length changes were found by
partitioning the force extension curves (FECs) data into sepa-
rate states with different contour lengths, then fitting each state
to two extensible worm-like chain (eWLC) models in series:
one for the dsSDNA handles, and the other for the single strand
RNA (ssRNA) that is unfolded in each state. We employed
a modified Marko-Siggia WLC model described previously

33]
ksT | 1 x\* 1 x F
Fy=—-2 - (1-2) -2 2
(=" l4< L0> 17 K

here kg is the Boltzmann constant, T is the absolute temper-
ature (295 K, 22 °C), L is the contour length, P is the persis-
tence length, and K is the stretch modulus. The parameters
L, P, and K describing the dsDNA handles were first deter-
mined by fitting the FEC for the fully folded state. Then the
FECs for the intermediate state and fully unfolded state were
fitted by treating L, P, and K as fixed variables for both the
dsDNA handles. The unfolded ssRNA L is 0.59 nm/nt, P is
1 nm and K is 1500 pN, [3*33] respectively. The diameter of an
A-form dsRNA helix (2.2 nm).?¥ is also taken into consider-
ation when the RNA is fully unfolded.

as[

; ey

2.5. Kinetics extracted from force distributions

We assumed the positions of the activation barriers are
force-independent, so that the Bell’s kinetic model was applied
to describe the force dependence of unfolding and folding ki-
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netics of each transition: 36-37]

FX*

K(F) = koexp (kBT> , @)

in which k(F) is the rate constant as a function of force F, k is
the apparent folding/unfolding rate at 0 pN, X* is the distance
from the folded/unfolded state to the transition state along the
reaction coordinate, kg is the Boltzmann constant, and T is
absolute temperature (295 K, 22 °C).

The folding/unfolding kinetics can be expressed in a
transformed equation by taking the logarithm of Eq. (2):

x*
lnk(F) = mF-i‘lﬂkO, (3)

where the slope is X* /kgT, and the y intercept is Ink. The
critical force Fj; is defined as the force at which the unfold-
ing rate equals to the refolding rate, obtaining from the cross-
ing point of the force-dependent unfolding and refolding rate
curves, i.e., to k]/z.

We determined the force-dependent unfolding and refold-
ing kinetics extracted from distributions of the rupture forces
using Dudko’s method.[*®! The rate constant at force F, k(F),
can be computed from force probability density histogram:

hir(ry+(i-1/2)aF)
(hj/2+ XX ;11 hi)AF’

K(Fo+ (j— 1/2)AF) = 4)
where a rupture force probability density histogram containing
N bins of width AF starts at F' and ends at Fy = Fy + NAF, and
hj is the probability density at j-th bin and (g 1 (j—1/2)aF) 18
the force loading rate at force Fy+ (j—1/2)AF, where i, j =1,
2,....

Based on the extrapolated force-dependent kinetics, the
probability density function p(F) of rupture force F at a load-
ing rate r(F), can be calculated from the following equation:

ol L)

in which the loading rate r(F') becomes a function of the force

k(F)
r(F)

p(F) =

itself. fOF % df is the integral value ranging from O to F'.
AG*(F), i.e., the height of the kinetic barrier of a two-

state reaction at a given force F was determined from*°)

k x
AG*(F) = —kgT (;{/2) +(Fij2 = F) *Xugogings (©)
P

where kp = 1 x 100 s~! was a prefactor determined
previously. 3!

Each reconstructed landscape was then tilted to a given
force by subtracting FxAxp, /2,[39’40] and therefore the Gibbs
free energy AG(F) to unfold ssSRNA changed during the two-

state transition at a given force was calculated from

AG(F) = AGo — F * Axp, ,, + AGyrNa (F), Q)

where AGsrNa (F) is the free energy of stretching the un-
folded ssRNA from O pN to force F, and the free energy at
0 pN AGy is determined from

AGy = <W(F)> - AGstreching (F), (8)

where W (F) is the reversible work of the reaction by integrat-
ing the FEC from the folded state at O pN to the unfolded state
at force F, and AGgyeching(F) is the free energy of stretching
the handles and the unfolded ssRNA from O pN to force F.

3. Results and discussion

We firstly performed pulling/relaxing experiments at 146
mM KCl1 whose monovalent cation concentration corresponds
to physiological conditions. However, we only observed a dis-
cernible transition from these trajectories at around 12 pN—
14 pN and a suspected transition at about 4 pN, which was
difficult to distinguish (Fig. 2(a)). In consideration of the ef-
fect of monovalent cation concentration on structural stability,
then we increased salt concentration to 1 M KCI and observed
two obvious two reversible transitions: a large hopping tran-
sition at 7 pN-9 pN with 8§ nm—10 nm end-to-end extension
change (Ax), and a small back-and-forth transition at 12 pN-
14 pN with 4 nm—5 nm Ax (Fig. 1(c)). It indicated that only
an intermediate state (‘I’) was observed between a fully folded
state (‘F’) and a fully unfolded state (‘U’). Scarcely hystere-
sis was observed between pulling and relaxing traces, indicat-
ing that the mechanical pulling pathway is highly reversible.
We fitted the state ‘F’ by applying Eq. (1) (Fig. 1(c), green
curve), whose fitting parameter describes the stretching of the
handles. Considering it hard to distinguish the state ‘I’ and
state ‘U’ by eWLC fitting, we then employed the theoretical
ssRINA length changed of the state ‘I’ (26 nt) and state ‘U’ (41
nt) compared to state ‘F’, as well as the fitting parameters of
‘F’ states to draw the theoretical pulling curves of these two
states (Fig. 1(c), orange and sky-blue curves). These curves
are well superimposed onto FECs data, which indicate that the
acceptor stem and the bulge are disrupted by tension firstly and
anti-codon hairpin as followed (Fig. 1(d)).

As can be seen, K™ concentration mainly affected the
first transition but almost not affected the second transition.
As the backbone is negative charged, RNA depends criti-
cally on cation ionic conditions which can stabilize RNA sec-
ondary and tertiary structures.*!**>) On the basis of 1 M KCl
concentration, the addition of 5 mM MgCl, did not appar-
ently affect the mechanical folding/unfolding of mt tRNAA™
(Fig. 2(c)).
agreed with NMR signals measured by Tina Jiihling et al.,!'”]

These mechanical unfolding/refolding results

indicating that the presence of magnesium ion did not induce
additional tertiary interactions for mt tRNAAT,
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Fig. 1. Scheme of the mt tRNAA'8 mechanical unfolding/refolding experiments. (a) The proposed secondary structure (I) and tertiary structure (IT) of mt
tRNAA™E from Romanomermis culicivorax, which lacks both D- and T-arms.[!”! (b) The schematic plot of the pulling experiment: mt tRNAA™ molecule
with two functionalized dsDNA handles was attached between the anti-digoxigenin antibody coated cover-glass surface and a 800 nm streptavidin-
coated polystyrene bead. (c) Representative force-extension curves (FECs) of unfolding (black) and refolding (red) of mt tRNAA™ during the pulling
experiments at 1 M KC1. The curves are averaged to 200 Hz from 1 kHz raw data. WLC fitting was applied to the FECs, discovering three states:
‘F’, the fully folded state (green); ‘I’, the intermediate state (orange); ‘U’, the fully unfolded state (sky-blue). (d) The probable two-step pathways of

unfolding/refolding of the mt tRNAATE,

20
—— state F (a)
state I
16 — state U
Z — pulling
2 — relaxing
o 12}
3]
5
= st
4 L

Extension (nm)

Fig. 2. Typical FECs of the mt tRNAA® at different solutions: (a) 146 mM KCI; (b) 1 M KCI; (c) 1 M KCI and 5 mM MgCly; (d) 146 mM KCI and
2 mM MgCly; (¢) a2aCM solution including 146 mM K and 16 mM total Mg+ (with 2 mM free Mg>*).

The acceptor stem and bulge structure were stable under
high cation concentration instead of physiological concentra-
tion, but in fact high cation concentration did not exist in nor-
mal cells. To clarify the possibility of mt tRNAA™ maintaining
stable structure in vivo, we measured its mechanical unfolding
and refolding under a near cellular condition, i.e., in an amino
acid-chelated magnesium buffer (aaCM), which contains 146
mM KT and 16 mM total Mg>*(with 2 mM free Mg>*) (see
methods for details).3!! As can be seen, the unfolding rupture
forces of the first transition were around 7 pN-9 pN, which is
close to those at 1 M KCI (Fig. 2(e)) but significantly higher
than those at 146 mM KCI, while aaCM did not obviously
affect the second transition. We also performed the pulling
experiment at 146 mM KCI and 2 mM MgCl, as a control
(Fig. 2(d)). In this case, the unfolding rupture forces of the
first transition decreased to 5 pN-7 pN (Fig. 2(d)), while those
of the second transition did not obviously changed. We also
performed the Kolmogorov—Smirnov test (KS test) at oc =0.05
level on the unfolding and refolding rupture force distributions

of four different solution conditions. We compared the rupture
force distributions of two selected solutions in each test. The
results indicated that, when the solution condition changes,
folding and unfolding rupture forces of F-I but not I-U tran-
sition are statistically obvious different (see Appendix A, Ta-
ble A2).

In addition, we also measured the extension changes at
rupture force (Ax) for each unfolding transition (Fig. 3). The
measured Ax values were not apparently affected by solution
conditions, and they are all well superimposed on the predicted
WLC prediction curves for the stretching of unfolded ssRNAs
during the transition, which were calculated by Eq. (1). These
results suggested that both high concentration of cations and
weakly chelated magnesium ions in aaCM (~ 16 mM total
Mg?* and 2 mM free Mg?") could promote the mechanical
stability of armless mt tRNAA without changing the interme-
diate structure, which suggested that they enhanced the stabil-
ity of the bulge region from being destructed at lower external
forces.
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Fig. 3. Force-dependent extension changes (Ax) of two unfolding transitions: state ‘F’ to state ‘I’ and state ‘I’ to state ‘U’. Ax values of F—1I transition
(red triangle) and I—U transition (blue circle, 2.2 nm was added) are plotted at their rupture forces respectively. Red curves (acceptor stem and bulge,
26 nt) and blue curves (anticodon arm, 15 nt) are the ssSRNA WLC predictions. Measured data are well superimposed on the WLC predictions in
different solutions, including: (a) 1 M KCI; (b) 1 M KCl and 5 mM MgCl,; (c¢) 146 mM KCl and 2 mM MgCly; (d) aaCM.

unfolding refolding
0.6 1 M KCl, 5 mM MgCl, HEF-1 g4 1 M KCl, 5 mM MgCl,
(a) EmI-U (e)
0.4 n=113 0.4fn=114
0.2 0.2
0
4 8 12 16 20 0
0.6
(b) 1 M KCl

(c) aaCM

Probability density

4 8 12 16 20 4 8 12 16 20
146 mM KCl, 2-mM MgCly 0.6 146 mM KCL, 2-mM MgCl,

4 8 12 16 20 4 8 12 16 20
Force (pN)
Fig. 4. Probability density distributions of unfolding and refolding rupture forces in different buffers. (a)-(d) Unfolding forces in F—1 (crimson) and

I1—U (light-red) transitions. (e)—(h) Refolding forces in I—F (dark-blue) and U—I (sky-blue) transitions. The solid curves were plotted using Eq. (5)
and extrapolated kinetics parameters from Table 1 respectively. n is the number of observed transitions.
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Table 1. Unfolding and refolding kinetics parameters of mt tRNAA™ extracted from the force distributions of different solutions. The presented data

are mainly from linear fitting by using Eq. (3).

Buffer Transition Ink+S.E.  x*+S.E. Nucleotides changed xﬁnfolding+ (Ax)£S.D. Fj;+S.E. Ink;;£SE.
71 .. 1
(s7hH (nm) when reach transition |x:&emdmg‘ +SE. (nm) (pN) s
state £S.E. (nt) (nm)
F=l —72£ 1152406 1534138 10.0+1.1 9.0+0.5 6.91+0.6 1.54+0.7
1 M K(l, I—>F 9.7+0.9 —48+0.5 —14.1+1.5
M MgCl I —-9.6+2.4 7+£0. 9+1.
SmMMeCly 12U 96 3TE0T - BIELT 7.6+1.0 63+02  127+14 18+13
U—l 142+1.0 -39+03 —4.14+0.7*
F—I —7.0%0. 2+0. 153+1.
I_>F 1050:t1009 554:(;(5)6 5129:|:T8 10.6+1.1 8.9+0.6 6.8+0.5 1.6+0.7
IMKCL T oriii 35503 84407
- oaELL =R AER 72406 64403 128408 1.9+0.7
U—Il 13.6+£1.0 -3.7+03 —-3.6+0.7*
F—I —6.1+1.1 5.04+0.6 15.0+1.8
- 9.8+1.0 8.7+0.6 6.5+0.5 1.8+0.6
2aCM I—>F 9.44+0.7 —4.8+04 —144+1.2
1 —69+14 28+04 8+t1.
-U 6.9 80 68 0 6.0+0.7 6.4+0.3 127+£1.1 1.94+0.8
U—l 12.0£0.9 -324+03 —-244+0.7*
F—1 —5.74+1. 6£0. 18.5+2.
- 37 0 56+07 8.5 3 104+1.0 8.0+0.6 534+04 1.6+0.5
146 mM KCI, I—F 7.8+0.4 —484+03 —158+1.0
2 mM MgCl 1I-U —74+1.0 3.0+0.3 7.3+0.7
mviNet , 6.0£0.7 62403 123410 18407
U—l 11.0£1.1 -3.0+04 —19+£1.0%

2The diameter of a dSRNA helix was taken into consideration.

Table 2. End-to-end extension changes at critical force and free energy changes as well as activation energies calculated from parameters

shown above in Table 1.

Buffer Transition Axpl/z +S.D AGy£S.E. AG(p=5 pn) £ S.E. AG(*FZS oN) +S.E.
(nm) (kcal/mol) (kcal/mol) (kcal/mol)
I MKCI F—I 8.9+0.3 49+0.5 3.1+£0.7 7.1£0.5
1I-U0 6.3+0.2 53+£0.2 2.1+£0.3 9.6£0.6
| MKCL, 5 mM MeCl, F—I 8.8+0 42404 24+£0.7 7.3£0.6
I-U 6.3+0.2 4.8+0.2 1.6£0.3 98£14
aaCM F—I 8.6+0.4 4.7+£0.4 3.1+0.7 6.8+0.6
I-U 6.4+0.2 52+0.2 1.9+0.3 8.7+0.8
146 mM KCI, 2 mM MeCl, F—I 7.8£0.3 1.7£0.4 02+0.7 6.0£0.6
I-U 6.2+0.2 4.4+0.3 1.2+0.3 8.8+£0.6

To be more quantitative, we applied Dudko’s method®! folding distances Axp, P (Table 1). In view of xﬁnfolding being

(Eq. (4), see methods) to extract the force-dependent un-
folding and refolding rate constants k(F) (Fig. 5) from the
rupture force distributions (Fig. 4). The distance from the
folded/unfolded state to the transition state, x*, and the appar-
ent rate constant at 0 pN, ko (Table 1), were obtained by fitting
the force dependent kinetics to Bell’s model (Eq. (3)). When
superimposed on the rupture force distribution histograms, the
computed p(F) based on these fitting results using Eq. (5)
agreed with the rupture force distributions (Fig. 4). The criti-
cal forces Fj, were obtained based on the crossing points of
the force-dependent unfolding and refolding rate fitting curves
(Fig. 5). The critical forces of the F-I transition at 1 M KCl
and 5 mM MgCl,, 1 M KCl, and aaCM were not statistically
different, but the critical force decreased 1.640.2 pN when so-
lution concentration changed from 1 M KCI and 5 mM MgCl,
to 146 mM KCI and 2 mM MgCl,. In contrast, the critical
force of I-U transition kept nearly unchanged in four buffers.

£ and x*

anfolding refolding coincided with the total un-

The sum of x

refolding
four different solution conditions, it suggested that the fold-

equal to within the error range for both transitions in
ing and refolding activation energy barriers of both transitions
are superimposed. Moreover, xﬁnfolding and xfefolding for both
transitions did not vary apparently, suggesting that solution
conditions affected the folding/unfolding k during F-I transi-
tion but not the distance from folded/unfolded state to the bar-
rier. Interestingly, the unfolded ssRNA of the F-I transition
state is longer than the acceptor stem, indicating that topo-
logical constraints and/or local noncanonical base pairings of
the internal bulge structure may also contribute to the activa-
tion energy barrier of the F-I transition. As Mg>" is weakly
chelated by amino acids, the amino acid-chelated Mg?* had
been found behaving like free Mg>*, probably due to the com-
petitive or sharing binding of Mg?* between amino acids and
RNA.B As a result, increasing the concentration of amino
acid-chelated Mg?* or K* of the solution may increase the

Debye screening effect, and lead to less rigid sugar-phosphate
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backbones, thus release the topological constraints, or in other
words, stabilize the tRNA by increasing the chain confor-
mational entropy.!*3! Increasing the concentration of amino
acid-chelated Mg>t or K* of the solution may also stabi-

region. 441 It is unlikely that long-range tertiary interactions,
which are essential in canonical tRNAs, 0! also contribute to
the kinetic barrier of the F—I transition, as the mechanical sta-
bility of long-range tertiary interactions is sensitive to magne-

lize possible local noncanonical base pairings within the bulge ~ sium concentration.*”)
8 _(a) o-F—-I o I-F 8 _(C) o—F—I o—--F
o-1-U m-U-I o-I1-U m-U—I
6 6
4t O m ] 4t O n o
o d [] o
& o0 o8 '-.u 9 .'o.°o°° .H o~
i 2k 4 oy 2F O o
= 0 o e N 0 S & o
A (-] [ ° o
°
92} _ok
1 M KCI, 5 mM MgCl, anCM
—4 1 1 1 1 1 1 1 1 1 —4 1 1 1 1 1 1 1 1 1
2 4 6 &8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
8 " (b) 0-F>l -e—I-F 8 " (d) o-F—l -e—I-F
o-I-U m-U-I o-1-U m-U—I
6 6
L a L
4 o °° ... 6 4 o P . } p a
E .“,OO .nn .. 00 = Egpp
Z 2] 21 % .}
=] b g u L |
= . y ] J e o -
o 0 a o/ e a 3
—2} (3 —2}
1 M KCl1 146 mM KCL, 2 mM MgCl,
—4 1 1 1 1 1 1 1 1 1 —4 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Force (pN) Force (pN)

Fig. 5. The force-dependent unfolding (open markers) and refolding (filled markers) kinetics in different solution conditions. The critical forces (F /)
of two transitions were obtained on the crossing points of the unfolding and refolding rates curves. The R? values of the linear fits range from 0.87 to

0.97.

Moreover, we also reconstructed the three-state free en-
ergy landscapes for mt tRNAA™ in four solutions. The change
of Gibbs free energies AG, the height of barrier AG¥ and the
extension of each transition were plotted with reference to the
fully unfolded state (state ‘U’) by piecewise two-state anal-
yses of each transition at 5 pN (calculated by Eqgs. (6)—(7)).
Clearly, the free energy landscapes of the tRNA at 1 M KClI,
1 M KCl, and 5 mM MgCl, or in aaCM buffer were not obvi-
ously different, while the free energy of state ‘F’ at 146 mM
KClI and 2 mM MgCl, was around 2.9 kcal/mol higher than
the one at 1 M KCl at 5 pN. In addition, the sum of AGy of
both transitions (10.2 £ 0.7 kcal/mol) at 1 M KCI is larger
than the predicted free energy (8.34 kcal/mol) for unfolding
the secondary structures, at 22 °C by using MFold, ! further
indicating the existence of possible local noncanonical base
pairings within the bulge region. Although the unfolding free
energy is higher than canonical tRNA, considerable stability of
these mt tRNAA™® molecules has been observed during pulling
experiments. Our studies clearly illustrated the presence of
aaCM or high concentration of cations could increase the me-

chanical stability of mt tRNAA' by stabilizing the fully folded
state, which further supports the suggestion that aaCM or high
concentration of cations increase the mechanical stability of
the armless tRNA by stabilizing the bulge region.

e 1 M KClI
e 1 M KCI, 5 mM MgCl,

aaCM
® 146 mM KCL, 2 mM MgCl, A

Free energy
-
-
'
7
N
N
3
4
/
Vnd "}"
7
,/ 7 7
-
-
\'\
s
/4/

\\\\ Mo *71/ A \\:&(’ state ‘U’
\\‘\,;,//N state ‘I’
s e e )_-[2 kcal/mol
state ‘B’ 2 nm
Extension

Fig. 6. Free energy landscapes for mt tRNAA™. The key features of the en-
ergy landscapes for the three-state native unfolding/folding pathways were
reconstructed from piecewise two-state analyses of each transition at 5 pN.
Energies and positions are plotted with reference to the fully unfolded state
(state ‘U’). Error bars show S.E. Dotted lines indicate notional landscape
shapes. The free energy of state ‘F* at 146 mM KCl and 2 mM MgCl, was
around 2.9 kcal/mol higher than the one at 1 M KCl at 5 pN.
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4. Conclusion

In this study, we employed single-trap optical tweezers
to perform single-molecule mechanical folding and unfolding
experiments on an armless mt tRNAA™ molecules in differ-
ent solution conditions. We discovered that the armless tRNA
followed a highly reversible two-step folding/unfolding path-
way with one intermediate in all four different solutions. High
concentrations of cations or aaCM can promote the mechani-
cal stability of the armless tRNA, probably by stabilizing the
bulge region of the tRNA.

Our studies suggest that the bulge region of the armless
tRNA is sensitive to the surrounding electrostatic environment,
which could be disrupted by changing the concentration or
types of ions in the solution, as described in this study. More-
over, it could also be disrupted by possible post-transcriptional
nucleoside modification.*®! As the bulge region functions as a
hinge between the acceptor arm and the anti-codon arm, such
disruption may change the distance between the aminoacyla-

tion site and the anticodon, which is critical to the biological

Table Al. Sequences of oligomers used in the experiments. Here, ‘-

phosphorylation and “*’ is phosphorothioate bond.

functions of tRNAs.!'31 Overall, our studies indicate the crit-
ical role of the bulge region in the mechanical stability of the
armless tRNAs.

Appendix A: Supplementary information

Some experiment results and tables for better understand-
ing the present article are given below.

We employed a nonparametric test, i.e., Kolmogorov—
Smirnov test (K-S test) at & = 0.05 significance level for the
unfolding and refolding force distributions in four different so-
lutions to ask whether a significant difference between the rup-
ture force distributions of two selected solutions in each test.
Here, the rupture forces from two selected solutions were the
samples for comparison and we firstly assumed the two sam-
ples had no significant difference initially. If the test results
rejected the initial assumption at o = 0.05 level, the parame-
ter i should be equal to 1, otherwise & = 0. The results were

shown in Table A2.

<

represents an abasic site, ‘p’ represents

T7 promoter labeled upstream primer:

5’ -TAATACGACTCACTATAGGAACAGCTATGACCATGATTACGCCAAG-3

T7 promoter labeled downstream primer:
5'-ATTCGAGCTCGGTACCCGG-3’

1195-bp handle 5'-digoxygenin modified upstream primer:

5’ dig-GTCGGAACAGGAGAGCGCAC-3'

1195-bp handle downstream primer with an abasic site:

5'-AAGCTTGGCGTAATCATGGTCATAGCTGTT_-CCTGTGTGAAATTGTTATCCGCTCACAAT-3

1409-bp handle upstream primer with 5’ phosphorylation and three internal phosphorothioate bonds:
5’ p-CTAGAGGATCCCCGGGTACCGAGCTCGAATT*C*A*C-3’

1409-bp handle 5'-biotin modified downstream primer:
5’ biotin-GAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACA-3’

Table A2. The calculated results of parameter # were shown, parameter 4 = 1 consists with significant difference, while 7 = 0 agrees with

no difference.

Distribution F—I

samples unfolding force

I—-F I—-U U—l1

refolding force unfolding force refolding force

1 M KCl, 5 mM MgCl, versus

1 1 1 0
146 mM KCI, 2 mM MgCl,
M versus
aaCM versus | | 0 0
146 mM KCl, 2 mM MgCl,
1 M KCl, 5 mM MgCl, versus | | 0 0
aaCM
1 M KClI M MgCl
ClL,5m gCl, versus 1 | 0 0
1 M KCl1
1 M KCl versus aaCM 0 0 1 0
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