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SI Figures
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Figure S1: P4-P6 RNA variant with an alternative P5c secondary-structure. (A) Schematic of
the local equilibrium between the native and alternative P5c secondary structures of WT P4-P6
and Alt+2, a construct with the alternative P5c secondary structure [1] enforced by two stabilizing
base pairs. (B) Scatter plot of the folding versus unfolding rate constants of the Alt+2 mutant that
isolates the Alt P5c U to Alt P5c ITL/TLR transition. One hundred randomly selected data points are
shown with the median folding and unfolding rate constants denoted by a red circle. Conditions:
50 mM MOPS, pH 8.0, 5 mM BaCl2 , and 100 mM KCl at 23 ◦ C. The dashed gray line at kf
= 6.3 s−1 represents the rate constant for overall folding of WT P4-P6 under these equilibrium
conditions.
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Figure S2: Isolated TL/TLR smFRET constructs. The secondary structures and dye and biotin
placements of the TL/TLRiso smFRET constructs used in this study. The symbol used for each
construct in Fig. 7 is shown after the name of each construct. The 50 -biotinylated DNA oligonucleotide used for surface attachment is shown in orange. The A7 construct contains a tether of
seven adenosine residues between the TL and TLR . The extended TL construct contains an extra
G-C base pair at the end of the helix containing the tetraloop. The P4-P6 helical context construct
has the same base pairs as in P4-P6 flanking the tetraloop and the tetraloop receptor. The T14
construct contains a tether of fourteen thymine (DNA) residues.
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Figure S3: Comparison of the folding kinetics of a P4-P6 RNA variant and a simplified MC/MCR
construct. (A) Secondary structure of the simplified MC/MCRiso construct compared to that of
P4-P6. Residues colored as in Fig. 1 and residues in orange are the same as in P4-P6. Dye and
biotin placements are shown. (B) Scatter plot of folding versus unfolding rate constants of the
MC/MCRiso construct. Median folding and unfolding rate constants are denoted by a red circle.
Conditions: 50 mM MOPS, pH 8.0, 5 mM MgCl2 , and 100 mM KCl at 23 ◦ C. (C) Example singlemolecule FRET traces at 5 mM Mg2+ (top) and 40 mM Mg2+ (bottom). Intensities of the donor
dye and acceptor dye are shown in green and red respectively. The black line corresponds to the
probability of the high-FRET state determined by a Markov model fit to the data [2]. (D) The
L5B P4-P6 RNA and isolated MC/MCRiso both form the metal core/metal-core receptor tertiary
contact. The MC/MCRiso construct contains a two-way junction instead of the P5abc three-way
junction of P4-P6 but utilizes the same J5/5a junction as P4-P6 [3]. Constructs with simpler single
and double-stranded junctions instead of J5/5a were not stable enough to allow determination of
kinetic constants. This limitation precluded measurement of unfolding rate constants over a range
of folding rate constants. (E) Average unfolding (left) and folding (right) rate constants for L5B
P4-P6 (closed circles) and MC/MCRiso (open triangles) across a range of Mg2+ concentrations.
Conditions as in Fig. 2 and data are from Table S3.
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Figure S4: Effects of different preparations on P4-P6 RNA folding kinetics. (A) Scatter plot of
WT P4-P6 folding versus unfolding rate constants. Unlabeled RNA pieces of this construct were
transcribed, and the full-length ligated product was gel purified on a native gel (10 mM Mg2+ ).
Data were collected at 5 mM Mg2+ (black) and 1 mM Mg2+ (gray). (B) Scatter plot of the folding
data for a WT P4-P6 construct that contains transcribed RNA pieces that is not gel purified (blue)
overlaid with the data from panel (A; 5 mM Mg2+ ). (C) Scatter plot of folding data for a WT
P4-P6 construct made of synthetic RNA for the 50 -most piece and 30 -most piece at 5 mM Mg2+
(blue) and 1 mM Mg2+ (green) overlaid with data from panel (A). (D) Scatter plot of folding data
for a WT P4-P6 construct made of synthetic RNA and with the Cy3b/Atto647N dye pair at 5
mM Mg2+ (blue) and 1 mM Mg2+ (green) overlaid with the data from panel (A) that contains the
Cy3/Cy5 FRET dye pair.
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Figure S5: Measurements of M U to IMC/MCR pathway kinetics. (A) Scatter plot of the folding
versus unfolding rate constants determined using total internal reflection (TIRF) microscopy of
the P4-P6 variant with the TLR base-paired (J6/6a BP) variant (Fig. 2C). Data taken of a J6/6a
BP variant containing the Cy3/Cy5 FRET donor/acceptor dye pair are shown in black and the
Cy3b/Atto647N dye pair are shown in blue. Median folding and unfolding rate constants for the
Cy3/Cy5 and the Cy3b/Atto647N variants are denoted by a red circle and cross, respectively. (B)
Scatter plot of the folding versus unfolding rate constants of the J6a/6b BP variant determined
using TIRF microscopy with the Cy3/Cy5 dye pair (black) overlaid with data using photoncounting confocal spectroscopy with the Cy3b/Atto647N dye pair (green). Median folding and
unfolding rate constants for the TIRF and photon-counting measurements are denoted, red circle
and cross, respectively. Conditions are the same as in Fig. 3. TIRF measurements were taken
at 256 frames per second, and photon-counting data were time-averaged at 3 ms. (C) Example
photon counting traces. Intensities of the donor dye and acceptor dye is shown in green and red
respectively. The black line corresponds to the probability of the high-FRET state (FRET = 0.45)
determined by a Markov model fit to the data [2].
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SI Text
The metal core in P4-P6 is formed through binding of two Mg2+ ions [4]. The lower limit of
k(U→M U) = 50 s−1 was derived from the following literature observations:
• Time-resolved hydroxyl radical studies of P4-P6 gave protections corresponding to the native
structure in the three-way junction in P5abc in the mixing dead time (30 ms, corresponding
to >50 s−1 ), suggesting that this domain folded at a rate >50 s−1 [5]; however, this rate may
not correspond to metal ion binding in the metal core.
• The A186 nucleotide interacts with residues that site-specifically bind two Mg2+ ions, and
metal-ion rescue studies support the interaction of A186 with a crystallographically-defined
metal ion [6, 7, 4].
• A comparison of the hydroxyl-radical cleavage patterns between WT, J5/5a base-paired (unfolded control), and A186U P4-P6 variants shows that the A186U mutation in the MC causes
a loss of native protections in the P5abc three-way junction, particularly around residues
G163/G164 and G174-G176, compared to the WT and J5/5a base-paired variants [8]. The
A186U mutation has also been shown to prevent formation of protections in the nucleotides
(A183-A187) associated with MC/MCR formation ([8, 9] see also [10]). These observations
suggest that the A186U mutation disrupts Mg2+ ion binding and corresponding formation of
the native three-way junction structure. Therefore, the above-noted rate constant provides
a lower limit for the rate of Mg2+ binding.
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SI Tables
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[Ba2+]
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9.7 ± 1.5

10 ± 2

7±3

5.8 ± 0.9

3.3 ± 0.3

1.0 ± 0.1

1.20 ± 0.06

0.86 ± 0.05

1.2 ± 0.1

1.03 ± 0.07

1.17 ± 0.09

1.3 ± 0.1

1.02 ± 0.05

6.7 ± 0.8

7±2

6.3 ± 0.5

kfold a
(s-1)

	
  

Mean and error values indicate the bootstrapped 95% confidence interval of the mean.
b
Kfold = kfold/kunfold..
c
ΔG = -RTln(Kfold).
d
N = number of molecules.
e
Constructs defined in Fig. 2.

a

U ⇌ IMC/MCR

U ⇌ MITL/TLR

M

M

U ⇌ ITL/TLR

Alt P5c

U ⇌ Alt P5cITL/TLR

U⇌F

Equilibrium

Table S1: P4-P6 folding parameters obtained from smFRET

62 ± 20

88 ± 20

41 ± 16

46 ± 18

0.45 ± 0.05

2.5 ± 0.3

11.0 ± 0.6

4.3 ± 0.3

3.8 ± 0.3

3.1 ± 0.1

8.7 ± 0.5

9.5 ± 0.5

3.7 ± 0.2

0.17 ± 0.02

0.19 ± 0.03

0.23 ± 0.02

kunfold a
(s-1)

Table S1: P4-P6 folding parameters obtained from smFRET

0.16 ± 0.03

0.12 ± 0.06

0.17 ± 0.02

0.13 ± 0.08

7.2 ± 1.2

0.37 ± 0.07

0.11 ± 0.01

0.20 ± 0.02

0.31 ± 0.02

0.33 ± 0.01

0.13 ± 0.01

0.14 ± 0.01

0.27 ± 0.03

39 ± 7

34 ± 8

27 ± 4

Kfolda,b

1.1 ± 0.2

1.2 ± 0.1

1.0 ± 0.2

1.19 ± 0.09

-1.2 ± 0.1

0.6 ± 0.1

1.3 ± 0.06

0.93 ± 0.06

0.69 ± 0.08

0.6 ± 0.1

1.17 ± 0.05

1.15 ± 0.06

0.76 ± 0.07

-2.1 ± 0.1

-2.1 ± 0.1

-1.91 ± 0.09

ΔGa,c
(kcal/mol)

90

73

83

124

550

410

154

166

94

166

156

167

129

205

117

368

Nd
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A7a
Extended TLa
T14
P4-P6 helical
ccontextContext

TL/TLRiso

20.1 ±1.4
13.9 ± 1.0

A7a
Extended TLa

TL/TLRiso
2.4 ± 0.2
1.5 ± 0.3

kunfold (s-1)
3.1 ± 0.9
3.7 ± 0.2
3.8 ± 0.3
4.3 ± 0.2

4.3 ± 0.5
5.2 ± 0.4
8.9 ± 0.7
5.6 ± 0.7

kunfold (s-1)
9.5 ± 0.5
8.7 ± 0.5
5.3 ± 0.6

8.5 ± 1.1
9.2 ± 1.5

Kfoldb
0.33 ± 0.09
0.27 ± 0.03
0.31 ± 0.05
0.20 ± 0.02

4.8 ± 0.7
3.2 ± 0.4
6.2 ± 0.9
2.4 ± 0.5

Kfoldb
0.14 ± 0.01
0.13 ± 0.01
0.04 ± 0.02

-1.20 ± 0.08
-1.3 ± 0.1

ΔGc (kcal/mole)
0.6 ± 0.1
0.76 ± 0.06
0.69 ± 0.08
0.93 ± 0.06

-0.9 ± 0.1
-0.68 ± 0.08
-1.06 ± 0.09
-0.5 ± 0.1

ΔGc (kcal/mol)
1.15 ± 0.06
1.17 ± 0.05
1.7 ± 0.2

	
  

b

Has Cy3b/Atto674N FRET dye pair.
Kfold = kfold/kunfold.
c
ΔG = -RTln(Kfold).
d
Upper limit (see Methods).
e
N = number of molecules.
All reported values are mean and error values indicate the bootstrapped 95% confidence interval of the mean.

a

kfold (s-1)
1.03 ± 0.07
1.02 ± 0.05
1.2 ± 0.1
0.86 ± 0.07

Construct
WT
Alt+2
ArichU
A186U

20 ± 2
16.6 ± 1.4
55 ± 6
13.2 ± 1.6

kfold (s-1)
1.3 ± 0.1
1.17 ± 0.09
<0.24 ± 0.09d

Context
P4-P6

B. 5 mM Ba2+

Construct
ArichU
A186U
J5/5a AllU/ArichU

Context
P4-P6

A. 5 mM Mg2+

Table S2: Folding parameters for constructs isolating the TL/TLR interaction

Table S2: Folding parameters for constructs isolating the TL/TLR interaction

156
104

N
166
129
94
131

84
111
141
99

Ne
167
156
175
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MC/MCRiso

[Mg2+]
mM
2.00
3.00
4.00
5.00
10.0
20.0
50.0
5.00
10.0
30.0
40.0
0.4
0.5
1.0
2.0
5.0
10.0
0.1
1.0
2.0
10.0
0.1
1.0
2.0
5.0
5.0
5.0
10.0
30.0
40.0
50.0

b

Mean and error is bootstrapped 95% confidence interval of mean.
Kfold = kfold/kunfold..
c
ΔG = -RTln(Kfold).
d
N = number of molecules.
e
Measurement from photon-counting confocal microscopy.
f
Has Cy3b/Atto-674N FRET dye pair.

a

ArichU
ArichU
ArichU
ArichU
ArichU
ArichU
ArichU
L5B
L5B
L5B
L5B
A7h
A7h
A7h
A7h
A7h
A7h
Extended TLf
Extended TLf
Extended TLf
Extended TLf
T14
T14
T14
T14
J5/5ae,g
J5/5ag
J5/5ag
J5/5ag
J5/5ag
J5/5ag

P4-P6

TL/TLRiso

Construct

Context

[Ba2+]
mM
-

kunfolda
(s-1)
8±4
7±3
8.3 ± 1.3
5.2 ± 1.4
5.0 ± 0.9
2.4 ± 0.4
1.5 ± 0.2
41 ± 10
40 ± 6
24.1 ± 1.9
18.4 ± 1.7
7.7 ± 0.2
6.8 ± 0.2
7.2 ± 0.3
5.5 ± 0.1
4.2 ± 0.2
3.3 ± 0.1
7.2 ± 0.3
6.3 ± 0.4
5.8 ± 0.4
3.4 ± 0.3
18.3 ± 1.1
16.9 ± 1.0
12.1 ± 0.7
8.9 ± 0.7
56 ± 8
45 ± 5
37 ± 6
22.2 ± 1.1
19.5 ± 1.1
22.3 ± 1.9
0.03 ± 0.03
0.1 ± 0.1
0.08 ± 0.02
0.15 ± 0.05
0.4 ± 0.2
1.7 ± 0.5
3.4 ± 0.8
0.17 ± 0.08
0.29 ± 0.05
0.56 ± 0.05
0.70 ± 0.07
1.36 ± 0.05
2.6 ± 0.1
4.2 ± 0.2
7.0 ± 0.3
12.3 ± 0.6
19.1 ± 0.9
0.44 ± 0.04
0.9 ± 0.1
2.3 ± 0.22
7.3 ± 0.8
0.15 ± 0.01
0.35 ± 0.03
2.4 ± 0.3
6.2 ± 0.9
0.19 ± 0.03
0.25 ± 0.06
0.27 ± 0.04
0.77 ± 0.05
0.77 ± 0.06
0.82 ± 0.09

Kfolda,b

ΔGa,c
(kcal/mol)
2.0 ± 0.4
1.6 ± 0.2
1.5 ± 0.1
1.1 ± 0.1
0.6 ± 0.2
-0.3 ± 0.3
-0.7 ± 0.1
1.0 ± 0.2
0.7 ± 0.1
0.34 ± 0.05
0.20 ± 0.06
-0.18
-0.56
-0.84
-1.1
-1.5
-1.7
0.48 ± 0.05
0.05 ± 0.06
-0.47 ± 0.06
-1.16 ± 0.07
1.09 ± 0.04
0.61 ± 0.04
-0.51 ± 0.07
-1.06 ± 0.09
0.95 ± 0.10
0.81 ± 0.09
0.77 ± 0.09
0.15 ± 0.04
0.15 ± 0.04
0.11 ± 0.06

130
86
98
140
128
120
91
141
46
60
55
149
182
96

12
30
46
43
53
62
50
83
121
213
185

Nd

Has Cy3b/Cy5 FRET dye pair.
Published data from [14]. Conditions: 50 mM HEPES (pH 7.5), 100mM
NaCl and up to 0.1 mM EDTA.
h

g

kfolda
(s-1)
0.26 ± 0.25
0.42 ± 0.28
0.63 ± 0.11
0.81 ± 0.17
1.8 ± 0.3
4.0 ± 0.5
5.0 ± 0.6
7±3
12 ± 2
13.4 ± 0.9
13.0 ± 1.1
10.5 ± 0.2
17.7 ± 0.5
30.1 ± 1.3
38.6 ± 1.3
51.2 ± 1.1
63.1 ± 1.9
3.2 ± 0.2
5.9 ± 0.5
13.0 ± 1.3
24.4 ± 1.7
2.8 ± 0.2
5.9 ± 0.4
29.2 ± 1.4
55 ± 5.0
10.8 ± 1.7
11.2 ± 1.5
10.0 ± 1.6
17.1 ± 0.9
15.0 ± 0.9
18.4 ± 1.3

Table S3: Folding Parameters of P4-P6 and Isolated Tertiary Contacts Across [Mg2+] Obtained From smFRET

Table S3: [Folding Parameters of P4-P6 and Isolated Tertiary Contacts Across [Mg2+ ] Obtained From smFRET]
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Supporting Methods
smP4-P6 assembly
smP4-P6 variants were assembled using splinted ligations, following a protocol desrcibed previously
[11, 12], from five RNA pieces (Table S4). Table S4 includes all the DNA and RNA sequences that
were necessary to assemble the smP4-P6 variants that were included in this study.
RNA Pieces for ligation
For synthetic pieces that required dye attachment a 5-amino-allyl-uridine base was included at
the position the dyes were to be attached (Table S4 - (5-N-U)). These samples were labeled using
previously established protocols [13]. For some variants, either a 50 or 30 synthetic piece of RNA
was used instead of a transcribed piece as larger amounts of material were more readily obtained.
Using synthetic RNA did not affect folding kinetics or hetereogeneity in folding kinetics (Fig. S4).
For the in vitro transcribed RNA pieces, (anything with a T7 RNA promoter: AGTAATACG
ACTCACTATA, listed in Table S4), the template was first PCR amplified and purified using
standard protocols and then transcribed. Final transcription conditions were 17-25 mM MgCl2 ,
40 mM Tris-HCl, pH 8.3, 30 mM DTT, 2 mM spermidine, 0.0001% Triton X-100, 2.0 mM of each
NTP, 100 nM of DNA template, T7 RNA polymerase (purified in house) and 12 mM GMP for
the pieces spanning 163-234 and 250-261+T2 (for the DNAzyme reaction following transcription).
Transcription reactions were carried out for a total of two hours at 37 ◦ C. The complementary
DNAzyme (Table S4) was added to the transcription reaction to a final concentration of 5 µM after
30 minutes of transcription and the reaction was allowed to proceed for an additional 1.5 hours
before the reaction was stopped and concentrated by ethanol precipitation. These reactions were
then resuspended in 1/10th of their initial reaction volume and were stored frozen until removal of
the 20 -30 cyclic phosphate. The 20 -30 cyclic phosphate left after DNAzyme treatment was removed
by incubating transcribed RNA in 90 mM imidazole, pH 6.5, 9 mM 2-mercaptoethanol, 22 µg/mL
BSA, 9 mM MgCl2 , and 1.4 U/µL of T4 Polynucleotide kinase (PNK)(NEB Biolabs, MA) for 10
hours at 37 ◦ C. This material was buffer-exchanged three times before the PNK reaction and three
times after the PNK reaction in YM-10 Amicon ultrafiltration columns.
Ligations
Ligation reactions were carried out in two parts. The first step involved combining the five RNA
pieces (GG104-148, 149-162-U155, 163-234, 235-249-U241 and 250-261+T2) and two DNA splints
( Splint 148/149 - 162/163 and Splint 234/235 - 249/250) (Table S4) at concentrations of ∼0.4 µM
in 1 mM Tris, pH 8.0, and 0.1 mM EDTA. This mixture was then annealed at 95 ◦ C for 5 seconds
and cooled to 4 ◦ C at 0.1 ◦ C / sec. This annealed mixture was then diluted four fold into the final
ligation reaction conditions of 66 mM Tris, pH 7.6, 8 mM MgCl2 10 mM DTT 1.3 mM ATP and
0.004% Triton-X 100 and T4 DNA ligase. The ligation reaction was placed in a 37 ◦ C waterbath
for 18 hours. The reaction was stopped and the RNA concentrated by ethanol precipitation. This
precipitated ligation reaction mixture was separated on an 8% denaturing PAGE gel Purification
gels were run in a cold room (power typically 15-30 W) to mitigate heat, which could potentially
damage the RNA being purified. [12]. Ligated bands were visualized on a TyphoonT M 9400 (GE
Healthcare, NJ) using Cy3 and Cy5 fluorescence. Bands were excised using sterile scalpels and
resulting gel pieces underwent three freeze-thaw cycles and were eluted into water. The optimal
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ratio of RNA of each piece that was empirically determined by completing test ligation reactions.
Variants with WT-like stability (WT, Nat +2 and Nat +3) were subjected to a final native
gel purification as was previously described [12]. This step serves to remove a population of
molecules that is likely damaged during standard ligation procedures. It is suspected that all
variants examined have a fraction of covalently damaged RNA, and the other P4-P6 variants
examined were similarly destabilized and were not amenable to this purification procedure. In
general, the kinetics of all variants examined here have homoegeneous kinetic behavior (80% of
molecules are within 3-fold of the median rate constants) under conditions where errors due to
limits in fitting traces to the 2-state Markov model do not contribute signficantly to the error in
rate constant estimation (i.e. when KF old is close to 1) [12].
After purification, all constructs were validated using denaturing PAGE (8M Urea TBE, 8%)
to evaluate purity and whether they were at the correct length. Samples with visible contamination
or with ambiguous length were rejected and remade. For variants with mutations more than 30
bases from the 50 end of the RNA the validity of the variants was checked by reverse-transcribing
the RNA and then sequencing the resulting DNA after PCR amplification.

Data acquisition
Preparations of smP4-P6 for Imaging: smP4-P6 variants were annealed to the DNA oligonucleotide T2b (Table S4) by heating to 50 ◦ C and cooling to 4 ◦ C and 1 ◦ C / sec. The molecules
were deposited onto quartz slides as previously described [12, 14]. smFRET measurements were
completed in a manner identical to that previously described [12, 14] or with modifications that
introduced an Andor Ixon Ultra Camera for imaging instead of a Photometrics Cascade 128+
and used a CAIRN Optosplit II emission splitting device instead of custom configured optics for
the chromatic separation. Comparisons of thermodynamic and kinetic parameters determined on
the different setups revealed no significant differences in the values determined. Buffers used in
smFRET measurements contained specific concentrations of 5 mM MgCl2 or 5 BaCl2 , unless otherwise noted, in a background of 50 mM K-MOPS (pH 7.0), 100 mM KCl, 2 mg/mL glucose, 1.8
mM Trolox (sigma), 100 units/mL, glucose oxidase (sigma), 1000 units/mL catalase.

Post-processing of data
Four processing steps are required for the determination of thermodynamic and kinetic parameters
from the raw image data. These are (1) identification of putative molecules from raw image data;
(2) manually select traces that pass pre-specified criteria; (3) fit traces to a kinetic model; and (4)
apply filtering criteria to eliminate traces that fall outside a specified criteria.
The first step is the identification of putative single molecules using a previously described
molecule-finding algorithm [12, 14]. The algorithm examines the first 30 to 50 frames of the acceptor
image to find pixels that exceeded the background typically by a threshold of 5σ, where σ is the
standard deviation of the background fluorescence. The corresponding image in the donor channel
was found by applying linear offsets to points in the acceptor channel. For acceptor channel pixels
that pass the threshold and the corresponding donor channel location, the local background (7×7
pixel) was subtracted and the region’s intenisity saved as a putative single molecule trace.
Second, standard criteria for the identification of a single FRET-labeled molecule were applied as follows: (1) single-step photobleaching; (2) anti-correlated donor and acceptor channels;
(3) total intensity consistent with a single molecule; and (4) stable total intensity. These crite-
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ria were manually applied to all putative traces from which a subset (typically 15%-60%) were
identified as arising from smP4-P6 molecules.
Third, thermodynamic and kinetic analysis of traces was carried out by fitting the donor
and acceptor channels to a two-state Hidden Markov Model (HMM) using the SMART data analysis package [2]. Finally, traces were filtered for fitting errors by applying thresholds to exclude
molecules with too low of a SNR as determined during the HMM fitting. In most cases an SNR
threshold of 0.75 was applied but for molecules whose high-FRET state was ∼0.45 a SNR cutoff
of 0.5 was use. (See the summary page of Data Reports for the imaging and filtering conditions
used for each molecule in this work).
Bulk rate constants were determined by fitting the distribution of lifetimes each molecule
spends in the high-FRET state and low-FRET state to an exponential function to provide the bulk
unfolding and folding rate costants respectively. The distributions of high-FRET state lifetimes
were made by taking the time the HMM determined the molecule was in the high-FRET state
with a probability was greater than 0.5, and less than 0.5 for the low-FRET state lifetimes. Bulk
equilbrium constants were determined by fitting the total FRET distrubution of all molecules of a
particular variant to a two-gaussian model, and then determining the ratio of the fraction of the
FRET distribution that is in the high-FRET state to the low FRET state. The high-FRET value
varies depending on the variant of P4-P6, and correspondingly requires different two-Gaussian
fitting constraints.

Measuring the U to IMC/MCR transition using photon-counting methods
As the change in FRET is modest for the transition between the unfolded state and the intermediate
with just the MC/MCR formed (FRET(U) = 0.16 to FRET(IMC/MCR ) = 0.45) and the folding
dynamics are fast relative to other constructs, we repeated measurement of the folding kinetics
of the U to IMC/MCR transition using photon-counting confocal microscopy as it has higher time
resolution than a CCD camera and we also used constructs with brighter and more photostable
dyes (Cy3b and Atto 674N) to ensure that the rate constants for this transition were accurately
determined (Fig. S5 and Table S1).
Photon-counting experiments were conducted under similar conditions as the TIRF experiments, except molecules were immobilized onto a glass coverslip and imaged in a custom-built
confocal microscope. Custom electronics and software were used to locate and position individual
molecules in the center of the confocal illumination volume. Upon bleaching of one molecule, the
microscope stage was automatically moved to image the next molecule. Fluorescence signals from
the donor and acceptor dyes for a single P4-P6 molecule were captured using two Avalanche Photodiodes (Perkin-Elmer) and the photon-arrival times were recorded by a time interval analyzer
board (Guidetech GT658). Photon-arrival times were then binned with a 3 ms window and the
resulting intensity traces were fit with a two-state hidden Markov model (HMM)-based algorithm
as in smFRET TIRF experiments [2].

Estimation of rate constants from completion of a thermodynamic cycle:
The overall equilibrium observed for a process is equal to the product of the equilibria of the individual steps that make up that process:
KF old = Kstep1 Kstep2

(1)
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To determine the folding equilibrium for the IMC/MCR state to F, equation (1) was substituted
with the measured values from the pathway in which the MC/MCR forms first followed by the
TL/TLR to give F:
KT0 L/T LR =

KF old
KM C/M CR

(2)

where KF old is the overall folding equilibrium ([F]/[U]), KM C/M CR is the equilibrium between
M
U and IMC/MCR ([IMC/MCR ]/[ M U]), and KT0 L/T LR is the equilibrium between IMC/MCR and F
([F]/[IMC/MCR ]). Substituting rate constants for the K0T L/T LR equilibrium and assuming a common
value for the unfolding rate of the TL/TLR allows determination ’of the folding rate constant of
IMC/MCR to F:
0
KF old kunf
old
kf0 old =
(3)
KM C/M CR
0
where kf0 old and kunf
old are the folding and unfolding rate constants between IMC/MCR and F,
respectively (Fig. 6). The same logic was applied to determine the folding rate constant from
M
ITL/TLR to F.

Prediction of the overall folding rate constants for WT and G212C P4-P6:
Prediction of the overall folding and unfolding rate constants for the simplified WT and G212C
frameworks was done using the method of net-rate constants, whereby overall folding can be
calculating as:
kf old,overall

=

kunf old,overall

=

k1 k2
k−1 + k2
k−1 k−2
k−1 + k2

(4)
(5)

where kf old,overall and kunf old,overall are the overall folding and unfolding from M U to F through
a single pathway, k1 and k−1 are the folding and unfolding rate constants for the first step in a
pathway, and k2 and k−2 are the folding and unfolding rate constant in the second step of the
pathway. When two pathways are possible, the calculated overall folding rate constants is the sum
of all possible pathways leaving M U going to F:
path1
path2
kfpred
old,overall = kf old,overall + kf old,overall

Where kfpred
old,overall is the predicted overall folding rate constants from

(6)
M

U to F, and kfpath1
old,overall

and kfpath2
old,overall are the overall folding rate constants through each possible of two pathways. The
same logic was utilized for prediction of the overall unfolding rate constant.

Constructing the simplified frameworks in Fig. 9C:
The complete folding framework for the P4-P6 RNA can be simplified into four-states utilizing
the conclusions and principles determined throughout this work. For WT P4-P6, folding can be
simiplified as starting from the predominant unfolded state M U. For the G212C framework, all
the steps are the same as the simplified WT framework except that the steps involving formation
of the MC/MCR (F →M ITL/TLR and IMC/MCR →M U) are decreased by 72-fold as it is the full
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equilbrium effect of the G212C mutation. This appropriation was chosen based on the analysis
described in the above section and represented in Fig. 9B, but recognizing that there are a range
of values that are in reasonable agreement with the data.
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Table S4: DNA and RNA Sequences for P4-P6. Comprehensive list of DNA and RNA sequences
used in the P4-P6 constructs throughout this work. Blue indicates the T7 RNA promoter site;
Green indicates the DNAzyme binding site; and Red indicates changes from the consensus WT
sequence.
50 Pieces (GG104-148)
WT GG104-148+DNAz

C109U (RNA)
J5/5a-AllU (RNA)
Middle Pieces (163-234)
WT 163-234+DNAzI

Nat P5c +2

Nat P5c +3

ArichU

A186U

J6a6-6b BP

C223U-A225U-A226U

G212U

AGTAATACGACTCACTATA GGA ATT GCG
GGA AAG GGG TCA ACA GCC GTT CAG TAC
CAA GTC TCA GGT GGG TGC GAG TGGGTGCGAG
GGA AUU GUG GGA AAG GGG UCA ACA GCC
GUU CAG UAC CAA GUC UCA GG
GGA AUU GGG GGA AAG GGG UCU UUU UUC
GUU CAG UAC CAA GUC UCA GG
AGTAATACGACTCACTATA GGC CTT GCA
AAG GGT ATG GTA ATA AGC TGAC GGA CAT
GG TCC TAA CCA CGC AGC CA AGT CCT AAG
TCA ACA G GGGTGCGAG
AGTAATACGACTCACTATA GGC AG CTT GCA
AAG TC GGT ATG GTA ATA AGC TGAC GGA
CAT GG TCC TAA CCA CGC AGC CA AGT CCT
AAG TCA ACA G GGGTGCGAG
AGTAATACGACTCACTATA GGC GAG CTT
GCA AAG CTC GGT ATG GTA ATA AGC TGAC
GGA CAT GG TCC TAA CCA CGC AGC CA AGT
CCT AAG TCA ACA G GGGTGCGAG
AGTAATACGACTCACTATA GGC CTT GCA
AAG GGT ATG GTT TTT TTC TGAC GGA CAT
GG TCC TAA CCA CGC AGC CA AGT CCT AAG
TCA ACA G GGGTGCGAG
AGTAATACGACTCACTATA GGC CTT GCA
AAG GGT ATG GTA AT T AGC TGAC GGA CAT
GG TCC TAA CCA CGC AGC CA AGT CCT AAG
TCA ACA G GGGTGCGAG
AGTAATACGACTCACTATA GGC CTT GCA
AAG GGT ATG GTA ATA AGC TGAC GGA CAT
GG TCC TAA CCA CGC AGC CA AGT CC AT G
TCA ACA G GGGTGCGAG
AGTAATACGACTCACTATA GGC CTT GCA
AAG GGT ATG GTA ATA AGC TGAC GGA CAT
GG TCC TAA CCA CGC AGC CA AGT C T T TT
G TCA ACA G GGGTGCGAG
AGTAATACGACTCACTATA GGC CTT GCA
AAG GGT ATG GTA ATA AGC TGAC GGA CAT
GG TCC TAA CCA CTC AGC CA AGT CCT AAG
TCA ACA G GGGTGCGAG
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G212C

J5/5a-AllU

30 pieces (250-261+T2)
250-261+T2 DNAzI (Template)

250-261+T2 (RNA)
Cy3/Cy3b Modified RNA
149-162 U155
149-162 U157
L5b U155
L5b U157
TL - AllU
Cy5/Atto647N
Modified
RNA
235-249 U241
Surface Attachment Oligo
T2b
DNA Splints
148/149-162/163
WT (234/235-249/250)
Nat P5c +2 (243/234-249/250)
Nat P5c +3 (243/234-249/250)

Alt P5c +3 (243/234-249/250)

J6a6-6b BP (243/234-249/250)
A225U-A226U-C223U (243/234249/250)
DNAzymes
DNAzI-148
DNAzI-234

AGTAATACGACTCACTATA GGC CTT GCA
AAG GGT ATG GTA ATA AGC TGAC GGA CAT
GG TCC TAA CCA CCC AGC CA AGT CCT AAG
TCA ACA G GGGTGCGAG
AGTAATACGACTCACTATA GGC CTT GCA
AAG GGT ATG GTA ATA AGC TGAC GUU UUT
GG TCC TAA CCA CGC AGC CA AGT CCT AAG
TCA ACA G GGGTGCGAG
AGTAATACGACTCACTATA GGA TGC AGT
TCA ACC AAA ATC AAC CTA AAA CTT ACA
CAT GGG TGC GAG GGGTGCGAG
GGA UGC AGU UCA ACC AAA AUC AAC C
UAA AAC UUA CAC AU
GGA AAC
GGA AAC
CUU CGG
CUU CGG
GUU UUC

(5-N-U)UU
UU(5-N-U)
(5-N-U)UU
UU(5-N-U)
(5-N-U)UU

GAG
GAG
GAG
GAG
GAG

AU
AU
AU
AU
AU

AUC UUC (5-N-U)GU UGA UAU
biotin - TGT GTA AGT TTT AGG TTG ATT TTG
GT
AC CAT ACC CTT TGC AAG GCC ATC TCA
AAG TTT CCC CTG AGA CTT GGT ACT
TGA ACT GCA TCC ATA TCA ACA GAA GAT
CTG TTG ACT TAG GAC
ACC ATA CGACC TTT GCA AGTCG CCA TCT
CAA AGT TTC CCC TGA GAC TTG GTA CT
ACC ATA CGAGCC TTT GCA AGCTCG CCA
TCT CAA AGT TTC CCC TGA GAC TTG GTA
CT
ACC ATA CCGAGC TTT GCA AGCTCG CCA
TCT CAA AGT TTC CCC TGA GAC TTG GTA
CT
TGA ACT GCA TCC ATA TCA ACA GAA GAT
CTG TTG ACA TG GAC
TGA ACT GCA TCC ATA TCA ACA GAA GAT
CTG TTG ACA ATA AAC
CGC
GAC
CGC
GAC

ACC CAG GCT AGC TAC AAC GAC TGA
T
ACC CAG GCT AGC TAC AAC GAT GTT
TT
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DNAzI-T2

CGC ACC CAG GCT AGC TAC AAC GAG TGT
AAG T
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Table S5: Sequences for Isolated Tertiary Contact Constructs [15]. Notation for modifications
and DNA versus RNA is based on order nomenclature from IDT (Integrated DNA Technologies,
www.idtdna.com).
Isolated TL/TLR
A7

Extended TL

P4-P4 Helical Context

T14

Base

Helical Base

Isolated MC/MCR
MC/MCR acceptor

MC/MCR donor

/5AmMC6/
rGrGrCrGrArArArGrCrCrArArArArArArArCrGrUrGrUrCrGrUrCrCrUrArArGrUrCrGrGrCrGrC
/5AmMC6/
rGrGrCrGrGrArArArCrGrCrCrArArArArArArArCrGrUrGrUrCrGrUrCrCrUrArArGrUrCrGrGrCrGrC
/5AmMC6/
rUrUrUrCrGrArArArGrGrGrArArArArArArArArCrGrUrGrUrCrGrUrCrCrUrArArGrUrCrArArCrA
/5AmMC6/
rGrGrCrGrArArArGrCrCTTTTTTTTTTTTTTrCrGrUrGrUrCrGrUrCrCrUrArArGrUrCrGrGrCrGrC
/5AmMC6/
rGrCrGrCrCrGrArUrArUrGrGrArCrGrArCrArCrGrCrCACCAAAATCAACCTAAAACTTACACA
/5AmMC6/
rUrGrUrUrGrArUrArUrGrGrArUrGrArCrArCrGrCrCACCAAAATCAACCTAAAACTTACACA
/5AmMC6/CGGCUGCGGGAA
AGGGGUCAACAGCCGUUCAGUACCAGCAGGCUAAG/3Bio/
/5AmMC6/CCUGCUGGUAAUAA GCUGACGGACAUGGUCCUAACCACGCAGCCG

References
[1] Wu, M. & Tinoco, I. RNA folding causes secondary structure rearrangement. Proceedings of
the National Academy of Sciences of the United States of America 95, 11555–11560 (1998).
[2] Greenfeld, M., Pavlichin, D. S., Mabuchi, H. & Herschlag, D. Single Molecule Analysis
Research Tool (SMART): an integrated approach for analyzing single molecule data. PloS
one 7, e30024 (2012).
[3] Szewczak, A. A. & Cech, T. R. An RNA internal loop acts as a hinge to facilitate ribozyme
folding and catalysis. RNA (New York, NY) 3, 838–849 (1997).
[4] Frederiksen, J. K., Li, N. S., Das, R., Herschlag, D. & Piccirilli, J. A. Metal-ion rescue
revisited: Biochemical detection of site-bound metal ions important for RNA folding. RNA
(New York, NY) 18, 1123–1141 (2012).
[5] Deras, M. L., Brenowitz, M., Ralston, C. Y., Chance, M. R. & Woodson, S. A. Folding
mechanism of the Tetrahymena ribozyme P4-P6 domain. Biochemistry 39, 10975–10985
(2000).
[6] Cate, J. H., Hanna, R. L. & Doudna, J. A. A magnesium ion core at the heart of a ribozyme
domain. Nature structural biology 4, 553–558 (1997).
[7] Basu, S. & Strobel, S. A. Thiophilic metal ion rescue of phosphorothioate interference within
the Tetrahymena ribozyme P4-P6 domain. RNA (New York, NY) 5, 1399–1407 (1999).
[8] Murphy, F. L. & Cech, T. R. GAAA tetraloop and conserved bulge stabilize tertiary structure
of a group I intron domain. Journal of molecular biology 236, 49–63 (1994).
[9] Takamoto, K. et al. Principles of RNA compaction: insights from the equilibrium folding
pathway of the P4-P6 RNA domain in monovalent cations. Journal of molecular biology 343,
1195–1206 (2004).
[10] Zheng, M., Wu, M. & Tinoco, I. Formation of a GNRA tetraloop in P5abc can disrupt an
interdomain interaction in the Tetrahymena group I ribozyme. Proceedings of the National
Academy of Sciences of the United States of America 98, 3695–3700 (2001).
[11] Sattin, B. D., Zhao, W., Travers, K., Chu, S. & Herschlag, D. Direct measurement of tertiary
contact cooperativity in RNA folding. Journal of the American Chemical Society 130, 6085–
6087 (2008).
[12] Greenfeld, M., Solomatin, S. V. & Herschlag, D. Removal of covalent heterogeneity reveals
simple folding behavior for P4-P6 RNA. Journal of Biological Chemistry 286, 19872–19879
(2011).
21

22
[13] Solomatin, S. & Herschlag, D. Methods of site-specific labeling of RNA with fluorescent dyes.
Methods in enzymology 469, 47–68 (2009).
[14] Solomatin, S. V., Greenfeld, M., Chu, S. & Herschlag, D. Multiple native states reveal
persistent ruggedness of an RNA folding landscape. Nature 463, 681–684 (2010).
[15] Hodak, J. H., Downey, C. D., Fiore, J. L., Pardi, A. & Nesbitt, D. J. Docking kinetics and
equilibrium of a GAAA tetraloop-receptor motif probed by single-molecule FRET. Proceedings
of the National Academy of Sciences of the United States of America 102, 10505–10510 (2005).

