Supplementary Material

Ribonucleotide-containing DNA — DeRose etal.

I: Details for Experimental Methods:
2D NMR Experiments

The proton 2D 'H-'"H NOESY, ROESY and TOCSY experiments were acquired at 25 °C
on a Varian (Santa Clara, CA) INOVA 600 MHz spectrometer using a Varian triple resonance Z-
gradient room-temperature probe. 2D "H-"H COSY experiments were also acquired on a second
Varian INOVA 600 MHz spectrometer using a Varian triple resonance Z-gradient Cold Probe.
The 2D 'H/*'P COSY, H3'-selective 'H/'P HSQC and 2D 'H-'P constant-time NOESY (CT-
NOESY) difference experiments were acquired at 25 °C on a Varian INOVA 500 MHz NMR
spectrometer, using a Nalorac 'H/X/*'P triple resonance actively shield Z-gradient probe. Proton

and °'P chemical shifts were referenced to external DSS and trimethyl phosphate, respectively.

Proton Homonuclear Experiments

2D NOESY spectra in D,O were obtained with mixing times of 50, 75, 100, 150 and 200
ms. 2D T-ROESY experiments were acquired with mixing times of 50 and 100 ms. The T-
ROESY experiment was used to reduce TOCSY contributions to the cross-peak intensity.'” A z-
filtered 2D TOCSY spectrum of the D,O sample was also acquired with mixing time of 100 ms,
using a DIPSI-2 spinlock sequence’ at a field strength of 6000 Hz. All the above 2D spectra
were acquired with acquisition times of 171 ms in the F2 dimension and 42.7 ms in the F1
dimension, with sweep widths of 10 ppm in both dimensions. In these experiments, the residual
water peak was suppressed using presaturation during the 2 second recovery delay between
scans. 2D NOESY spectra in H,O were acquired with mixing times of 80, 120 and 200 ms,
using WATERGATE water suppression.” 2D phase sensitive COSY experiments were measured

in isotropic and liquid crystalline (20 mg/ml Pfl) media to measure the proton-proton scalar



couplings and RDCs. These COSY experiments were acquired with an acquisition time of 342
ms in the F2 dimension and 42.7 ms in the F1 dimension, with sweep widths of 10 ppm in both
dimensions, using an 8 second delay between scans to allow the spin systems to fully relax for

ACME simulation of the coupling constants.” RDCs involving the adenosine H2 protons were

not used due to the long relaxation times of these protons.

"H/'P Experiments

All "HP'P experiments were acquired on a Varian INOVA 500 MHz NMR spectrometer.
A 2D '"H/’'P COSY spectrum was acquired to assign the *'P chemical shifts.’ These assignments
were confirmed by an H3'-selective 'H/*'P HSQC experiment.” In the 'H/*'P COSY experiment,
the "H and *'P acquisition times were 512 ms and 210 ms, respectively; in the "H/*'P HSQC
experiments the acquisition times were 128 ms and 210 ms, respectively. In both experiments,
the 'H and *'P sweep widths were 10 ppm and 3 ppm, respectively. H3'->'P scalar couplings and
RDCs were measured using 2D "H-"'P CT-NOESY difference experiments.® In these
experiments, the F2 and F1 acquisition times were 204.6 ms and 69.5 ms, respectively; the
sweep widths were 10 ppm and 2.5 ppm, respectively; WET water suppression was used during

the 300 ms mixing time to suppress the residual water signal.”

Processing and Assignment of Spectra

All spectra were processed using NMRPipe'” and assigned using NMRView]."" The
spectra were processed using cosine-bell squared apodization in both dimensions and zero filling
in the indirectly detected dimensions. In some cases, polynomial baseline correction was used to

improve the appearance of the spectrum, but no post acquisition water suppression was used.

NMR Structure Calculations
Structure calculations were carried out using the simulated annealing protocol described

by Kuszewski et al.'> with the refine_full.inp script provided with XPLOR-NIH version 2.25."



Ten structures were computed starting from classical A-form DNA structure and the five best
structures, having the lowest energies and fewest number of experimental restraint violations,
were deposited with the RCSB Protein Data Bank (PDB ID code 2L.7D). 212 distance restraints
were generated from the 100 ms NOESY cross-peaks using only the cross-peaks that appeared in
the 50 ms T-ROESY spectrum to reduce the effect of spin diffusion. These peak volumes were
converted to distance restraints using the NMR View] structure method with r™* distance
dependence to further account for spin diffusion. The integrals of cross-peaks involving the
thymine methyl groups were reduced by a factor of 2.0. Integrals involving the rG4 H8 proton
were increased by a factor of 2.0, due to deuterium exchange of this proton.'* This factor was
determined by integrating the 1D '"H spectrum of the oligomer. The initial model used to
calibrate these NOE-derived distances was obtained from a calculation using the NOE distance
restraints provided with the sample XPLOR-NIH Dickerson dodecamer calculation.”” The
distance and dihedral restraints involving the rG4 nucleotide were not used, and no RDC or CSA
restraints were used to generate the initial model. 158 'H-"H RDCs, Dun, were obtained from
2D COSY spectra acquired in isotropic and 20 mg/ml Pfl media using the ACME fitting
method.'® The sign of the RDC values was determined from preliminary structure calculations
and by comparison with RDC values obtained by Wu et al."” for the Dickerson dodecamer, since
all the NMR data point to a structure that is very similar to the Dickerson dodecamer (see
below). Twenty-two H3'->'P scalar couplings, *J3p, and RDCs, Dsp, were measured using 2D
'H-'P CT-NOESY difference experiments obtained in isotropic and 20 mg/ml Pfl media as
described by Wu et al.® The *J3p scalar couplings were used to directly restrain the H3'->'P

dihedral angle, ¢, via the standard Karplus relation.'”'*"

The 22 deoxyribose sugar torsion
angles, , were constrained to the S-type range (140 + 35°), based on the *Juy couplings obtained
from ACME simulations of the cross-peaks in the 2D COSY spectrum.'>**?! The two ribose
sugar torsion angles, 0, were constrained to the N-type range (80 + 35°), based on the absence of

the H1'-H2' cross-peaks in the 2D COSY and TOCSY spectra.”"** Since the imino proton region

of the 200 ms NOESY spectrum in H,O was virtually unchanged from that reported for the



Dickerson dodecamer,” the same Watson-Crick base pairing distance restraints used by
Kuszewski et al.'” in their calculation of the Dickerson dodecamer were used in the current
refinement of the rG4-substituted dodecamer; six restraints per base pair were used. Initial
calculations produced structures with close contacts (~1.6 A) between the rtG4 02' and A5 HS'
atoms in both strands of the symmetric duplex. The close contacts were removed by restraining
the atom separation to be at least equal to the sum of their Van der Waals radii.

In order to compare the structure to the unsubstituted Dickerson dodecamer, a similar
calculation was performed on the Dickerson dodecamer using only the NOE distance, 3y 3, DHH,
and Djp restraints used by Schweiters and Clore,” provided with the XPLOR-NIH release, and
originally obtained from Tjandra et al."> and Wu et al."” In addition, to make the two calculations
as similar as possible, all the deoxyribose sugar torsion angles, 0, were constrained to the S-type
range (140 £ 35°), as in the calculation of the rG4-substituted structure. In the remainder of this
manuscript, the NMR calculated rG4-substituted structure will be referred to as rG4-DNA, and

the newly calculated unsubstituted Drew-Dickerson dodecamer structure as dd-DNA.

Molecular Dynamics Simulations

Each dodecamer system was dissolved in a bath of water so that the closest nucleotide
atom was at least 15A away from the box boundary. Sodium counterions were introduced to
neutralize the simulation system. The PMEMD module of the Amber.11 suite of programs was
used in the trajectory calculations with the Amber99 force field.” The time step was set to 1 fs
and the standard particle mesh Ewald (PME) procedure was used to accommodate the long range
interactions.” Neighbor lists were updated at every MD step and after 2 ns of equilibration at
constant temperature and volume, MD trajectories were calculated for at least 13 ns at constant
temperature and constant pressure. Configurations extracted at 100 ps intervals of the last 10 ns

were used for analysis.



IT: Base Stacking in rG4-DNA

The six unique base-pair stacking diagrams for the ribose-substituted rG4-DNA structure
and the dd-DNA structure are shown in Figure S1. These diagrams were generated using 3DNA
v2.0.*** The base stacking for both structures is similar, except for the base-pair steps
containing the ribonucleotide substitution. In base-pair step 3, the rG4 base moves away from
the C3 base and closer to the G10 base (labeled G22 in Figure S1) in the complementary strand,
while the G10 base moves away from the C11 base (labeled C21 in Figure S1) in the
complementary strand. The primary perturbation in stacking interaction occurs in base-pair step
4, where the rG4 and A5 bases show a greater degree of overlap in the rG4-DNA structure
compared to the dd-DNA structure. The stacking interaction between C9 and T8 (labeled C21
and T20, respectively, in Figure S1) is reduced in the complementary strand. These changes may
account for the slight increase in the chemical shifts of the imino proton of rG4 (Table 1b) and
the H1' and H8 protons of A5 (Table 1a). All other base-pair step stacking interactions are

virtually unperturbed by the ribose substitutions.
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Figure S1. The six unique base-pair stacking diagrams for the best rG4-DNA and dd-
DNA structures. The diagrams were generated using 3DNA v2.0.2*%



