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Abstract

Thermodynamic propensities of biomolecules to adopt non-native conformations are
crucial for understanding how they function, but prove difficult to measure
experimentally. Combining optical melting experiments with chemical modifications and
mutations, we developed delta-Melt for measuring the energetic penalties associated
with nucleic acid conformational rearrangements and how they vary with sequence and
physiological conditions. delta-Melt is fast, simple, cost effective, and can characterize

conformational penalties inaccessible to conventional biophysical methods.
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Main text

The biological functions of nucleic acids often require changes in structure that
occur in response to binding of proteins, ligands, and other nucleic acids, as well as
changes in physiological conditions'. Changing the conformation of a biomolecule upon
binding to a partner molecule comes with an energetic cost or penalty which has to be
paid by favorable intermolecular interactions®. Although widespread in biology, and
central to molecular recognition, we know very little about the magnitude of these
conformational penalties and to what extent they determine binding affinity and
specificity” °.  This is in part due to challenges in experimentally measuring these
conformational penalties, which requires accurately measuring the population of a minor
(<10%) conformation amongst thousands of conformations in an ensemble.

Recent developments in NMR relaxation dispersion (RD) techniques* have made
it possible to accurately quantify the population of minor conformations and to deduce
the conformational penalties accompanying their formation (Fig. 1a). Despite their
success, these NMR-based approaches are technically demanding, laborious,
expensive, and require the preparation of large quantities of isotopically enriched
samples. Therefore, they do not lend themselves to high throughput investigations to
comprehensively explore how conformational penalties vary with sequence, post-
transcriptional modifications, and other physiological conditions. They are also limited
to minor conformations with populations >0.01% and transitions on the micro-to-milli
second timescales.

To address these limitations, we developed a new approach we call “delta-Melt”
to measure conformational penalties in nucleic acids. delta-Melt combines two widely
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used and simple techniques in molecular biology, melting experiments® and
perturbations in the form of mutations or chemical modifications. In delta-Melt, a
mutation or chemical modification is introduced so as to substantially bias (> 90%) the

conformational ensemble to the desired i" minor conformation for which we wish to
determine a conformational penalty AG,, (i) (Fig. 1b). The unmodified wild-type (WT)
and mutated/chemically modified (Mut) nucleic acids are then subjected to melting
experiments to measure the difference between their melting energetics AAG, (i) =
AGpeiewr — AGmeremue (Fig. 1c).  The desired AGg,,(i) value is then given by the
difference in melting energetics plus an offset c(i) ( AG.,,;()) = AAG (1) +
c(i)), which accounts for any changes in energetic stability of the single-stranded and

the i conformation due to the mutation/modification ( c(i) = AAGggmue—wr) —
AAGimue-wy) (Fig. 1d).  Assuming that c(i) does not vary with sequence and

conditions, it can be estimated via calibration with a few AG,, (i) data points measured
independently using NMR or any other appropriate technique, as outlined in Fig. 1d.
Following calibration, AG,, (i) can then be estimated using a pair of melting
experiments  ( AGyur(D) ~ AAGepeamerr () = AAG () +c(i) ), allowing facile
measurements of nucleic acid conformational penalties over a variety of sequences
and/or physiological conditions. In theory, unlike NMR and other techniques, delta-Melt
has no limit on the population and lifetime of the minor conformation and the size of
biomolecules that can be examined. However, delta-Melt does not provide any
information regarding the kinetics of interconversion, and the analysis might prove

difficult for certain molecules that exhibit multiple melting transitions.
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Fig. 1. The delta-Melt approach for measuring nucleic acid conformational penalties. (a) Dynamic
equilibrium between the major and i™ minor conformation of the wild-type (WT) nucleic acid. Orange
indicates a change in the conformation of a base pair when forming the i™ minor conformation. (b)
Chemical modifications or mutations (red) are introduced (Mut) to bias the conformational ensemble
towards the i"" minor conformation of the WT nucleic acid. (c) Schematic diagram showing optical melting
experiments on WT (black) and Mut (red) nucleic acids. (d) Free energy diagram of delta-Melt (left),

relationship between the free energies in delta-Melt (bottom) and expected correlation between

and (right).
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As an initial test, we used delta-Melt to measure the conformational penalty
associated with opening Watson-Crick A-T base pairs (bps) in DNA. Base opening is
the elementary step that drives melting and annealing of nucleic acids, and their
unwinding by helicases®. Measurements of imino proton exchange rates’ have shown
that Watson-Crick A-T bps transiently open to form exceptionally low-populated
(population~0.001%) and short-lived (lifetime~0.1 us) conformations (Fig. 2a).

We hypothesized that substitution of T by N*-methylated thymine (m®T), in which
the imino proton of thymine is replaced by a methyl group to disrupt the A(N1)-T(H3)
hydrogen bond, could be used to substantially bias the conformational ensemble
towards the minor base-open conformation® (Fig. 2a). Indeed, NMR spectra (Extended
Data Fig. 1) revealed that the modification disrupts the targeted bp with the m>T residue
being intra-helical.

Optical melting experiments were used to measure the energetics of duplex
melting with or without m®T substitution at ten sites corresponding to six different tri-
nucleotide sequence contexts (Supplementary Table 1, Extended Data Figs. 2 and 3).
As expected, the differences between the energetics of melting (AAG. ., (i) = AG:nelt, AT
- AG:nelt’A_mT) were linearly correlated (Fig. 2b)(r=0.91, RMSE=0.3 kcal/mol) to the
conformational penalties for base opening measured independently using NMR
(Methods, Supplementary Note 1, Extended Data Figs. 4 and 5, and Supplementary
Tables 2-4). These results provide a proof of concept for delta-Melt, demonstrate its
utility to map the conformational penalty of A-T base opening across different sequence

contexts, and also establish A-m>T as a mimic of the elusive base open state.
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Fig. 2. Applications of delta-Melt to measure conformational penalties in DNA. (a) Dynamic
equilibrium between closed and open states of the A-T bps in which the T-H3 proton is susceptible to
solvent exchange (blue lightning). Biasing the conformational ensemble toward the open state using m*T.
(b) Correlation plot between AG.,¢(i) and AAG,.,.(i) for A-T base opening (raw data and constructs in
Extended Data Figs. 2-5 and Supplementary Tables 1-4). (c,e) Dynamic equilibrium between Watson-
Crick and Hoogsteen conformations in A-T (c) and G-C (e) bps. Biasing the conformational ensemble
toward the Hoogsteen conformation using N'-methylated purines. (d,f) Correlation plot between AGo (D)
and AAG,, (i) for A-T (d) and G-C" Hoogsteen bps (f) (raw data and constructs in Extended Data Figs. 2-
4 and 6-7, and Supplementary Tables 1 and 5-7). (g) (Bottom) Comparison of measured G-C’
Hoogsteen penalties using NMR (orange) and values measured using delta-Melt (red) (raw data and
constructs in Extended Data Figs. 2-3 and 6-8, and Supplementary Tables 1 and 5-8). Lower-confidence
data points (Methods) obtained from weak R, RD profiles are denoted using “*". Data point 6 with a flat
Ri1, RD profile is denoted using “x”, indicating that the minor conformation in this case falls outside the
detection limit. (Top) Representative examples of R;, RD profiles showing the measured effective
transverse relaxation rate (R,+R.s) as function of offset (Qops/2n) and color-coded spin-lock power
(w1/2m)(Methods). Errors bars were obtained by propagating the uncertainty in Ry, as described in
Methods. (h) Estimate of cooperativity of Hoogsteen bp formation using delta-Melt (Coopner) for different
bp steps (Methods, raw data and constructs Extended Data Figs. 3 and 9, and Supplementary Tables 1
and 9). Errors in Coopmer Were determined by propagating the uncertainties from the UV melts as
described in Methods. Black dashed curves in panels a, ¢ and e denote steric clashes. For panels b, d, f
and g, error bars for NMR and delta-Melt measurements were obtained using a Monte-Carlo scheme as
described in Methods, and by propagating the uncertainties from UV melts (and c(i) for panel g),
respectively, as described in Methods. Pearson’s correlation coefficient (r) and root mean square error
(RMSE), were computed as described in Methods. Blue shaded region denotes estimate of error of linear
regression obtained using Monte-Carlo simulations, while open symbols denote data derived from weak

RD profiles (Methods).
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As a second test, we used delta-Melt to measure the conformational penalty
associated with the Watson-Crick to Hoogsteen transition in duplex DNA (Fig. 2c, e)°.
In this conformational transition, the purine base flips 180° about the glycosidic bond to
adopt a syn conformation, and this is accompanied by constriction of the DNA backbone
to allow hydrogen bonding between the bases (Fig. 2c, €)'°. The conformational
penalty associated with forming Hoogsteen bps is proposed to play important roles in

1 and in DNA damage induction®?. Using NMR RD*

DNA-protein recognition®
Hoogsteen bps have been shown to form transiently in naked DNA duplexes with
populations of ~0.5% (A-T) and ~0.1% (G-C"), and with lifetimes of ~1 millisecond®.

We previously showed that N'-methylated adenine (m'A) and N'-methylated
guanine (m'G) can be used to substantially bias the conformational ensemble towards

the minor A-T and G-C* Hoogsteen bps, respectively® '3

(Fig. 2c, e). Optical melting
experiments were used to measure the energetics of duplex melting with and without
m'A or m'G substitutions at nine sites in six duplexes, corresponding to four different tri-
nucleotide sequence contexts, under a variety of pH and temperature conditions
(Supplementary Table 1, Extended Data Figs. 2-3). delta-Melt was also applied to
measure the Hoogsteen conformational penalties when introducing chemical
modifications shown previously by NMR to perturb the minor Hoogsteen population™
(Extended Data Fig. 2).

Once again, excellent agreement was observed between the differences in
melting  energetics (AAGpeie(D) = AGpeita-Torc-c - AGmelgmia-Tormig—c) and the

corresponding conformational penalty of the Watson-Crick to Hoogsteen transition

independently measured using NMR RD (Fig. 2d, f, Extended Data Figs. 4, 6 and 7, and
9
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Supplementary Tables 5-7) for both A-T (r=0.73 and RMSE=0.3 kcal/mol) and G-C
(r=0.96 and RMSE = 0.3 kcal/mol) bps (Supplementary Note 1).

Next, we tested the throughput of delta-Melt by applying it to measure the G-C*
Hoogsteen conformational penalties for all sixteen trinucleotide sequence contexts in a
DNA duplex that was not used for determination of calibration curves (Fig. 2g, Extended
Data Figs. 3 and 8, Supplementary Table 1, Methods). To our knowledge,
measurements of sequence-dependent conformational penalties in DNA have not been
done so far for all trinucleotide contexts. Then, to test the accuracy of the delta-Melt
derived Hoogsteen conformational penalties, we used NMR RD to independently
measure these values for two trinucleotide sequence contexts, 5'-TGC-3' and 5'-CGT-3/,
which according to delta-Melt, have low and high penalties, respectively. These tests
were performed under two different buffer conditions and three different temperatures to
test the robustness of delta-Melt (Extended Data Figs. 4, 6-8, Supplementary Tables 5-
8).

Comparison of a total of six conformational penalties measured using delta-Melt
(Fig. 2g) and NMR RD revealed that it determines the Hoogsteen conformational
penalties with an average accuracy of ~0.5 kcal/mol (Supplementary Note 1). These
results establish the throughput and accuracy of delta-Melt, including for cases which
are difficult to measure reliably by NMR RD (Fig. 2g, data point 6). The sequence-
dependent Hoogsteen conformational penalties derived by delta-Melt can now be cross-
referenced with sequence-dependent signatures of DNA biochemical processes®® to

generate hypotheses regarding potential biological roles for Hoogsteen bps.
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Two adjacent Hoogsteen bps are often observed in X-ray structures of DNA
bound to proteins and drugs'®. We therefore also used delta-Melt to estimate the
conformational penalty of forming a Hoogsteen bp when the neighboring bp is a
preformed Hoogsteen. This allowed us to obtain insights into the cooperativity of
forming tandem Hoogsteen bps (Methods). Indeed, we find that the conformational
penalty associated with forming tandem Hoogsteen bps is smaller by 1-3 kcal/mol than
the sum of penalties for forming two individual Hoogsteen bps for five different bp steps
(Fig. 2h, Extended Data Figs. 3 and 9, Supplementary Tables 1 and 9). This indicates
that tandem Hoogsteen bps can form cooperatively, as independently supported by
NMR experiments on duplex DNA with preformed Hoogsteen bps'’ (Extended Data Fig.

10).

11
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Fig. 3. Applications of delta-Melt to measure conformational penalties in RNA. (a) Dynamic
equilibrium between anti and syn conformations of the N°-methylamino group of the m°A-U bp. Biasing
the conformational ensemble toward the syn N®-methylamino conformation using m%A. (b) Correlation
plot between and for the rotation of the N°-methylamino group. (c) Dynamic
equilibrium between major and minor conformations of HIV-1 TAR, which can be stabilized by the HIV-1
TAR®? mutant'®. Solid and dashed lines denote stable bps, and labile bps or mismatches, respectively.
(d) Comparison of the difference of ( ) and ( ) with and without 1 mM
Mg“. Error bars for NMR and delta-Melt measurements were obtained using a Monte-Carlo scheme and
by propagating the uncertainties from UV melts respectively, as described in Methods. Pearson’s

correlation coefficient (r) and root mean square error (RMSE) were obtained as described in Methods.
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Blue shaded region denotes estimate of error of linear regression obtained using Monte-Carlo simulations

as described in Methods.

Finally, we applied delta-Melt to measure the conformational penalties
accompanying formation of minor conformations in RNAs™. N°-methyl adenine (m°A) is
an abundant epitranscriptomic RNA modification®®. When paired with uridine, the
methylamino group in m°A has recently been shown to isomerize between anti (major)
and syn (minor) conformations which results in the loss of a hydrogen-bond?! (Fig. 3a).
This conformational change has been proposed to play roles slowing a variety of
biochemical processes that involve duplex melting and base pairing®. It has been
shown that N° NC°-dimethyl adenosine (m®A), when paired with uridine, substantially
biases the ensemble toward the minor syn m°A-U bp conformation®’. As expected, we
observed a good correlation between the differences in the energetics of melting of
m®A relative t0 Mm°A (AAGe1c() = AGpeiemea—u - AGmeremeza—u) and the NMR-derived
conformational penalty for m°A isomerization in two different sequence contexts at three
different temperatures (Fig. 3b, Supplementary Note 1, Extended Data Figs. 2-4 and 6-
7, and Supplementary Tables 1 and 5-7).

Many unmodified RNAs undergo functionally important transitions to form minor
conformations by reshuffling bps in and around non-canonical motifs*®. Prior studies
have shown that point substitution mutations can render these minor conformations the
major state’. By using such a mutant to substantially bias the conformational
ensemble toward a minor conformation in HIV-1 TAR'®, we used delta-Melt to examine

how the conformational penalty to adopt the minor conformation varies with and without

13
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1 mM Mg?. The difference in delta-Melt derived melting energetics with and without

o

Mg® (AAAG, o = AAGy . (+Mg?*) — AAG, . (—Mg?*), Extended Data Figs. 2-3 and
Supplementary Table 1) were in excellent agreement with those measured
independently by NMR RD ( AAG.,.; = AG,,n¢(+Mg?*) — AG_,/(—Mg?*)) (Fig. 3d,
Extended Data Figs. 4 and 6-7, and Supplementary Tables 5-7). These results support
the utility of delta-Melt to measure how physiological conditions, post-transcriptional
modifications, and mutations alter RNA conformational penalties.

In summary, a broad range of applications indicate that delta-Melt can be used to
rapidly and accurately quantify conformational penalties in nucleic acids and to examine
how they vary with sequence and physiological conditions. delta-Melt can also be
extended to proteins, its throughput can be increased using advanced melting

experiments®, and it may help guide the discovery of new minor conformations in

biomolecules (Supplementary Note 2).

Methods
Sample preparation

Buffer preparation

With the exception of *H proton exchange measurements (see below), the buffer
used in NMR experiments consisted of 15 mM sodium phosphate, 25/125/150 mM
sodium chloride and 0.1 mM ethylenediaminetetraacetic acid (EDTA) with or without 1
mM magnesium chloride in 90% H,0:10%D,0 at pH between 4.4 and 6.8 (summarized
in Supplementary Table 5). The buffer used in imino *H exchange experiments on G-

DNA and As-DNA consisted of 10 mM sodium phosphate, 100 mM sodium chloride, 1
14
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mM EDTA and 1 mM triethanolamine (TEOA) with or without ammonia in 95% H,0:5%
D,O at pH 8.8. Buffers with effective ammonia concentrations of 20, 40, 100 and 150
mM were prepared by titrating ammonium hydroxide solution (14.8 M, Millipore Sigma)
to the NMR buffer, followed by adjusting pH to 8.8 by adding hydrochloric acid (HCI)**.
The effective concentration of ammonia [NH3] was computed using the buffer pH (8.8)

and total ammonia concentration added to the buffer ([NHs]o) as follows:

—pKNH3

[NH3] = [NH3]

#(1)

°10-PKi"™ 4 10-pH

where pKN"3 is the pKa for ammonia. The buffer used in imino 'H exchange
experiments on TBP-DNA in the prior study by Chen et al.® consisted of 100 mM
sodium chloride, 2 MM EDTA and 2 mM TEOA in 90% H,0:10% D-0 at pH 8.0.

UV melting experiments for monitoring A-T and G-C* Hoogsteen bps, methyl
rotation in m°A, and formation of a minor conformation in HIV-1 TAR were performed in
a buffer solution with the same composition as that used for NMR measurements, but in
100% H,0O. Measurements of UV melting of A,-DNA show that the effect of adding 10%
D,0O on the melting free energies falls within the error of UV measurements
(Supplementary Table 1 and Extended Data Fig. 3). Hence, the lack of DO in the
buffer used for UV melting is not expected to affect the delta-Melt correlations (Figs. 2d,
fand 3b, d). The UV melting experiments for monitoring A-T base opening were
performed in buffers with the same H,0:D,O composition as that for the imino *H

exchange measurements, as defined above.

15
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Annealing and buffer exchange

All the duplex DNA and RNA samples were prepared by mixing the two
complementary strands in a 1:1 ratio at a concentration of ~1 mM, heating to 95 °C for
5-10 min, followed by slow annealing at room temperature. All the hairpin DNA and
RNA samples were prepared by diluting the samples to concentrations < 100 pM,
heating to 95 °C for 5-10 min, followed by rapid annealing on ice. All the DNA and RNA
samples used for NMR measurements were buffer exchanged to desired NMR buffer
with final concentration ~1 mM using Amicon Ultra-0.5/15 centrifugal concentrators (3-
kDa cutoff, Millipore Sigma). The samples used for optical melting experiments were
prepared by diluting the NMR samples to ~3 uM using buffer. Extinction coefficients for
all single strands were estimated using the ADT Bio Oligo Calculator
(https://www.atdbio.com/tools/oligo-calculator). Extinction coefficients for the modified
single strands were assumed to be equal to their unmodified counterparts (modified
bases are estimated to affect the extinction coefficient for the oligos used here by <10%
based on reference values in Basanta-Sanchez et al.?®). The DNA-echinomycin
complexes were prepared by mixing DNA duplexes in NMR buffer with 3x echinomycin
(Sigma-Aldrich) dissolved in methanol, maintaining the NMR buffer:methanol ratio at 2:1
(volume:volume). The mixture was shaken and incubated at room temperature for 30
min, followed by slow solvent evaporation under an air stream overnight. The dried
samples were re-dissolved in the appropriate amount of water, ensuring that the final

concentration of each buffer component was identical to the NMR buffer. NMR samples
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in D,O were prepared by rapidly freezing and lyophilizing samples in water overnight

and resuspending them into 100% D,0O (Millipore Sigma).

Unlabeled oligonucleotides

In what follows we use “Ib” inside a bracket following the construct name to refer
to specific duplexes (see Extended Data Fig. 4) in which one or both strands are
isotopically labeled, and isotopically labeled hairpins. For example, As-DNA™A%(s2lb),
is a version of the Ag-DNA™A duplex with a specific labelling scheme defined in
Extended Data Fig. 4. Constructs without “Ib” in the name are unlabeled. Secondary
structures and labeling schemes of all constructs used for NMR measurements are
given in Extended Data Fig. 4.

All the unmodified DNA strands were purchased from Integrated DNA
Technologies (IDT) with standard desalting purification. The unlabeled m*A modified
single strands comprising the As-DNA™AY* and Ag-DNA™A®(s2lb) duplexes were
purchased from Midland DNA Technologies with reverse-phase (RP) HPLC purification,
while the m'rG modified single strand comprising the As-DNA™ duplex was
purchased from GE Healthcare Dharmacon with HPLC purification. Modified single
strands comprising constructs Ac-DNA™™ A,-DNA™C®  A,-DNA™CZ  A,-DNA™E020
hpACDNA™CS"  A,-DNA™AY A,-DNA™AY  A,-DNA™AL - A-DNA™ALT - A
DNA™AT8L “ACDNA™T™ Ac-DNA™T A;-DNA™T® A;-DNA™32?2 TBP-DNA™', TBP-
DNA™™  TBP-DNA™'™°  TBP-DNA™™  TBP-DNA™™8  TBP-DNA™™®  TBP-
DNA™™2  E12DNA-HG™*® and E12DNA-HG #2513 \were purchased from Yale Keck
Oligonucleotide Synthesis Facility with cartridge purification. The m*A modified single
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strand in the As&-DNA™#*?* duplex was purchased from Yale Keck Oligonucleotide
Synthesis Facility with HPLC purification. The m*A modified single strand comprising
the A-DNA™A1® duplex was purchased from Midland DNA Technologies with RP-HPLC
purification and Yale Keck Oligonucleotide Synthesis Facility with cartridge purification
for UV melting measurements in pH 6.8 at 25 mM NaCl and 150 mM NacCl, respectively.
The Ag-DNAMCOMALL qplex was comprised of an m'A modified single strand
purchased from Midland DNA Technologies with RP-HPLC purification, and an m'G
modified single strand purchased from Yale Keck Oligonucleotide Synthesis Facility with
cartridge purification. To minimize Dimroth rearrangement*” of m'A during
oligonucleotide synthesis and purification, all the m*A modified DNA single strands were
synthesized and deprotected using UltraMild chemistry

(https://www.glenresearch.com/reports/gr19-12). The m'G10 single strand comprising

the Ac-DNA™° duplex used for UV melting measurements was obtained from Yale
Keck Oligonucleotide Synthesis Facility with cartridge purification while that comprising
the As-DNA™C(s1lb) duplex used for NMR measurements was purchased from
Midland DNA Technologies with gel filtration purification.

The m'G modified strands in the scaf2 series of DNA duplexes and in A,-
DNA™S the rA modified single strand in A-DNA™'® and the unlabeled RNA single
strands in Ac-RNA™(MPA16“%“8|b), Ac-RNA™A®  A-RNAM?Ae  dsGGACU™*® and
dsGGACU™?® were synthesized in-house using a MerMade 6 Oligo Synthesizer.
Standard RNA phosphoramidites (n-ac-rA, n-ac-rG, n-ac-rC, rU, rm°®A and rm%A,
Chemgenes) and DNA phosphoramidites (n-ibu-G, n-bz-A, n-ac-C, T and n,n-dmf-m’G,
Chemgenes), and columns (1000 A from Bioautomation) were used with a coupling time
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of 6-12 min (RNA) and 1 min (DNA), with the final 5'-dimethoxy trityl (DMT) group
retained during synthesis. The oligonucleotides were cleaved from the supports (1
pMmol) using ~1 ml of AMA (1:1 ratio of ammonium hydroxide and methylamine) for 30
min and deprotected at room temperature for 2 hours. The m'G containing DNA
samples were then purified using Glen-Pak DNA cartridges and ethanol precipitated,
while all the other samples were dried under airflow to obtain oligonucleotide crystals.
They were then dissolved in 115 yl DMSO, 60 ul TEA and 75 yl TEA.3HF and heated at
65°C for 2.5 h for 2'-O deprotection. The samples were then neutralized using 1.75 ml
of Glen-Pak RNA quenching buffer, loaded onto Glen-Pak RNA cartridges for
purification and were subsequently ethanol precipitated. The rG modified single strand
comprising the As-DNA™* duplex used for UV melting measurements was synthesized
above as described for the rA modified single strand in As-DNA™® while that

comprising the Ag-DNA™

(sllb) duplex used for NMR measurements was purchased
from IDT.

TAR and TAR®®Y were also synthesized in-house using a MerMade 6 Oligo
Synthesizer. Standard RNA phosphoramidites (n-ac-rA, n-ac-rG, n-ac-rC, rU,
Chemgenes) were used with a coupling time of 6-12 min with the final 5'-DMT group
cleaved during synthesis. The oligonucleotides were cleaved from the supports (1
pMmol) using ~1 ml of AMA for 30 min and deprotected at room temperature for 2 hours,
following which they were air dried to obtain oligonucleotide crystals. The crystals were
dissolved in 100 yl DMSO and 125 ul TEA.3HF, and heated at 65°C for 2.5 hours for 2'-

O deprotection. The oligonucleotides were then ethanol precipitated and dissolved in

~1 mL of water, following which ~1 mL of a formamide based loading dye was added,
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and the mixture was heated at 95°1°C for 50Jmin for denaturation. The mixture was then
loaded onto a denaturing gel (20% 29:1 polyacrylamide/8M urea in Tris-Borate-EDTA
(TBE) buffer) for resolution of the target oligonucleotide from other nucleic acid species.
Gel bands corresponding to the pure product were identified by UV-shadowing and
subject to electroelution (Whatman, GE Healthcare, in Tris-Acetate-EDTA (TAE) buffer)

followed by ethanol precipitation.

13C/*N-labeled oligonucleotides

The uniformly **C/**N isotope labeled DNA strands comprising duplexes As-
DNA(ulb), As-DNA(sllb), As-DNA(s2lb), As-DNA™A%(s2lb), Ae-DNA™CY(s1lb), Ae-
DNA™*(s1lb) and AcDNA(ulb), and residue type (G and T or C and A labeled on either
strand) DNA strands comprising duplexes A,-DNA(ulb) and A,-DNA(s2lb) were
synthesized using an in vitro primer extension approach® with a template DNA (IDT),
Klenow fragment DNA polymerase (New England Biolabs), uniformly **C, **N-labeled
deoxynucleotide triphosphates (dNTPs, Silantes) and/or unlabeled dNTPs (Thermo
Fisher Scientific). The reaction mixture was centrifuged to remove excess
pyrophosphate, and then subsequently concentrated to 1.57'mL using a 371kDa
molecular weight cutoff centrifugal concentrator (Millipore Sigma). 1.50imL of a
formamide based loading dye was then added to the reaction mixture, which was then
heated at 95/1°C for 5/ min for denaturation. The mixture was then loaded onto a
denaturing gel (20% 29:1 polyacrylamide/8M urea in TBE buffer) for resolution of the
target oligonucleotide from other nucleic acid species. Gel bands corresponding to the
pure target single strands were identified by UV-shadowing and subject to electroelution

20


https://doi.org/10.1101/2020.12.26.424438

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.26.424438; this version posted December 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(Whatman, GE Healthcare, in TAE buffer) followed by ethanol precipitation. Careful
optimization of the NTP concentrations, in particular ATP, and that of Mg* during
primer extension was seen to be necessary to avoid spurious NTP addition to form
dangling ends in the resulting oligonucleotides. This was essential to obtain good
agreement between the NMR and delta-Melt derived conformational penalties.

The site-specifically labeled DNA strands comprising duplexes (As-DNA(A16Ib),
scaf2_ CGT®“(G6lb) and scaf2 TGC®®(G6lb)) were purchased from Yale Keck
Oligonucleotide Synthesis Facility with cartridge purification.

The atom-specifically labeled DNA and RNA single strands comprising
constructs As-DNA™e(rA16°8 C15Ib), As-RNA™5(mMCA16%%<8|h),
hpGGACUM®AB(MPA6°%“®lb) and hpGGACUmM®A6(MPA6“*°lb) were synthesized in-
house with a MerMade 6 Oligo Synthesizer as described above for the rA16 modified

single strand in Ag-DNA™®

, using standard RNA (n-ac-rA, n-ac-rG, n-ac-rC, rU,
Chemgenes) and DNA (n-ibu-G, n-bz-A, n-ac-C, T, Chemgenes) phosphoramidites, *C
C8 labeled rA%, *C/*™N labeled C (Cambridge Isotope Laboratories), *C C2 and C8
labeled rm®A#*, °C C2 and C8 labeled rA*, N N3 labeled rU*" and **C C10 labeled
rm°A phosphoramidites®’. TAR(U23“°,G34%®,U38™3b) was synthesized using the

G28U
R

Mermade Oligo Synthesizer as described above for the TAR and TA samples,

while using standard RNA (n-ac-rA, n-ac-rG, n-ac-rC, rU, Chemgenes), **C C6 labeled
ru®2, 13C C8 labeled rG* and **N N3 labeled rU*! phosphoramidites.

NMR experiments
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The imino *H exchange experiments were carried out on a Bruker Avance Il 700
MHz spectrometer equipped with a HCN room temperature probe while the remaining
NMR data was collected on Bruker Avance Il 600 MHz or 700 MHz NMR

spectrometers equipped with HCPN and HCN cryogenic probes, respectively.

Resonance assignment

Resonance assignments for A¢-DNA, As-DNA™A% Ac-DNA™S0 Ag-DNA™ Ag-
DNA® A,-DNA, AcDNA, hpGGACU™®, G-DNA, TAR, E12DNA-HG and E12DNA-

WC were obtained from prior studies® ** 333

(Extended Data Fig. 4). Assignments for
As-RNA™A Wil be published in a subsequent study®. Note that the C1-H1'
assignments for T5 and T6 were incorrectly swapped in assignments of As-DNA, Ae-
DNA™A8 - As-DNA™CY - Ac-DNA™®, Ag-DNA™™18 A DNA™? As-DNA™'C in prior

Studiesg, 13, 14, 37-39

. Nevertheless, the conclusions of these prior studies are not affected
by the assignment swap. The assignment swap has been corrected in the assignments
in this study and in the BMRB entries 30254 and 30255. Resonance assignments for
As-DNA™T \were obtained using 2D [*H, *H] Nuclear Overhauser Effect Spectroscopy
(NOESY), 2D ['H, 'H] Total Correlation Spectroscopy (TOCSY) and 2D [**C, 'H]
Heteronuclear Single Quantum Correlation (HSQC) experiments. The assignments for
scaf2_ CGT®C and scaf2_TGC®® were easily obtained since they were site-specifically
labeled. All the NMR spectra were processed using NMRpipe*® and analyzed using

SPARKY (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San

Francisco).
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1BC/*N Ry, relaxation dispersion

Off-resonance '*C/™®N Ry, relaxation dispersion (RD) experiments were

implemented using a 1D selective excitation scheme as described in prior studies® **

*2_ The spin-lock power (w/21) used ranged from 100 to 1000 Hz, while the offsets
used ranged from +10 and +3.5 times the spin-lock power for **C and *°N experiments,
respectively (Supplementary Table 6). For each resonance, six to ten delay times were
selected during the relaxation period with maximum duration up to 60 ms and 150 ms
for °C and "N, respectively. The experimental conditions for all the *C/*>N Ry, RD

experiments (temperature, magnetic field, solvent) are summarized in Supplementary

Table 5.

Analysis of R;, data

The R, data was analyzed as described previously®. Briefly, 1D peak
intensities as a function of delay times extracted using NMRPipe™ were fitted to a
mono-exponential decay to obtain the R, value for the different spin-lock power and
offset combinations. The error in Ry, was estimated using a Monte Carlo procedure as
described previously™®. Exchange parameters of interests, such as the population of the
i™ minor conformation (p), the exchange rate between the major and i minor
conformation (kex = k1 + k.1, in which k; and k.; are the forward and backward rate
constants, respectively), the chemical shift difference between the i™ minor and the
major conformations (Awi.major = Wi — Wwajor, iN Which wjand wWwajor are the chemical shifts

of the nucleus in the i minor and the major conformations, respectively) were then

extracted by fitting the Ry, data for a given nucleus to a two-state exchange model using
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the Bloch-McConnell equations. Owing to the presence of an equilibration delay (5 ms)

in the pulse sequence® *

, Initial magnetization at the start of the Bloch-McConnell
simulations was assumed to be equilibrated between the major and minor
conformations. Combined fits of the Ry, data for multiple nuclei were performed by
sharing p; and kex. Owing to the weak nature of the RD profiles (see below) for G6-C1'
and C8 in scaf2_TGC®® at pH 5.4 150mM NaCl (high salt, >25mM, HS) and 40 °C, the
values of Awi.major Obtained when fitting both data sets with shared p; and kex were seen
to deviate significantly from values determined under low salt (25 mM, 30 °C)
conditions, where RD profiles were stronger and more well defined (Extended Data Fig.
6). Thus, the high salt data set at 40 °C was fit while fixing A®i.major for G6-C1' and G6-
C8 to the values obtained from RD measurements under low salt (25 mM, 30 °C)
conditions (Supplementary Table 7).

It should be noted that in addition to sensing conformational changes at the bp
(active exchange), RD measurements at a given nucleus can also have contributions
from conformational changes at neighboring bases (passive exchange) that need to be

accounted for during fitting of the data®® ** %

. Such passive contributions are expected
to be small (Rex ~< 1 s™) and not affect the extracted exchange parameters for most of
the RD profiles measured in this study as they are strong (fitted Rex values of > ~4 s%),
and given the small magnitude of the passive chemical shift changes (A®imajor < ~0.5
ppm). Nevertheless, nuclei for which the RD profiles are intrinsically weak, with fitted

Rex values of < ~4 s™ (G10-C1' in As-DNA at pH 6.8 25 °C, A16-C8 in A,-DNA at pH 6.8

25 °C, and G6-C1' and G6-C8 in scaf2_TGCSC at pH 5.4HS 30 °C and 40 °C) are likely
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to be influenced to a greater extent by such passive exchange contributions relative to
nuclei with stronger RD profiles. These passive contributions could also cause
deviations from the true exchange parameters for the active exchange when fitting the
data assuming a two-state model. However, given the weak nature of the RD profiles, it
is difficult to robustly fit them to a three-state exchange model to extract exchange
parameters for both the active and passive exchange. Thus, we have fit these weak RD
profiles (G10-C1' in As-DNA at pH 6.8 25 °C, A16-C8 in A,-DNA at pH 6.8 25 °C, and
G6-C1' and G6-C8 in scaf2_ TGC®® at pH 5.4HS 30 °C and 40 °C) assuming a two-
state exchange model and suggest that the fitted exchange parameters be interpreted
with caution, and have highlighted these weak data sets using open symbols and * in
Figs. 2d, fand g.

The uncertainty in the exchange parameters was obtained using a Monte-Carlo
scheme as described previously®. All the fitting parameters have been summarized in
Supplementary Table 7. The sensitivity of the fit to the Ry, data to changes in p; was
examined by computing the reduced x* while fixing p; to a range of different values
(Extended Data Fig. 7). Off-resonance Ry, profiles (Fig. 29, Extended Data Fig. 6) were
generated by plotting (R2 + Rex) = (R1p - R:c0s%0)/sin’0, where 0 is the angle between
the effective field of the observed resonance and the z-axis, as a function of Qogs =
MoBs - WRF, IN Which wegs is the Larmor frequency of the observed resonance and ke is
the angular frequency of the applied spin-lock. Errors in (R2 + Rex) were determined by
propagating the error in Ry, obtained as described above.

Alignment of initial magnetization during the Bloch-McConnell fitting was

performed based on the Ke/Amimajor ratio as described previously™. Interestingly, RD
25
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profiles for A21-C1' in As-DNA at 25°C and 30 °C, G10-C1' in As-DNA at pH 6.8 25 °C,
and G6-C1' and C8 in scaf2_TGC®® pH 5.4HS 30 °C and 40 °C could be better fit with a
highly populated ES on the order of a few percent in slow exchange, while assuming
alignment along the ground state effective field. Nevertheless, these highly populated
solutions were excluded based on the lower populations measured previously for a wide
range of sequence contexts in DNA (in the case of A21-C1' in As-DNA at 25 and 30
°C)*, and alternative measurements at pH 5.4 (in the case of G10-C1' in As-DNA at pH
6.8 25 °C) and at low salt (G6-C1' and C8 in scaf2 TGC®® pH 5.4 30 and 40 °C)
wherein the exchange parameters were seen to be robust. Thus, the alignment of
magnetization for A21-C1' in A¢-DNA at 25 and 30 °C, G6-C1' and C8 in scaf2_TGC®®
pH 5.4HS 30 °C and 40 °C was fixed to be along the effective field of the population
averaged state when plotting the reduced x? profiles as a function of p; (Extended Data

Fig. 7).

BC/®N CEST

13C/™N CEST experiments on the aromatic C6/C8/C2 and C1' carbons, and
imino nitrogen U-N3 atoms were carried out using a pulse sequence employing a
selective excitation scheme in a 1D manner, as described previously?® *" ¢, The *C
CEST experiments on the methyl carbon in hpGGACU™**(m®A6°°Ib) were carried out
in a 2D mode using a pulse sequence derived from prior **C CEST pulse sequences®"
47, 49.

For *C and N CEST, the spin-lock power ranged from 10 to 70 Hz and from 10

to 50 Hz, respectively. The list of spin-lock power offset combinations used for CEST
26


https://doi.org/10.1101/2020.12.26.424438

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.26.424438; this version posted December 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

experiments can be found in Supplementary Table 6. A relaxation time of 200 ms was
used for all CEST experiments apart from U38-N3 in TAR in the absence of Mg?*, for
which 300 ms was used. The experimental conditions for all the *C/*®°N CEST
experiments (temperature, magnetic field, solvent) have been summarized in

Supplementary Table 5.

Analysis of CEST data

The analysis of CEST data was performed as described previously®* “2.

Briefly,
1D peak intensities were obtained in a manner similar to that for Ry,. All intensities at a
given radio-frequency (RF) power were normalized by the average of the intensities
over the triplicate CEST measurements with zero relaxation delay using the same RF
power, to obtain normalized CEST profiles. Normalized CEST profiles were plotted as a
function of offset Q = wrr - ®Woss, IN Which wegs is the Larmor frequency of the observed
resonance and ogr is the angular frequency of the applied spin-lock (Extended Data
Fig. 6). The error in the intensity for each RF power was obtained as the standard
deviation of triplicate experiments with zero relaxation delay and same RF power.
Exchange parameters of interest (pi, kex, AWimajor) Were then extracted by fitting the
normalized CEST profiles to a two-state exchange model using the Bloch-McConnell
equations. Combined fits of the CEST data for multiple nuclei were performed by
sharing p; and Kex.

Treatment of spin-lock inhomogeneity and alignment of the initial magnetization
during CEST fitting was performed as described previously*®. Only GS magnetization

was considered to be present at the start of the relaxation delay during CEST fitting for

27


https://doi.org/10.1101/2020.12.26.424438

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.26.424438; this version posted December 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

the C2/C6/C8/C1' and imino nitrogen spins, owing to the absence of the equilibration
delay in the pulse sequence. GS and ES magnetization was considered to be
equilibrated while fitting the methyl CEST data on hpGGACU™**(m°A6“'%b) as the
pulse sequence employs hard pulses to excite spins®*. The sensitivity of the fit to the
CEST data to changes in p; was examined by computing the reduced x* while fixing p; to
a range of different values (Extended Data Fig. 7). All the fitting parameters from CEST
experiments have been summarized in Supplementary Table 7. The errors of all the
fitting parameters were estimated using 100 Monte Carlo iterations as described

previously?.

Imino *H exchange

The kinetics of base opening were determined using a combination of
experiments including a saturation recovery experiment to measure water proton R;
(Rwv) and a magnetization transfer experiment to measure the exchange rate of the
imino proton with water, as described previously*®. The relaxation delay times for
measuring water proton R; were 0.0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 3.6, 4.0, 4.4,
4.8,5.2,6.0, 7.0, 8.0, 9.0, 10.0, 12.0 and 15.0 sec. The series of relaxation delay times
for all the imino *H exchange measurements in this study are listed in Supplementary

Table 2.

Analysis of imino *H exchange data
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The net exchange rate (kex) between imino and water proton can be measured by
fitting the 1D imino *H peak volume at each delay time (t) in the magnetization transfer

experiment to Equation 2 shown below,

W(t k
© =1-EX— x (e~Runt — g=Ruwt)#(2)
WO le - Rln

Rin=R + kex#(g)

where W(t) is the imino '*H peak volume as a function of relaxation delay time t, W° is
the initial imino *H peak volume at zero delay, W(t)/W° is the normalized peak volume, E
is the efficiency of the pulse for inverting water, Ry, represents the summation of imino
'H R; and kex. In the above equation, Ry, and E are fixed parameters while kex and R;
are fitting parameters. The error of all the fitting parameters was set to be equal to the
standard fitting error, obtained as the square root of the diagonal elements of the
covariance matrix of the fitting parameters. We also examined the sensitivity of the
fitting to changes in the fitting parameter kex by fixing kex to a range of values and
plotting the residual sum of squares (RSS) as a function of kex (Extended Data Fig. 5).
All the fitting parameters have been summarized in Supplementary Table 4. The

efficiency of the inversion pulse was computed as follows,

W-.
E=1-——"#(4)
W,
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where Wi, and Weq are the peak volumes of the water proton with and without applying
the inversion pulse in the magnetization exchange experiment (with zero relaxation
delay and no water suppression), respectively.

To obtain the population p; of the base opened state, the net kex between imino
proton and water was measured in the presence of different effective ammonia
concentrations (20 mM, 40 mM, 100 mM and 150 mM), and the inverse of Kex (T,,,=1/Kex)

was linearly fit to the inverse of the effective ammonia concentration using Equation 5,

1
1 aKd'
— — iss #
Fex kex fo * kB [NHS] (5)

where 1, is the inverse of the base opening rate (lifetime of the closed state), a is the
base catalyst accessibility factor which is generally assumed to be 1°°, [NHs] is the

effective ammonia concentration, Kgiss is the bp dissociation constant defined by,

p.
Kdiss = 1 _1 #(6)

and kg is the rate constant for exchange catalysis which is given by,

kcoll

ke =
B 71 + 10pKN-p

KNH3 #(7)
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where Ko is the bi-molecular collision rate constant between the imino proton and
ammonia in the open state, and pKY" and pKYH? are the pKa for the imino proton in the
open state and ammonia, respectively. Under the conditions used in our study kg is
equal to 2.5x10% Ms™* at 25 °C*°,

Given the errors obtained for kex based on the covariance matrix as described
above, Monte-Carlo simulations were performed to compute the errors in Kgss. In
particular, 1/kex at each ammonia concentration was sampled from a gaussian with
mean equal to the average fit 1/kex value and standard deviation equal to the error in
1/kex. The sampling was repeated for all ammonia concentrations for a given iteration,
and the variation of 1/kex vs. 1/[NH3] was fit to compute a Kyss Value. The procedure
was repeated for 10,000 iterations and the mean and standard deviation of the resultant
Kaiss distribution were set to be equal to the mean and error of the fitted Kgss. The
region spanned by the family of straight lines thus obtained is colored blue in Extended
Data Fig. 5. The error in p; was determined by propagating the error in Kgiss
(Supplementary Table 4).

To benchmark our implementation of the imino *H exchange measurements in
this study, we compared our measurements on T6 in G-DNA at 25 °C to a prior study™
and obtained a consistent conformational penalty for opening (Extended Data Fig. 5). p;
values for T3, T5, T16, T17, T18, T19 and T21 in TBP-DNA at 15 °C were obtained

from a prior study?”.

Optical melting

Experiments and sample conditions
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Optical melting experiments were carried out on a PerkinElmer Lambda 25
UV/VIS spectrometer with a RTP 6 Peltier Temperature Programmer and a PCB 1500
Water Peltier System. At least three measurements were carried out for each DNA and
RNA duplex using a sample volume of 400 uL in a Teflon-stoppered 1 cm path length
quartz cell. The absorbance at 260 nm was monitored while the temperature was

varied at a ramp rate of 1 °C/min.

Data analysis

The melting temperature (T,) and standard enthalpy change of melting
(AHperewr OF AHpeemu) (Fig. 1d), respectively, were obtained by fitting the absorbance

at 260 nm (Azs0) from the optical melting experiment to Equation 8,

A260 = (((mmelt * T) + bmelt) * pmelt) + (((mfold * T) + bfold) X (1 - pmelt))#(8)

where Mpyerr » Pmelr » Molg @Nd bgy g are coefficients describing the temperature
dependence of the extinction coefficients for the melted and folded species,
respectively, and pmeit IS the population of the melted duplex/hairpin species. Pmeri: for a
WT duplex and hairpin are given by the following expressions (analogous expressions

can also be written for melting of Mut by replacing WT by Mut),

_(L_l)m _(L_l)AHmelt,WT
_ 1 1+4e \Tm T R —1+8e \Tm T R 409
Prmet = & = _(L_l)AHmelt,WT ( )
4 \ Ty T R
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and

AH
N

Pmelt = 1- #(10)

1 1\ AHperwr
1+ e‘(m‘ﬂﬁ

respectively, where T, is the melting temperature (K), T is the temperature (K), and R is
the gas constant (kcal/mol/K).

The standard entropy change (AS,.;cwr OF ASeemut ) @Nd free energy change
(AGperewt OF AGperemye) Of Melting were computed using Equations 11 and 12 for a

duplex and hairpin, respectively,

AH C
ASmetewr = % + Rin (%) #(11)
m

AH 1t WT
ASmelt,WT = I;e - #(1 2)
m

where Cr is total concentration of the duplex/hairpin. Using the obtained enthalpies and

entropies, the free energy of melting was then computed as follows,

AGmelt,WT = AHmelt,WT - TASmelt,WT#(13)
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The mean values and uncertainties in Tm, AH o1 wrs ASperewr @nd AGyepe wr Were set to
be equal to the average and standard deviation from multiple measurements (n >= 3).
For UV melting profiles of TAR with 1 mM Mg**, TAR®® with and without 1mM
Mg?* , scaf2_ AGG™®® and scaf2 TGG™®® (Extended Data Fig. 2), minor deviations
from two-state fits were observed in the lower baseline which could potentially arise
from the existence of multiple folded species in equilibrium with each other®. Due to
the lack of knowledge about the second folded species for the above samples, we have
chosen to fit the UV curves for them assuming a two-state model. Melting data with
similar minor deviations has also been fit assuming a two-state approximation to extract
thermodynamics parameters in the literature®>.  Nevertheless, understanding the
conformational dynamics that gives rise to such minor deviations and how that affects

the interpretation of the melting data will be the subject of future studies.

Comparison of conformational penalties between NMR experiments and delta-
Melt

For a given equilibrium between the major and i™ minor conformation, Major &
Minor, the conformational penalty (AG.,,¢(i)) measured by NMR experiments was

computed as follows,

pi
1-p;

AG, (i) = —RT ln( ) #(14)
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where T is the temperature (K), R is the gas constant (kcal/mol) and p; is the population
of the i minor conformation, respectively. Errors in AG_, (i) were obtained by
propagating the error in p; obtained from the NMR measurements.

The enthalpy (AH.,,¢(1)) and entropy (AS.,.¢(i)) differences between the major
and i" minor conformation were obtained by fitting AG_, (i) as a function of temperature

to the following equation,

AGconf(i) = AH(:onf(i) - TASconf(i)#(ls)

Errors in AH_ (i) and AS_,,.¢(i) were determined using a Monte-Carlo procedure.
In particular, AG.,,¢(i) for each point on the AG_, (i) vs. T plot was sampled from a
Gaussian with mean and standard deviation equal to the mean value and error of the
measured AG,,¢(i) values. Following gaussian sampling of all points on the plot, linear
regression was performed to fit for AH_,,¢(i) and AS_,¢(i). The procedure was repeated
10,000 times, and the mean and standard deviation of the resulting AH_,.((i) and
AS, (1) distributions were set to be equal to the mean value and error of AH_, (i) and
AS_,¢(1). The region spanned by the family of straight lines thus obtained is colored
blue in Extended Data Fig. 11.

Given conformational equilibria for the melting of WT and Mut nucleic acids, we

will have the following equation according to Fig. 1d,

AGconf(i) = (AGmelt,WT + AGss(Mut—WT)) - (AGi(Mut—WT) + AGmelt,Mut)
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= (AGmelt,WT - AGmelt,Mut) + (AGSS(Mut—WT) - AGi(Mut—WT))#(]-6)

where AGejcwr and AGpq vy @re the melting energies of the folded WT and Mut
species, AGggmut-wry @Nd AGmye-wr) are the free energies of modifying (or mutating)

the melted single stranded and the folded i™ minor conformation, respectively. We also

define,

AAGmelt(i) = AGmelt,WT - AGmelt,Mut#(]-7)
c(1) = AGgsmut-wt) — AGimut—w) #(18)

AAGdelta—Melt(i) = AAGmelt(i) + C(l)#(lg)

where AAG,,.;.(D) is the difference in melting energies of the WT and Mut species, and
c(i) is the difference in free energies to modify (or mutate) the melted single-stranded

(ss) and folded i"™ minor species. Thus, AG_, (i) can be expressed as follows,

AGconf(i) = AAGdelta—Melt(i) = AAGmelt(i) + C(l)#(ZO)

Errors in AAG,,.(i) were determined by propagating the errors in AGy,ey wr and
AG e mut OPtained from UV melting measurements. The error in c(i) was determined
using a Monte-Carlo scheme as described below.

All the calibration curves of AG,,,¢(i) versus AAG,, (i) were linearly fit assuming

slope = 1 using linear regression with Monte-Carlo iterations. In particular, each point
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on the AG.,,¢(i) vs. AAG,,.: (1) correlation plot was sampled from a gaussian with mean
and standard deviation equal to the mean value and error of the measured AG_, (i) and

AAG, . (i) values along the y and x axes, respectively. Following gaussian sampling of

melt
all points on the plot, linear regression with a unit slope was performed to fit for c(i).
The procedure was repeated 10,000 times, and the mean and standard deviation of the
resulting c(i) distribution was set to be equal to the mean and error of c(i). The region
spanned by the family of straight lines thus obtained is colored blue in Figs. 2b, d and f,
and 3b. The errors in AAGgea—merc(1) Were obtained by propagating the errors in
AAG, (1) and c(i). The Pearson’s correlation coefficient (r) as well as the root mean
square of error (RMSE) between AG,,¢(i) and AAGgeca—merc (1) = AAG o (D) + c(i) are
reported (Figs. 2b, d, f, and 3b) for each comparison. A detailed discussion of the
physical meaning of the intercept c(i) has been provided in Supplementary Note 1.

For TAR, UV and NMR measurements performed in the presence or absence of
1 mM Mg®" were used to obtain differences in AG

(i) and AAG,,. (i) as defined

conf melt

below,

AAGconf = AGconf(-l_lrnlv[ Mg2+) - AGconf(_lrnl\/[ Mg2+)#(21)

AAAG,, e = AAG, 1 (+1mM Mg2*) — AAG . (—1mM Mg2*)#(22)

melt

Errors in AAG., s and AAAG,,.;. Were obtained by propagating errors in AG.,.¢(i) and

AAG,. (1), obtained as described above.
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Given that the enthalpy and entropy change are also state variables in a manner
analogous to the free energy, equations analogous to Equation 20 above, can also be

written for them.

AHconf(i) = AAHmelt (1) + CEnthalpy (1) # (2 3)

ASconf(i) = AASmelt(i) + CEntropy(i)#(24)

Errors in AAH,.. (i) and AAS,,.;.(i) were determined by propagating the errors in
AH peewr and AHp e pye» @Nd ASoewr @and AS, e mye . Obtained from UV melting
measurements, as described above. A comparative analysis of enthalpy and entropy
values obtained from NMR and delta-Melt is provided in Extended Data Fig. 11 and

Supplementary Note 3.

Calculation of the energetics of Hoogsteen cooperativity
Hoogsteen cooperativity can be quantified by the gained free energy (AGc,qp) Of

forming tandem Hoogsteen bps at two adjacent sites (HG1+2) relative to forming

Hoogsteen bps at each site (HG1 and HGZ2) independent of each other. AGcq,p is

defined by the following equation,

AGeoop = AGeope(HG1) + AG one(HG2) — AGone(HG1 + 2)#(25)

Substituting AG, (1) = AAG,,.;:(1) + c(i) (Equation 20) to Equation 25 above yields,
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coop = H + c(H + H +c(H - HG1 +
AGeoop = (AAG et (HG1) 4 c(HG1)) + (AAG e (HG2) + c(HG2)) — (AAGy,r (HG1 + 2)
+ c(HG1 + 2))
= (AAGpe1 (HG1) + AAG 01 (HG2) — AAG e (HG1 + 2))

+(c(HG1) + c(HG2) — c(HG1 + 2))#(26)

We also define,

COOPmert = AAG, 1 (HG1) + AAG 1, (HG2) — AAG,, . (HG1 + 2)#(27)

melt

Coopygrset = C(HG1) + c(HG2) — c(HG1 + 2)#(28)

Therefore, we have

AGcoop = COOpmelt + Coopoffset#(zg)

The Coopmer term was determined using delta-Melt by using duplexes containing N*-
methylated purines at tandem bps, and their singly methylated counterparts (Fig. 2h,
Extended Data Fig. 9). Errors in Coopmer Were obtained by propagating the errors in
AAG,,.; () values obtained as described above. In a manner analogous to defining

cooperativity of Hoogsteen bp formation at two adjacent bps, we can also define

cooperativity of forming Hoogsteen bps at three adjacent bps as follows

AGcoop = COOpmelt + Coopoffset#(30)
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where Coopmeit and COO0poftset are given by

CoOPmelr = AAG 0t (HG1) + AAG 0 (HG2) + AAG o (HG3) — AAG,., (HG1 + 2 + 3)#(31)

Coopyfrset = C(HG1) + c(HG2) + c(HG3) — c(HG1 + 2 + 3)#(32)

True estimation of Hoogsteen cooperativity requires knowledge of Coopestse. HOWeVver,
if we assume the offset term of double Hoogsteen c(HG1 + 2) and triple Hoogsteen
c(HG1 + 2 + 3) is small, in a manner analogous to single Hoogsteen (Fig. 2d, f and

Supplementary Note 1), we will approximately have

AGcoop ~ Coopmelt#(3 3)
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