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SUPPLEMENTARY METHODS

Setup of TIRF microscope. We built an objective-type total internal reflection fluorescence (TIRF)
microscope on the IX71 platform (Olympus) for smnFRET measurements, per methods described in
the literature (1,2). The beam from a 532-nm green laser (75 mW, CL532-075-L, CrystaLaser) was
attenuated by a half-wave plate and a beam splitter before expanded 10x through a pair of convex
lenses. A 2-inch iris was installed to cut the blur rim of the expanded Gaussian beam, which was
focused on the back focal plane of a 100x oil immersion objective (UAPON 100XOTIRF, NA =1.49,
Olympus) by a 2-inch diameter, 300-mm focal-length convex lens. The lens position was adjusted to
tune the reflection angle to optimize the signal-to-noise ratio of fluorescence. In the microscope, the
emitted light was separated from the excitation beam by a dichroic mirror (FF562-Di03-25x36,
Semrock) and then passed through a dual-band emission filter (FF01-577/690-25, Semrock). A home-
build dual view system, containing another dichroic mirror (FF650-Di01-25x36, Semrock), was used
to separate the signals from donor and acceptor dyes, which were imaged on an EMCCD camera (iXon

DU-897D, Andor).
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Supplementary Figure S1. Sequence and structural comparison among some of the frameshift-
stimulating RNA pseudoknots. DU177 is similar to the retroviral gag-pro [such as SRV-1 (3)] and
luteoviral P1-P2 [such as BWYV(4)] pseudoknots, in which stem S1 is G/C-rich and mostly 5-6 bp
long, and most nucleotides in loop L2 are adenosines appearing in stretches. A rich non-Watson-Crick
hydrogen bonds (red dotted lines) form in this region. On the other hand, DU177 has a long loop L1
forming multiple base triple interactions with stem S2, whereas the viral loop L1 usually contains only

1 or 2 nucleotides and thus the tertiary base pair interactions between L1 and S2 are generally limited.
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Supplementary Figure S2. Experimental setup for optical tweezers. An RNA structure of interest was
flanked by two handles of RNA/DNA duplexes, which were immobilized on the surface of two
polystyrene beads (2.1 um in diameter) through digoxigenin/anti-digoxigenin antibody (top) and
biotin/streptavidin (bottom) interactions. The top bead was trapped by laser beams and the bottom bead
was fixed on a micropipette. The trap was moved at a rate of 100 nm/s upwards to unfold the structure
or downwards to let it refold. When pulled, the native pseudoknot shall experience the tension mainly
along the axis of the two stems. By contrast, the opening end of the hairpin component is to be unzipped

directly when a bimolecular pseudoknot is pulled (right panel).
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Supplementary Figure S3. Representative time traces of sSmFRET for bimolecular pseudoknots. Two
from each of the hpl/ss18 (left) and hpl-U3C/ss18 (right) complexes. Shown are fluorescence
intensity of Dy547 (green) and Dy647 (red) and the corresponding FRET (blue). Arrows indicate

photo-bleaching of the Dy647 dyes.
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Supplementary Figure S4. A putative base triple in DU177. A169 (green) in loop L2 is positioned
very close to the G118+C96 base pair (red; top panel) and roughly on the same plane (bottom), such
that two hydrogen bonds may form between A169 and G118 (dotted lines; distances in Angstrom are

indicated).



Supplementary Table S1. Unfolding forces for the regular RNA pseudoknots measured by optical

tweezers.
unfolding force (pN)

force range | trace # (percentage) mean SD
low 380 (84%) 14.8 1.3

DU177 .
high 71 (16%) 423 2.1
low 42 (11%) 15.3 4.6

uucC )
high 347 (89%) 39.1 23

Supplementary Table S2. Unfolding forces for the bimolecular RNA pseudoknots measured by

optical tweezers.

unfolding force (pN)
o annealed | trace # mean SD
hairpin .
oligo
- 589 15.5 1.6
ssll 228 16.9 1.3
hpl ssl3 540 21.0 1.5
ssl8 504 22.3 1.6
ss18U | 264 19.8 1.3
- 805 12.7 1.7
hp1-U3C
ssl8 760 12.6 1.8
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