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Computational Methods

Molecular Dynamics (MD) Simulations

MD simulations performed in this work were based on the available crystal
structures of the VS ribozyme, specifically the A756G mutant (PDB ID: 4R4P),* G638A
mutant (PDB ID: 4R4V),! and the most recent G638A mutant without the C634G mutation
(PDB ID: 5V3l) 2. In each case, the mutated catalytic nucleotides were replaced by their
corresponding wildtype counterparts. Simulations were performed in truncated octahedral
boxes containing TIP4P-Ew water molecules,® having a buffer distance of 12 A with the
solute. Monovalent ions (Na* and CI') were added to neutralize the boxes and provide
them with ionic strengths of 150 mM. Simulations were run with a time step of 1fs with full
periodic boundary conditions. The smooth particle mesh Ewald (PME) method* with a
12A cutoff was used to calculate long range electrostatic interactions and the SHAKE
algorithm® was used to constrain all bonds involving hydrogen. Langevin dynamics with
a collision frequency (y) of 5.0 was employed to maintain constant temperature during
simulations. For constant pressure and temperature simulations, the Berendsen barostat®
with a pressure relaxation time of 1ps and isotropic pressure scaling was used along with
Langevin dynamics (y=5.0).

All simulations were performed on truncated models of the VS ribozyme that were
constructed by systematically reducing the dimeric ribozymes under the constraint that
the important base-pairings and tertiary interactions surrounding a single active site
remain conserved (Figure S2). The putative general base G638 and general acid A756
were kept deprotonated and protonated, respectively, at their N1 positions. Parameters
for nonstandard nucleobases, namely deprotonated G638 and protonated A756 were
derived from Restrained Electrostatic Potential (RESP)”2 calculations and were adopted
from a previous study.® The truncated models were validated by comparing several model
simulations to simulations of the full dimeric ribozyme and ensuring that the model
simulations reproduce the essential structural and dynamical features observed in the
dimer simulations. Specifically, the root mean squared deviations (RMSDs) and root
mean squared fluctuations (RMSFs) of the various residues calculated from the model
simulations were found to be qualitatively similar to those calculated from the dimer
simulations. These simulations will be discussed in more detail in follow up technical
study, the manuscript of which is currently under preparation.

Before initiating production trajectories, the MD boxes were subjected to a series
of rigorous equilibration steps that are summarized below:

1) During the first part of equilibration, the solute (RNA) is kept fixed to its crystal
coordinates by imposing harmonic restraints with force constants of 100 kcal/mol-

A2 on solute heavy atoms, and following steps were performed -

a. Energy minimization of the solvent (water molecules + ions)
b. Simulated annealing (NVT ensemble) of solvent according to
i. Increase temperature from OK to 298K in 298 ps, MD at 298 K for
500 ps
ii. Increase temperature from 298K to 600K in 302 ps, MD at 600K for
500 ps
iii. Decrease temperature from 600K to 298K in 302 ps, MD at 298K for
1500 ps



c. MD at 298K for 3000 ps (NPT ensemble) of solvent
d. Repeat of Step b
e. Repeat of Step c
2) The equilibrated solvent configuration is kept fixed and energy minimization of the
solute is performed.
3) With the solvent free to move, the solute is relaxed in stages by slowly releasing
the harmonic restraints on the solute heavy atoms according to —
a. MD at 298K for 100 ps (NPT ensemble) with a force constant of 50 kcal/mol-

2
b. f\/IZD at 298K for 100 ps (NPT ensemble) with a force constant of 25 kcal/mol-
C. f\/IZD at 298K for 100 ps (NPT ensemble) with a force constant of 10 kcal/mol-
d. f\/IZD at 298K for 100 ps (NPT ensemble) with a force constant of 5 kcal/mol-
e. f\/IZD at 298K for 100 ps (NPT ensemble) with a force constant of 2 kcal/mol-
4) With béth solute and solvent free to move, MD at 298K for 5000ps (NPT
ensemble).

All simulations were performed with the AMBER18 software package,'° using the
pmemd.cuda program?!! and employing the Amber parm99 force field>*® with the a/y
corrections(parmbsc0)* and y modifications(OL3)*® for nucleic acids that has been
shown to result in improved descriptions of nucleic acid dynamics.'® Monovalent ion
parameters optimized for the TIP4P-Ew water model were employed,”'® while Mg?* ions
were described using a recently developed m12-6-4 model,*® a modified 12-6-4 potential
model?®® that has been shown to produce accurate and balanced nucleic acid—Mg?*
interactions.

3D-RISM Calculations

The three-dimensional reference interaction site model (3D-RISM) has been
shown to be a useful method for predicting solvation structure and thermodynamics of
biomolecules.?*?* 3D-RISM is a molecular solvation theory-based approach in which the
solution particle density distributions, p, (), is expressed in terms of the total correlation

functional, h,(r) = :))Zf;,z — 1, and direct correlational functional, c, (), which are inter-
Y

dependent according to h,(r) = X, [ ¢, (r — ") x4, (r)dr’, where x,, (r) is the site-site
solvent susceptibility of solvent sites @ and y and contains the bulk properties of the
solvent.?>27 y ... can be computed separately using dielectrically consistent RISM.?%2° To
arrive at a unique solution for h, a second equation, referred to as a closure relation,
relating h and c is necessary, that has a major impact on the accuracy of the 3D-RISM
results. Herein, we have employed the PSE2 closure which provides a good balance
between speed and accuracy.®

The 3D-RISM method was employed to explore probable Mg?* ion binding sites at
the VS ribozyme active site. 3D-RISM calculations were performed on the truncated VS
ribozyme model in several configurations, including the 4R4P, 4R4V, and 5V3I crystal
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coordinates and average configurations obtained from MD trajectories. For the latter, the
configurations were stripped of all solvent molecules and ions. The calculations were
performed on the configurations using a 0.5 A spaced 3D grid and a 1D solvent
susceptibility value calculated separately for SPC/E water3! (55.5 M) containing 150mM
NaCl and 100mM MgCl.. Figure 1D illustrates the results of a 3D-RISM calculation
performed on a configuration obtained by averaging over all “Active” configurations
reported in Figure 1G. All 3D-RISM and 1D-RISM calculations were performed using the
AMBER18 software package.'°

QM/MM free energy simulations

To compute the VS ribozyme catalytic reaction pathway, we first performed multi-
dimensional QM/MM simulations using the finite temperature string (FTS) method 3233
employing the semi-empirical Hamiltonian AM1/d-PhoT, 3* followed by ab initio QM/MM
refinement. The semi-empirical simulations provide an overall reliable representation of
the free energy surface from which a reasonable estimate for the 1D reaction pathway
can be determined.3® This 1D reaction path is then used as a departure point for path and
energy refinement using ab initio QM/MM, which is more accurate but also more
computationally intensive by a factor of roughly102-103. Ab initioc QM/MM methods3637
have been used to examine phosphoryl transfer mechanisms in complex systems,3 and
when used together with the FTS method have been shown to be a powerful tool in
determining favorable reaction pathways in multidimensional phase space.3%4°

Semi-empirical (AM1d/Pho-T) Finite Temperature String (FTS) Simulations

The mathematical framework underlying the FTS method has been described in
previous studies;3*4° here, we summarize the technique qualitatively. In this method, a
reaction pathway is approximated as a string (a curve) in the space of a handful of chosen
coordinates that are relevant to the reaction. The string, initially along a guess reaction
pathway, is discretized into a series of equally spaced images, and umbrella sampling
simulations are performed at the image positions with the reaction coordinates
harmonically restrained to the image centers. From these umbrella sampling simulations,
average values of the reaction coordinates are calculated, which are then used to
construct a new string. The new string is discretized again, and umbrella sampling
simulations are performed along its length. This iterative process of updating the curve
based on restrained simulations is continued until the curve is converged, that is the
displacement of curves between successive iterations is negligible. The restrained
simulations from all the iterations can then be jointly unbiased to obtain a
multidimensional free energy surface, on which the converged string represents the
minimum free energy path (MFEP) of the reaction.

The AM1d-PhoT FTS simulations were performed with sugar pucker corrections
using three reaction coordinates: (1) the difference between G620:02’-G620:HO2’
distance and G638:N1-G620:HOZ2’, that tracks the general base proton transfer; (2) the
difference between G620:02’-A621:P distance and A621:P-A621:05" distance, that
tracks the phosphorus oxygen bond formation/cleavage; and (3) the difference between
A621:05’-A756:N1 distance and A756:N1-A756:H1 distance, that tracks the general acid
proton transfer. The QM region consisted of 123 atoms and is illustrated in Figure S8.



The initial pathway was generated by taking configurations from MD simulations, running
short (~1-5 ps) QM/MM equilibration, and doing a linear interpolation along the three
reaction coordinates described above. The string was divided into 50 images; at each
image 0.3 ps of restrained dynamics were performed with harmonic force constant values
of 100 kcal/mol/A? before each string update. In total 50 string iterations were performed.
To obtain the free energy surface, the restrained simulations at the various image
positions from all the iterations are jointly unbiased using a multidimensional
implementation of the weighted histogram analysis method (WHAM).*!

The AM1/d-PhoT FTS simulations suggested a sequential catalytic pathway in
which the 2’0 nucleophile deprotonation by G638 occurs initially, as a separate step,
followed by concerted nucleophilic attack and leaving group departure; the associated
free energy profile along the pathway suggested the latter to be rate-limiting
(Supplementary Figure 9). This result is consistent with Brgnsted analysis of the G638
analogs, and together support a mechanism where the proton transfer from the 2'O-
hydroxy! nucleophile occurs in a pre-equilibrium step. Therefore, we embarked on a more
detailed investigation of the chemical step of the reaction starting from a configuration in
which the 2'OH nucleophile has fully transferred its proton to G638:N1 using ab initio
QM/MM simulations.

Ab initio 2D and 1D Umbrella Sampling (US) Simulations.

In order to validate the transition state predicted by the converged AM1/d-PhoT
FTS reaction pathway, and verify that this pathway is the only significant minimum free
energy pathway in the space of the important reaction coordinates, we calculated the free
energy surface underlying the reaction using extensive ab initio 2D umbrella sampling
simulations in the space of the phosphorus bond breaking/forming and the general acid
proton transfer coordinates described earlier. The 2D QM/MM simulations consisted of
12 windows along each coordinate. At each window, 1-2 ps of restrained dynamics were
performed with force constant values of 100 kcal/mol/A2. Simulation data from all windows
were unbiased using the 2D variational free energy perturbation (VFEP) method
developed in our laboratory.4243

Further, in order to obtain better resolution of free energy along the converged
AM1/d-PhoT FTS reaction pathway, we performed additional ab initio 1D umbrella
sampling simulations along the pathway. The converged pathway was divided into 30
windows, and 1-3 ps of US simulations were performed at each window with harmonic
force constant values of 100 kcal/mol/ A2. The 1D free energy profiles along the pathways
were calculated by unbiasing these restrained simulations using an in-house
implementation of multistate Bennett acceptance ratio (MBAR) technique.**

It should be noted that efforts to examine the effect of Mg?* in providing direct
electrostatic stabilization of the transition state (e.g., by replacing Mg?* with Na* in the
active state) were complicated by the critical role played by the divalent ion in organizing
the active site, and in particular maintaining the position of the general base as discussed
previously, as well as stabilizing the electrostatic repulsions between the A621 and A622
phosphates. Further theoretical work is needed in order to decompose these contributions
in such a way as to provide meaningful insight specifically into the role of Mg?* in the
chemical steps of the reaction.



The ab initio QM/MM simulations were run using the PBEO0/6-31G** Hamiltonian
with a time step of 1fs with full periodic boundary conditions. Long-range electrostatics
were treated with the Ambient-Potential Composite Ewald (CEw) method.*> A 12A real-
space cutoff was used, and the reciprocal-space energy was solved using a 1pt/A uniform
fast Fourier transform grid. The wavefunction was converged to within a commutator error
of 107 au at each step of dynamics. The SHAKE algorithm® was used to constrain all
bonds involving hydrogen that are part of the MM region and not in the QM region. The
simulations were run in the NPT ensemble using Langevin dynamics along with the
Berendsen barostat® to maintain constant temperature and pressure. The simulations are
performed using a code that is implemented within a developmental version of
AmberTools 15 and interfaced to the Sander MD program.®



Experimental methods

RNA oligonucleotides and constructs

The VS enzyme strand was prepared by ligation of two RNA oligomers: one
generated from solid-phase synthesis and the other by T7 transcription. The 115-nt 5'
fragment (sequence: 5'- GGC GGU AGU AAG CAG GGA ACU CAC CuC CAA UUU
CAG UAC UGA AAU UGU CGU AGC AGU UGA CUA CUG UUA UGU GAU UGG UAG
AGG CUA AGU GAC GGU AUU GGC GUA AGU CAG UAU U) was generated by T7
transcription under standard conditions from a double-stranded DNA template, which was
prepared as follows. A pUC19 plasmid containing 3' ligation fragment was transformed
into competent DH5a Escherichia coli cells and amplified, and the sequence was
confirmed by sequencing, (The University of Chicago Core Facility). The plasmid was
digested by Earl (New England Biolabs) to generate a double stranded DNA template
that contains the T7 promotor sequence and a blunt end at the 3'-end of the ribozyme
sequence. Following transcription, transcripts were purified first by phenol-chloroform-
isoamyl alcohol extraction then by 6% denaturing polyacrylamide gel electrophoresis
(dPAGE). The transcripts were visualized under UV light, excised from the gel and eluted
overnightin TEN buffer (10mM Tris pH =8, 1mM EDTA, 300mM NacCl), then concentrated
on centrifugal filter units for use. The 30-nt 3' ligation fragments (5'- GCA GAC CAG CAC
AAG CCC GCU UGC GAG AAU — where the underlined A corresponds to A756) were
synthesized in-house by solid-phase synthesis on a 1-pymol scale using an Expedite
Nucleic Acid Synthesis System (8900) by following standard RNA synthesis protocols
with either commercially available phosphoramidites (ChemGenes and Glen Research)
or phosphoramidites synthesized in-house (see synthetic methods). The oligonucleotides
were released from solid support with 3:1 NH4OH/EtOH at 55 °C for 8 h, desilylated with
300 pL 6:3:4 N-methylpyrrolidinone/triethylamine/triethylamine-3HF at 65 °C for 2 h and
precipitated by n-BuOH. The oligomers were further purified by dPAGE, collected in pure
water and stored at —80 °C until further use.

The 3' ligation fragment was 5’-end phosphorylated with T4 polynucleotide kinase
(New England Biolabs, NEB) in the presence of excess ATP at 37 °C for about 1h
followed by heat inactivation of the enzyme at 60 °C for 20 min. For the ligation reaction,
3'and 5' ligation fragments (1.5:1 molar ratio) were incubated in the presence of annealing
buffer (20mM Tris pH = 7.5, 200nM NaCl, 0.2mM EDTA) at 90°C for 2 minutes and slowly
cooled to 10° over 1.5 hours. After annealing, T4 RNA ligase buffer (50 mM Tris pH 7.5,
2mM MgClz2, 1 mM DTT, 400 uM ATP) and T4 RNA ligase 2 (NEB) were added, and the
resulting reaction mixture was incubated at 16°C for 18 to 24 hours. Ligation reaction
mixtures were purified by 10% dPAGE as described above and concentrations for pure
oligos were determined using Nanodrop (Thermo Scientific).

The 24-nt VS substrates (5'- GCG CG*A AGG GCG UCG UCG GCC CGA, where
the underlined G denotes G623 and the asterisk denotes the scissile phosphate, G620)
strands were synthesized by solid-phase synthesis following the same procedures for
described above. Substrates containing phosphorothioate mutations were further
separated by 4.6 x 250mm C18 reversed-phase high-performance liquid chromatography
(HPLC) through an AcclaimTM 120 4.6 x 250mm C18 column (Dionex) with a 2795
Separations module (Waters). After a 10 minutes column equilibration step, a linear
gradient from 9 to 10.6% acetonitrile over 35 minutes in a constant background of 0.1 M



TEAA. Typically, this procedure resulted in clean separation of diastereomers with elution
times around 15 and 19 minutes after the initiation of the gradient. The identities of the
stereoisomers were identified by digestion with snake venom phosphodiesterase and
nuclease P1 revealing that the first peak corresponded to Sp thio isomer while the second
peak corresponded to the Rp thio isomer. Following HPLC purification, separated
diastereomers were dried overnight under vacuum, resuspended in 300uL ddH20,
ethanol precipitated, collected in pure water and stored at -80 °C until further use.
Substrate strands were all 5-end radiolabeled with T4 polynucleotide kinase (New
England BioLabs) with [y-3?P]ATP (PerkinElmer) prior to their use is kinetic reactions.

Ribozyme kinetic assays and data analysis

“Standard” conditions for ribozyme kinetic reactions are as follows: ribozyme RNA
was incubated in water at 70° for 2 minutes to denature and allowed to renature at room
temperature for 10 minutes in the presence of reaction buffer (25mM TAPS, 25mM
HEPES, 10mM MgClz, 25mM KCI, 2mM spermidine, pH = 8). The reaction was then
initiated by the addition of a trace amount of radiolabeled substrate RNA to a final
concentration of 500nM ribozyme RNA (control reactions with four-fold higher ribozyme
concentrations show a concentration of 500nM ribozyme to be near saturating) in a
volume of 10uL. For pH dependence, appropriately pH-adjusted buffers containing either
MES and HEPES (pH 5.5-8) or TAPS and HEPES (pH 7.5-9.5) were used. Aliquots of
the reaction mixture were taken at appropriate time points and quenched in stop solution
(97% formamide, 15mM EDTA, 0.1% w/v bromophenol blue and xylene cyanol) and
rapidly chilled on dry ice. Cleavage products were separated from uncleaved substrate
on a denaturing 20% polyacrylamide/7M urea gel and quantified using a Typhoon
Phosphorimager with ImageQuant software (Molecular Dynamics). All rate constants
presented are the average of at least three independent time courses conducted over at
least two separate days.

Data for cleavage reactions were fit in KaleidaGraph (Synergy Software) to
equation 1 where f is the fraction cleaved, A is the amplitude or endpoint of the reaction
(typically ~70% for HDV cleavage reactions), Kobs is the observed rate constant and t is
the time.

f=Al-e"") (1)

pH rate profiles were fit to a model for double ionization (equation 2) assuming a
requirement for one protonated and one deprotonated group, where pKai corresponds to
the rate stimulating titration, pKa2 corresponding to the rate-inhibiting titration and kcat is
the intrinsic rate constant or the reaction. Both pKas and kcat were fitted for pH rate profiles
of the wild type ribozyme and ribozymes with A756 analogs, but pKa; was fixed at 5.8 for
fitting of G analog pH rate profiles.

(2)

cat

kobs - 1+10pH_pKa1 +1Of'7Ka2_pH +1OpK“2_pK“1

The pH dependence for cleavage of the G638P* substrate was fit to the model for a single
ionization in equation 3.

cat

obs - 1OpH_pK“1

3)



Assuming that VS ribozyme reacts through a one-channel mechanism that
depended on protonated A756 and deprotonated G638 residues, the intrinsic rate
constant for cleavage can be modeled by equation 4 where a and 3 are the Brgnsted
coefficients for A756 and G638, respectively, and C is a constant for the reaction.

kcat = b(pKa,G638) - a(pKa,A756) +C (4)

The Brgnsted coefficients describe the extent of proton transfer in the transition state with
possible values between 0 and 1. At one extreme, a value of zero for either coefficient
would signify no proton transfer from the corresponding nucleobase and alteration of that
nucleobase should have no impact on kcat. At the other extreme, a value of one would
signify complete proton transfer in the transition state. To determine the Brgnsted
coefficients for G638 and A756 in VS catalysis, we plotted the kcat and pKainferred from
the pH-rate dependence profiles described above and fit the resulting data linearly in
KaleidaGraph (Synergy Software)

Thio effects and mutational and metal-ion rescue

The effect of substituting a sulfur at a non-bridging position of a phosphate is
referred to as a thio effect (equation 5) where ko is the rate constant for cleavage of the
unsubstituted substrate and ks is the rate constant for cleavage of the thio substrate.

5
Thio effect = k—O ®)

N

When thio substitution reduces the observed rate constant for cleavage, the thio effect is
larger than one and referred normal. For reactions where thio substation increases the
observed rate constant, the thio effect will be less than one and referred as inverse.

To test whether thio effects arise from a loss of interaction with a specific chemical
group, we observed thio effects in the presence and absence of that group. For instance,
to test whether any of the observed thio effects arise from a loss of interaction with
G638:N2, we test thio effects in the context of wild type and G638l substrates that lacked
G638:N2. The mutational rescue can be quantified in equation 6 where numerator is the
thio effect in the wild type background and the denominator is the thio effect in the mutated

background.
kfo wT (6)
kS

Mutational Rescue =

A mutational rescue of one indicates that the mutation has no impact on the thio effect,
but when the a thio effect is reduced in the mutant background the mutational rescue will
be larger than one indicative of a functional linkage between the mutation and the thio
substitution.

If thio effects arise due to a loss of an interaction with a divalent metal ion, then
addition of a thiophilic metal ion should “rescue” the lost interaction and ameliorate the
thio effect 4. Thus, we observed thio effect under standard conditions (10mM MgCl.) and
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in the presence of a thiophilic metal ion (10mM MgCI, and 20uM CdCl,). Metal ion rescue
effect can be quantified following equation 7 where the numerator if the thio effect under
standard conditions and the denominator is the thio effect in the presence of thiophilic

ions.
Mg?* (7)
ky
k,

C d2+
ko
ks

A value greater one will be observed when the thio effect is reduced (or inverted) in the
presence of thiophilic metal ions, thereby suggesting an interaction between the thio-
substituted atom and the thiophilic ion. We conducted metal ion rescue under the (10mM
MgCl> and 20uM CdCl,) at that concentration of CdCl, has essentially no impact on the
rate of unsubstituted substrates, but fully stimulates thio substituted substrates.

Metal ion Rescue =
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Synthetic Methods

3-Deazaadenosine (1): Following a synthesis adapted from Micura and co-workers 48,
N,O-bis(trimethylsilyl)acetamide (3.20 mL, 13.1 mmol) was added to a mixture of 1-O-
acetyl-2,3,5-tri-O-benzoyl-D-ribofuranose (1.88 g, 3.73 mmol) and 3-deazaadenine (500
mg, 3.73 mmol) in dry toluene (80 mL) under an argon atmosphere. The suspension was
heated to 105°C and stirred for 2.5 hours and then cooled to room temperature.
Trimethylsilyl trifluoromethanesulfonate (2.03 mL, 11.2 mmol) was added and the solution
was stirred at 105 °C for an additional 2 hours. Following cooling of the reaction mixture
and evaporation of the solvent, the residue was diluted in dichloromethane and washed
with saturated NaHCO3 solution. The combined organic layers were dried over MgSOa.
After the solution was filtered and evaporated, the residue was purified by flash silica gel
chromatography eluting with 1% methanol in dichloromethane containing 1%
trimethylamine to give the glycosylation product as beige foam. The glycosylation product
was dissolved into methanol (20 mL) and the solution was saturated with ammonia at O
°C for 30 minutes and stored at 4 °C for 2 days. The solvent was removed and the residue
was isolated by silica gel chromatography eluting with 25% methanol in dichloromethane
to give 1 as a white foam 4851 (440 mg, 44% yield). *H NMR (DMSO-ds) § 8.40 (s, 1H),
7.67 (d, 1H, J = 6.0 Hz), 7.05 (d, 1H, J = 6.0 Hz), 6.78 (brs, 2H), 5.79 (d, 1H, J = 6.4 Hz),
5.55 (d, 1H), 5.28 (d, 1H), 5.18 (t, 1H), 4.30 (m, 1H), 4.10 (m, 1H), 3.97 (m, 1H), 3.63 (m,
2H); 3C NMR (DMSO-dg) 6 151.5, 141.0, 138.1, 137.8, 126.8, 98.1, 88.9, 85.9, 74.3,
70.2, 61.3.

Né-Phenoxyacetyl-3-deazaadenosine (2): TMSCI (3.30 mL, 26.4 mmol) was added
dropwise to the suspension of 1 (914 mg, 3.52 mmol) in anhydrous pyridine (20 mL), the
reaction mixture was stirred at room temperature for 45 minutes. Meanwhile
phenoxyacetyl chloride (0.73 mL, 5.3 mmol) was added dropwise to 1,2,4-triazole (0.37
g, 5.3 mmol) in acetonitrile (7.0 mL) and pyridine (7.0 mL). The acylating reagent, formed
in situ, was transferred by cannula needle to the flak containing transiently protected
nucleoside. The reaction mixture was heated up and stirred at 55 °C for 7 hours. After it
was cooled down to room temperature, water (3.0 mL) was added, followed by 28%
ammonium hydroxide (1.7 mL). The solution was concentrated to remove pyridine,
redissolved into water and extracted with dichloromethane. The solid was precipitated out
from aqueous layer, filtered, washed with dichloromethane and dried over vacuum to give
2 (1.218 g, 86% yield). H NMR (DMSO-ds) & 10.37 (brs, 1H), 8.59 (s, 1H), 8.13 (d, 1H,
J=5.6 Hz), 7.70 (d, 1H, J =6.0 Hz), 7.30 (m, 2H), 7.05-6.90 (m, 3H), 5.91 (d, 1H, J=6.0
Hz), 5.60 (d, 1H, J = 6.4 Hz), 5.30 (d, 1H, J = 4.4 Hz), 5.22 (t, 1H, J = 5.0 Hz), 4.90 (s,
2H), 4.37 (m, 1H), 4.13 (m, 1H), 4.01 (m, 1H), 3.66 (m, 2H); 13C NMR (DMSO-ds) 6 167.0,
157.9, 143.0, 140.0, 139.1, 132.8, 129.5, 121.2, 114.7, 114.4, 105.4, 88.9, 86.0, 74.0,
70.2, 67.1, 61.2; HRMS calcd for C19H21N4Oe [MH*]: 401.1461, found: 401.1461.
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Supplementary Scheme 1. Synthesis of 3-deazaadenosine phosphoramiditie

5-0-DMT-N®-phenoxyacetyl-3-deazaadenosine (3): Under an argon atmosphere
DMTCI (400 mg, 1.18 mmol) and DMAP (20 mg, 0.16 mmol) were added into the solution
of 2 (236 mg, 0.59 mmol) in pyridine (5 mL). After the mixture was stirred at room
temperature overnight, the reaction was quenched with methanol (1 mL). The solvent was
removed under vacuum, then residue was redissolved into dichloromethane, washed with
saturated agueous NaHCO3 and brine and dried over MgSO4. The solvent was again
removed, and the residue was isolated by silica gel chromatography, eluting with 5%
methanol in dichloromethane to give 5 (394 mg, 95% vyield) as a pale-yellow foam. *H
NMR (CDCIs/TMS) & 9.47 (brs, 1H), 8.04 (s, 1H), 7.58 (d, 1H, J = 5.6 Hz), 7.39 (d, 2H, J
= 7.2 Hz), 7.35-7.10 (m, 10H), 7.05-6.95 (m, 3H), 6.76 (m, 4H), 5.84 (d, 1H, J = 6.0 Hz),
4.70-4.55 (m, 3H), 4.50 (m, 1H), 4.30 (m, 1H), 3.70 (s, 3H), 3.69 (s, 3H), 3.44 (m, 2H);
13C NMR (CDCls) & 158.7, 158.6, 157.1, 144.5, 142.2, 138.8, 135.6, 135.5, 130.24,
130.20, 129.9, 128.3, 128.0, 127.1, 122.4, 115.1, 113.3, 105.0, 89.9, 86.8, 84.7, 74.5,
71.2,67.9, 63.6, 55.3; HRMS calcd for C40H39N4Og [MH*]: 703.2768, found: 703.2769.

5-0-DMT-2"-O-TBS-N®-phenoxyacetyl-3-deaza-adenosine (4a) and 5 -O-DMT-2"-O-
TBS-NS8-phenoxyacetyl-3-deazaadenosine (4b): Under an argon atmosphere to the
solution of 5 (433 mg, 0.616 mmol) in dry THF (10 mL), pyridine (0.25 mL, 3.1 mmol),
silver nitrate (209 mg, 1.23 mmol) and TBSCI (139 mg, 0.92 mmol) were added. The
reaction mixture was stirred at room temperature overnight. The next morning, the solid
was filtered off, the solution was evaporated and the residue was redissolved into
dichloromethane, washed with water, saturated NaHCOs, brine and dried over MgSOQOa.
The solvent was again removed, and the residue was isolated by silica gel
chromatography, eluting with 2% methanol in dichloromethane to give the up spot on
TLC, 4a (131 mg, 26% yield) and the low spot on TLC, 4b (0.183 g, 22% yield) as white
films.

4a: 'H NMR (CDCIs/TMS) & 9.55 (brs, 1H), 8.10 (s, 1H), 7.92 (d, 1H, J = 5.6 Hz), 7.50-
7.20 (m, 12H), 7.15-7.00 (m, 3H), 6.85-6.72 (m, 4H), 5.83 (d, 1H, J = 7.2 Hz), 4.81 (s,
2H), 4.75 (dd, 1H, J =5.2, 1.6 Hz), 4.33 (m, 1H), 3.78 (s, 3H), 3.77 (s, 3H), 3.60-3.45 (m,
2H), 0.82 (s, 9H), -0.11 (s, 3H), -0.35 (s, 3H); 13C NMR (CDCls) 6 158.8, 157.3, 144.3,
143.5, 141.8,141.3, 138.7, 135.2,135.1, 130.3, 129.9, 128.3, 128.2, 127.3, 122.3, 115.1,
113.4,104.9,89.2,87.3,84.7,75.7,71.7,68.1, 63.5,55.4, 25.6, 17.9, -5.20, -5.22; HRMS
calcd for C46Hs3N4OsSi [MH']: 817.3633, found: 817.3635.

4b: 'H NMR (CDCIs/TMS) 6 8.21 (s, 1H), 8.06 (d, 1H, J = 5.6 Hz), 7.46 (d, 1H, J = 5.6
Hz), 7.43-6.90 (m, 14H), 6.85-6.75 (m, 4H), 5.83 (d, 1H, J = 4.8 Hz), 4.81 (s, 2H), 4.45-
4.40 (m, 2H), 4.18 (m, 1H), 3.78 (s, 3H), 3.77 (s, 3H), 3.55 (m, 1H), 3.36 (m, 1H); 3C
NMR (CDCls) 6 158.8, 157.4, 144.1, 143.2, 141.4, 141.1, 138.8, 135.3, 135.2, 130.2,
129.8, 129.2,128.2,128.1, 122.2, 115.1, 113.4, 104.9, 90.9, 87.0, 84.9, 74.9, 71.7, 68.1,
62.5, 55.3, 25.8, 18.1, -4.53, -4.78; HRMS calcd for CssHs3N4OsSi [MH*]: 817.3633,
found: 817.3634.

5-0-DMT-2"-O-TBS-N°®-phenoxyacetyl-3-deazaadenosine 3"-N,N-
Diisopropyl(cyanoethyl)phosphoramidite (5): To the solution of 4a (116 mg, 0.14
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mmol) and i-ProNEt (122 uL, 0.70 mmol) in anhydrous dichloromethane (5.0 mL) at 0 °C,
CIP(NPr-i2)OCH2CH2CN (95 uL, 0.42 mmol) was added, followed by the addition of 1-
methylimidazole (6.0 pL, 0.07 mmol). The reaction mixture was stirred at room
temperature for 1 hour, then quenched with methanol (1.0 mL). The solvent was removed
under vacuum and the residue was purified by silica gel chromatography, eluting with
0.5% EtsN in CH2Cl, to give 5 as a yellow foam (100 mg, 70% yield). 3P NMR (CDsCN)
d 151.6, 149.1 ppm; HRMS calcd for CssH71NeOoPSi [MH*]: 1018.4789, found:
1018.4778.

3-Deazapurine (6): Under an argon atmosphere, to the mixture of 1-O-acetyl-2,3,5-tri-O-
benzoyl-D-ribofuranose (4.24 g, 8.40 mmol) and 3-deazapurine (1000 mg, 8.40 mmol) in
dry toluene (100 mL), N,O-bis(trimethylsilyl)acetamide (7.20 mL, 29.4 mmol) was added.
The suspension was heated up to 105 °C, stirred for 1.5 hours, then cooled to room
temperature before the addition of trimethylsilyl trifluoromethanesulfonate (4.56 mL, 25.2
mmol). The reaction mixture was then stirred at 105 °C overnight. The next morning, the
mixture was cooled to room temperature and the solvent was removed under vacuum,
then the residue was diluted in dichloromethane and washed with saturated NaHCO3
solution. The combined organic layers were dried over MgSQOa. After the solution was
filtered and evaporated, the residue was purified by flash silica gel chromatography
eluting with 4-8% methanol in dichloromethane to give the glycosylation product. The
glycosylation product was dissolved into methanol (20 mL) and the solution was saturated
with ammonia at 0 °C for 30 minutes and stored at 4 °C for 24 hours. The solvent was
removed and the reside was isolated by silica gel chromatography eluting with 15%
methanol in ethyl acetate to give 6 52 as a white foam (312 mg, 15% yield). 'H NMR
(CD30OD) 6 8.89 (brs, 1H), 8.63 (s, 1H), 8.31 (d, 1H, J = 5.6 Hz), 7.84 (d, 1H, J = 5.6 Hz),
5.99 (d, 1H, J = 6.0 Hz), 4.45 (t, 1H, J = 5.6 Hz), 4.28 (m, 1H), 4.14 (dd, 1H, J =6.0, 3.2
Hz), 3.85 (dd, 1H, J=12.2, 3.0 Hz), 3.78 (dd, 1H, J = 12.2, 3.4 Hz); 13C NMR (CDs0D) &
145.5, 142.6, 142.5, 141.9, 139.6, 108.9, 91.0, 87.6, 76.2, 71.9, 62.6; HRMS calcd for
C11H14N304 [MH*]: 252.0984, found: 252.0982.

5°-O-DMT-3-deazapurine (7): Under an argon atmosphere DMTCI (756 mg, 2.23 mmol)
was added to a solution of 6 (312 mg, 1.24 mmol) in pyridine (5 mL). After the mixture
was stirred at room temperature overnight, the solvent was removed, the residue was
dissolved in dichloromethane, washed with saturated agueous NaHCOg3, brine and dried
over MgSOas. The solvent was removed, and the residue was isolated by silica gel
chromatography, eluting with 5% methanol in dichloromethane to give 7 (322 mg, 47%
yield) as a pale yellow foam. *H NMR (CDCI3z/TMS) & 8.60 (s, 1H), 8.10 (s, 1H), 7.67 (d,
1H, J = 5.6 Hz), 7.40 (d, 2H, J = 7.6 Hz), 7.35 (d, 1H, J = 5.6 Hz), 7.30 (d, 4H, J = 8.6
Hz), 7.21 (m, 2H), 7.14 (t, 1H, J = 7.2 Hz), 6.80-6.70 (m, 4H), 5.86 (d, 1H, J = 6.4 Hz),
4.59 (m, 1H), 4.51 (dd, 1H, J = 5.2, 2.4 Hz), 4.35 (m, 1H), 3.69 (s, 6H), 3.48 (m, 2H); 13C
NMR (CDClz) 6 158.7, 144.4, 143.6, 141.7, 141.1, 140.9, 137.6, 135.5, 135.4, 130.22,
130.20,128.2,128.1,127.1, 113.3, 107.7, 90.1, 86.9, 84.8, 73.9, 71.2, 63.7, 55.3; HRMS
calcd for C32H32N30e [MH*]: 554.2291, found: 554.2292.

5°-O-DMT-2"-O-TBS-3-deazapurine (8a) and 5" -O-DMT-3"-O-TBS-3-deazapurine (8b):
Compound 7 (0.322 g, 0.582 mmol) was coevaporated with dry pyridine (4 mL), and then
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dried over vacuum for 30 minutes and redissolved in dry THF (10 mL). To that solution,
pyridine (0.24 mL, 2.91 mmol), silver nitrate (197 mg, 1.16 mmol) and TBSCI (106 mg,
0.70 mmol) were added and the mixture was stirred at room temperature overnight. The
next morning, TLC showed unreacted 7, so additional TBSCI (26 mg, 0.17 mmol) was
added and the mixture was stirred at room temperature for an additional 2 hours. The
solid was filtered off, the filtrate was diluted with dichloromethane, washed with saturated
NaHCOs, brine and dried over MgSOas. The solvent was removed, and the residue was
isolated by silica gel chromatography, eluting with 2 - 3% methanol in dichloromethane to
give the up spot on TLC, 8a (117 mg, 30% yield) and the low spot on TLC, 8b (161 mg,
41% yield) as white foams.

8a: 'H NMR (CDCIs/TMS) & 9.11 (s, 1H), 8.14 (s, 1H), 8.12 (d, 1H, J = 5.0 Hz), 7.58 (d,
1H, J = 5.5 Hz), 7.43 (d, 2H, J = 7.0 Hz), 7.38-7.20 (m, 7H), 6.90-6.75 (m, 4H), 5.86 (d,
1H, J = 7.5 Hz), 4.76 (dd, 1H, J = 7.0, 5.0 Hz), 4.38 (m, 1H), 3.79 (s, 3H), 3.78 (s, 3H),
3.56 (dd, 1H, J=10.8, 2.5 Hz), 3.50 (dd, 1H, J = 10.8, 3.0 Hz), 0.81 (s, 9H), -0.12 (s, 3H),
-0.38 (s, 3H); 3C NMR (CDCls) & 158.85, 158.83, 144.4, 144.4, 143.7, 142.9, 142.6,
137.7, 135.3, 135.2, 130.30, 130.27, 128.25, 128.15, 127.3, 113.4, 107.1, 89.0, 87.2,
84.7,75.8,71.8,63.6,55.4, 25.6, 17.9, -5.24, -5.30; HRMS calcd for C3gHasN306Si [MH™]:
668.3156, found: 668.3157.

8b: 'H NMR (CDCIs/TMS) 8 9.12 (s, 1H), 8.25 (d, 1H, J = 5.6 Hz), 8.23 (s, 1H), 7.62 (d,
1H, J = 5.6 Hz), 7.50-7.20 (m, 9H), 6.90-6.75 (m, 4H), 5.85 (d, 1H, J = 5.2 Hz), 4.50-4.40
(m, 2H), 4.19 (dd, 1H, J = 6.0, 3.2 Hz), 3.78 (s, 3H), 3.77 (s, 3H), 3.55 (dd, 1H, J =10.8,
2.8 Hz), 3.35 (dd, 1H, J = 10.8, 3.6 Hz), 0.90 (s, 9H), 0.087 (s, 3H), 0.007 (s, 3H); 3C
NMR (CDClz) 6 158.8, 144.2, 143.5, 142.5, 142.4, 141.5, 137.7, 135.33, 135.28, 130.18,
130.15, 128.2, 128.1, 127.3, 113.4, 107.0, 90.7, 87.0, 84.9, 74.8, 71.9, 62.7, 55.4, 25.8,
18.1, -4.50, -4.76; HRMS calcd for C3sHsN306Si [MH*]: 668.3156, found: 668.3158.

5°-O-DMT-2"-O-TBS-3-deazapurine 3"-N,N-
Diisopropyl(cyanoethyl)phosphoramidite (9): To the solution of 8a (59 mg, 0.088
mmol) and i-PraNEt (150 uL, 0.88 mmol) in anhydrous dichloromethane (5.0 mL) at 0 °C,
CIP(NPr-i2)OCH2CH2CN (59 pL, 0.264 mmol) was added, followed by the addition of 1-
methylimidazole (3.5 pL, 0.044 mmol). The reaction mixture was stirred at room
temperature for 1 hour then quenched with methanol (1.0 mL). The solvent was removed,
the residue was purified by silica gel chromatography, eluting with 0.5% EtsN in CH2Cl>
to give 9 as a white foam (73 mg, 95% yield). 3P NMR (CDsCN) & 151.6, 149.0 ppm;
HRMS calcd for C47He3NsO7PSi [MH*]: 868.4234, found: 868.4230.
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Supplementary Scheme 2. Synthesis of 3-deazapurine phoshphoramidite

2°,3",5°-Tri-O-acetyl-8-azaquanosine (10): Following a procedure adapted from
Rosemeyer and collogues °3, SnCls (2.58 mL, 22.1 mmol) was added to a suspension of
8-azaadenine (1.00 g, 7.35 mmol) and 1,2,3,5-tetra-O-acetyl-p-D-ribofuranose (2.34 g,
7.35 mmol) in dry acetonitrile (30 mL) under an argon atmosphere and stirred at room
temperature for 24 hours. The reaction mixture was poured into saturated NaHCO3 (100
mL). The precipitate was filtered off, and washed with water (2 x 30 mL). The filtrate was
extracted with dichloromethane. The organic layers were combined and dried over
MgSO4. The solvent was removed, and the residue was isolated by silica gel
chromatography, eluting with 5% methanol in dichloromethane to collect the faster
migrating spot on TLC, 10 (808 mg, 28% yield) as a white foam. *H NMR (CDCIs/TMS) &
8.41 (s, 1H), 7.30 (s, 2H), 6.56 (d, 1H, J = 4.0 Hz), 6.18 (m, 1H), 5.86 (m, 1H), 4.52-4.45
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(m, 2H), 4.25 (m, 1H), 2.13 (s, 3H), 2.09 (s, 3H), 2.04 (s, 3H); 3C NMR (CDCls) § 170.7,
169.7, 169.5, 157.3, 156.2, 149.5, 124.5, 87.4, 80.7, 73.3, 71.0, 63.1, 20.8, 20.6, 20.5.

Ne-Phenoxyacetyl-8-azaadenosine (11): The solution of 10 (936 mg, 2.37 mmol) was
saturated in methanol (20 mL) and stored at 0 °C for 30 minutes, then 4 °C for 12 hours.
The solvent was removed, the residue was dried over vacuum for 30 minutes and
redissolved into dry pyridine (15 mL) under an argon atmosphere. To this solution, TMSCI
(2.20 mL, 17.8 mmol) was added and the mixture was stirred at room temperature for 45
minutes. Meanwhile, the acylating agent was formed in situ by the dropwise addition of
phenoxyacetyl chloride (0.50 mL, 3.6 mmol) to 1,2,4-triazole (250 mg, 3.6 mmol) in
acetonitrile (5.0 mL) and pyridine (5.0 mL). The acylating reagent was then transferred
by cannula needle to the flak containing transiently protected nucleoside. The reaction
mixture was heated to 55°C and stirred for 7 hours. After the mixture cooled to room
temperature, water (2.0 mL) was added, followed by 28% ammonium hydroxide (1.1 mL).
The solution was concentrated to remove pyridine, redissolved into water (20 mL),
extracted with dichloromethane (16 mL). The organic layer was concentrated and purified
by silica gel chromatography eluting with 5% methanol in dichloromethane to to give 11
as a white foam (528 mg, 55% vyield). *H NMR (DMSO-de) § 11.82 (brs, 1H), 8.92 (s,
1H), 7.30 (m, 2H), 7.00-6.95 (m, 3H), 6.29 (d, 1H, J = 4.8 Hz), 5.67 (d, 1H, J = 5.6 Hz),
5.36 (d, 1H, J = 5.6 Hz), 5.13 (s, 2H), 4.91 (dd, 1H, J = 10.0, 4.8 Hz), 4.86 (t, 1H, J = 6.0
Hz), 4.38 (dd, 1H, J = 9.6, 4.8 Hz), 4.05 (dd, 1H, J = 9.6, 4.8 Hz), 3.64 (m, 1H), 3.50 (m,
1H); 3C NMR (DMSO-ds) 6 168.0, 157.8, 156.3, 150.8, 150.3, 129.5, 126.0, 121.1, 114.6,
89.6, 86.3, 73.1, 70.6, 67.3, 61.7; HRMS calcd for C17H19NsOs [MH*]: 403.1366, found:
403.1361.

5-0-DMT-N®-phenoxyacetyl-8-azaadenosine (12): Under an argon atmosphere
DMTCI (480 mg, 1.41 mmol) was added into the solution of 11 (476 mg, 1.18 mmol) in
pyridine (10 mL). After the mixture was stirred at room temperature overnight, the reaction
was quenched with methanol (5 mL). The solvent was removed, the residue was
redissolved into dichloromethane, washed with saturated aqueous NaHCOs3, brine and
dried over MgSOa. The solvent was removed, and the residue was isolated by silica gel
chromatography, eluting with 3% methanol in dichloromethane to give 12 (579 mg, 70%
yield) as a pale yellow foam. *H NMR (CDCI3/TMS) & 9.76 (brs, 1H), 8.74 (s, 1H), 7.35-
6.95 (m, 14H), 6.66 (m, 4H), 6.54 (d, 1H, J = 3.6 Hz), 5.22 (m, 1H), 4.81 (brs, 3H), 4.50
(brs, 1H), 4.34 (dd, 1H, J = 9.2, 4.8 Hz), 3.91 (brs, 1H), 3.67 (s, 3H), 3.66 (s, 3H), 3.41
(dd, 1H, J = 10.4, 3.6 Hz), 3.26 (dd, 1H, J = 10.4, 4.8 Hz); 3C NMR (CDCls) § 167.2,
158.4, 156.8, 156.4, 150.7, 149.4, 144.6, 135.9, 135.8, 130.08, 130.04, 129.96, 128.2,
127.8, 126.8, 125.7, 122.7, 114.9, 113.0, 105.0, 90.0, 86.3, 84.5, 74.1, 71.7, 68.0, 63.5,
55.2; HRMS calcd for C3sH37NsOg [MH*]: 705.2673, found: 705.2654.

5-0-DMT-2"-O-TIPS-N®-phenoxyacetyl-8-aza-adenosine (13): Under an argon
atmosphere to the solution of 12 (579 mg, 0.82 mmol) in dry THF (10 mL), pyridine (0.66
mL, 8.2 mmol), silver nitrate (280 mg, 1.64 mmol) and triisopropylsilyl chloride (TIPSCI)
(220 pL, 1.03 mmol) were added. The reaction mixture was stirred at room temperature
for 2 days. The solid was filtered off, the solution was evaporated, and the residue was
isolated by silica gel chromatography, eluting with 20% ethyl acetate in hexane to give 13
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(106 mg, 15% yield) as a white foam. *H NMR (CDCIs/TMS) § 9.71 (brs, 1H), 8.89 (s, 1H),
7.45-7.05 (m, 14H), 6.76 (m, 4H), 6.53 (d, 1H, J = 4.5 Hz), 5.48 (t, 1H, J = 5.0 Hz), 4.90
(s, 2H), 4.54 (m, 1H), 4.32 (m, 1H), 3.76 (s, 6H), 3.48 (dd, 1H, J = 10.5, 4.0 Hz), 3.23 (dd,
1H, J = 10.5, 4.5 Hz), 2.82 (d, 1H, J = 5.0 Hz), 1.05-0.85 (m, 21H); 13C NMR (CDCls) &
166.5, 158.5, 156.89, 156.86, 151.0, 149.8, 144.8, 136.1, 135.9, 130.23, 130.21, 130.1,
128.3, 127.9, 126.8, 126.0, 122.9, 115.1, 113.17, 113.15, 90.2, 86.5, 85.1, 75.1, 72.3,
68.1, 63.5, 55.3,17.8, 17.7, 12.1; HRMS calcd for C47H57NsOsSi [MH*]: 861.4007, found:
861.4002.
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Supplementary Scheme 3. Synthesis of 8-azaadenosine phosphoramidite

5-0-DMT-2"-O-TIPS-N®-phenoxyacetyl-8-azaadenosine 3"-N,N-
Diisopropyl(cyanoethyl)phosphoramidite (14): To the solution of 13 (100 mg, 0.116
mmol) and i-PraNEt (200 uL, 1.16 mmol) in anhydrous dichloromethane (5.0 mL) at 0 °C,
CIP(NPr-i2)OCH2CH2CN (78 uL, 0.348 mmol) was added, followed by the addition of 1-
methylimidazole (4.6 pL, 0.058 mmol). The reaction mixture was stirred at room
temperature for 1 hour. The reaction was quenched with methanol (1.0 mL). The solvent
was removed, the residue was purified by silica gel chromatography, eluting with 0.25%
EtsN in CH2Cl; to give 14 (100 mg, 81% yield). 3P NMR (CDsCN) & 151.7, 149.4 ppm;
HRMS calcd for CseH7aNgO9PSi [MH*]: 1061.5086, found: 1061.5084.

N2-Dimethylaminomethylene-8-azaguanosine (15): Under an argon atmosphere, to
the mixture of 1-O-acetyl-2,3,5-tri-O-benzoyl-D-ribofuranose (504 mg, 1.0 mmol) and 8-
azaguanine (152 mg, 3.73 mmol) in dry toluene (25 mL), N,O-bis(trimethylsilyl)acetamide
(0.855 mL, 3.5 mmol) was added. The suspension was heated up and stirred at 105 °C
for 25 hours and then <cooled to room temperature. Trimethylsilyl
trifluoromethanesulfonate (0.54 mL, 3.0 mmol) was added and the solution was stirred at
105 °C for 17 hours. After the reaction cooled to room temperature, the solvent was
removed under vacuum and the residue was redissolved in dichloromethane and washed
with saturated NaHCO3 solution. The combined organic layers were dried over MgSO4,
filtered and finally evaporated under vacuum. The residue was dissolved into methanol
(20 mL) and the solution was saturated with ammonia at 0 °C for 30 minutes then stored
at 4 °C for 2 days. The residue was dried over vacuum overnight and redissolved in dry
methanol (15 mL), then N,N-dimethylformamide dimethyl acetal (1.33 mL, 10.0 mmol)
was added and the mixture was stirred at room temperature overnight. The solvent was
removed, the residue was isolated by silica gel chromatography, eluting with 10%
methanol in dichloromethane to give 15 (134 mg, 40% yield) as white solid. *H NMR
(DMSO-dg) 6 11.72 (brs, 1H), 8.66 (s, 1H), 6.01 (d, 1H, J =5.0 Hz), 5.58 (d, 1H, J =5.0
Hz), 5.31 (d, 1H, J=4.0 Hz), 4.88 (t, 1H, J = 5.5 Hz), 4.74 (m, 1H), 4.26 (m, 1H), 3.96 (m,
1H), 3.65-3.50 (m, 2H), 3.20 (s, 3H), 3.07 (s, 3H); ¥*C NMR (DMSO-ds) & 160.2, 159.2,
156.6, 151.0, 126.6, 88.5, 85.9, 73.2, 70.9, 62.1, 41.2, 35.1; HRMS calcd for C12H18N7Os
[MH"]: 340.1369, found: 340.1369.

5-0-DMT-N?-dimethylaminomethylene-8-azaguanosine (16): Under an argon
atmosphere DMTCI (1.65 g, 4.88 mmol) was added into the solution of 15 (1.382 g, 4.07
mmol) in pyridine (35 mL). After the mixture was stirred at room temperature for 24 h, the
reaction was quenched with methanol (5 mL). The solvent was removed, the residue was
redissolved into dichloromethane, washed with saturated aqueous NaHCOg3, brine and
dried over MgSOa. The solvent was removed, and the residue was isolated by silica gel
chromatography, eluting with 3% methanol in dichloromethane to give 16 (1.402 mg, 54%
yield) as a pale-yellow foam. *H NMR (CDCI3/TMS) & 10.08 (brs, 1H), 8.30 (s, 1H), 7.38
(d, 2H,J =7.8 Hz), 7.26 (d, 4H, J =8.4 Hz), 7.16 (t, 2H, J =7.4 Hz), 7.09 (t, 1H,J=7.0
Hz), 6.71 (d, 4H, J = 8.4 Hz), 6.25 (d, 1H, J = 3.6 Hz), 5.10 (m, 1H), 4.61 (m, 1H), 4.30
(m, 1H), 3.69 (s, 6H), 3.38 (m, 1H), 3.27 (m 1H), 2.89 (s, 3H), 2.82 (s, 3H); 3C NMR
(CDCl3) 6 159.3, 159.0, 158.4, 157.6, 151.5, 144.9, 136.1, 136.0, 130.2, 128.3, 127.8,

20



126.8, 126.3, 113.1, 88.5, 86.3, 84.2, 73.9, 71.8, 64.1, 55.3, 41.7, 35.5; HRMS calcd for
Cs3H3sN707 [MH™]: 642.2676, found: 642.2667.

5-0-DMT-2"-O-TBS-N?-dimethylaminomethylene-8-azaguanosine (17a) and 5 -O-
DMT-3"-O-TBS-N?-dimethylaminomethylene-8-azaguanosine (17b): Under an argon
atmosphere to the solution of 16 (925 mg, 1.44 mmol) in dry THF (25 mL), pyridine (1.16
mL, 11.7 mmol), silver nitrate (414 mg, 2.88 mmol) and TBSCI (326 mg, 2.16 mmol) were
added. The reaction mixture was stirred at room temperature overnight. The solid was
filtered off, the solution was evaporated and redissolved into dichlormethane, washed
with saturated NaHCOs, brine, and dried over MgSOa. The solvent was removed and the
residue was isolated by silica gel chromatography, eluting with 1-2% methanol in
dichloromethane. TLC showed two products with the faster migrating spot corresponding
to 17a (278 mg, 26% yield) and the slower migrating spot to 17b (278 mg, 26% yield) as
light-yellow foams.

17a:*H NMR (CDCIs/TMS) & 10.04 (brs, 1H), 8.76 (s, 1H), 7.60-7.25 (m, 9H), 6.89 (d, 4H,
J =8.8 Hz), 6.29 (d, 1H, J = 5.6 Hz), 5.40 (t, 1H, J = 5.2 Hz), 4.47 (m, 1H), 4.37 (m, 1H),
3.87 (s, 6H), 3.54 (dd, 1H, J = 10.4, 3.6 Hz), 3.32 (dd, 1H, J = 10.4, 4.4 Hz), 3.21 (s, 3H),
3.17 (s, 3H), 2.90 (d, 1H, J = 4.0 Hz), 0.96 (s, 9H), 0.17 (s, 3H), 0.003 (s, 3H); *C NMR
(CDCl3) 6 159.7, 159.3, 158.5, 157.0, 152.0, 144.8, 136.1, 135.9, 130.2, 128.3, 127.9,
127.1, 126.8, 113.2, 87.8, 86.4, 84.6, 74.7, 72.2, 63.8, 55.3, 41.6, 35.6, 25.7, 18.0, -4.78,
-5.02; HRMS calcd for C39Hs50N707Si [MH*]: 756.3541, found: 756.3538.

17b: 'H NMR (CDCI3/TMS) & 9.85 (brs, 1H), 8.72 (s, 1H), 7.55-7.20 (m, 9H), 6.85 (m,
4H), 6.41 (d, 1H, J = 2.4 Hz), 4.94 (m, 1H), 4.89 (m, 1H), 4.34 (m, 1H), 3.85 (s, 6H), 3.46
(dd, 1H, J=10.4, 3.0 Hz), 3.32 (d, 1H, J = 4.0 Hz), 3.26 (dd, 1H, J = 10.4, 5.6 Hz), 3.23
(s, 3H), 3.18 (s, 3H), 0.97 (s, 9H), 0.18 (s, 3H), 0.07 (s, 3H); *C NMR (CDCls) § 159.6,
159.2, 158.4, 156.8, 151.4, 144.7, 136.0, 135.9, 130.1, 130.0, 128.2, 127.8, 126.8, 126.7,
113.1, 88.1, 86.2, 84.2, 74.5, 72.4, 63.5, 55.3, 41.6, 35.4, 25.8, 18.0, -4.72, -4.80; HRMS
calcd for C3gHsoN707Si [MH]: 756.3541, found: 756.3542.

5-0-DMT-2"-O-TBS-N2-dimethylaminomethylene-8-azaguanosine 3"-N,N-
Diisopropyl(cyanoethyl)phosphoramidite (18): To the solution of 17a (182 mg, 0.241
mmol) and i-ProNEt (420 pL, 2.41 mmol) in anhydrous dichloromethane (10.0 mL) at O
°C, CIP(NPr-i2) OCH2CH2CN (161 pL, 0.723 mmol) was added, followed by the addition
of 1-methylimidazole (9.6 uL, 0.121 mmol). The reaction mixture was stirred at room
temperature for 1 hour. The reaction was quenched with methanol (1.0 mL). The solvent
was removed, the residue was purified by silica gel chromatography, eluting with 0.25%
EtsN in CH2Cl. to give 18 (207 mg, 90% vyield) as a white foam. 3!P NMR (CDsCN) &
150.5, 149.7 ppm; HRMS calcd for CasHs7NoOsPSi [MH*]: 956.4620 found: 956.4625.
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Supplementary Scheme 4. Synthesis of 8-azaguanosine phosphoramidite
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f6620 4R4V

Supplementary Figure 1. Catalytic site of the VS ribozyme. Active sites in the (a) 4R4P,
(b) 4R4V, (c) 5V3I crystal structures after the respective mutated residues are replaced
with the corresponding wildtype nucleobases. (d) Superimposition of the three different
active sites (4R4P — red, 4R4V — green, 5V3I — blue). 4R4P was obtained by mutating
the putative general acid, A756, to a G, and 4R4V was obtained by mutating the putative
general base, G638, to an A. The 5V3lI structure also corresponds to a G638A mutant but
does not contain the C634G mutation that was introduced in the 4R4P and 4R4V
structures to facilitate substrate binding. The active sites of these crystal structures do not
clearly exhibit the key catalytic features that are laid out in Breaker's framework for
discussing RNA catalysis, possibly because of distortions caused by mutations to the
catalytic nucleobases. Specifically, in each of the three structures, the A756 and G638
residues are positioned too far (24 A) from the 2'O nucleophile and 5'O leaving group to
participate in y and & catalysis, respectively. The angle formed between the O2’ oxygen,
scissile phosphorus atom, and O5' oxygen (t) ranges from 97-129°, far from the ideal the
in-line geometry (tr = 180°) optimal for a catalysis. In the 4R4P structure, the G638
exocyclic amine is within interacting distance to both NPOs, while in the 4R4V and 5V3l
structures, it is positioned to interact with the pro-Rp NPO alone. The 4R4P structure also
has the A756 exocyclic amine within interacting distance of the pro-Rp NPO; the residue
being further away from the scissile phosphate in the other two structures. Thus, the
functional relevance of these NPO interactions for B catalysis is unclear. Although the
crystal structures are unable to offer an unambiguous mechanistic interpretation, they
provide a critical starting point from which to computationally derive and experimentally
test detailed dynamical models of the active state ensemble in solution, allowing specific
catalytic strategies to be revealed.
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Supplementary Figure 2. lllustration of the truncated model of the ribozyme used in this
study. (a) Tertiary structure of the model, with the different helical elements numbered
and colored according to ref . The cleavage site along with the catalytic nucleobases are
shown as red sticks. (b) The model is depicted in context of the dimeric ribozyme by
showing the dimer in white and residues that belong to the model in various colors.
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Supplementary Figure 3. Proposed Mg?* ion binding site in the active site. (a) Cartoon
depiction of the Mg?* ion binding site. (b)-(e) illustrate the various Mg?* coordination
distances during the MD simulations.
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Supplementary Figure 4. Convergence of MD simulations. Root mean squared
deviations (RMSDs) of (a) all residues belonging to the ribozyme model, and (c) residues
belonging to the active site, are reported along 100 ns MD simulations. Red, blue, and
green colored lines correspond to independent simulations based on the three different
crystal structures with PDB IDs 4R4P, 4R4V, and 53VI, respectively. These crystal
structures are all very similar (within 1.1 A RMSD heavy-atom backbone). RMSDs in
panels [a-b] are calculated with respect to a single structure obtained from averaging the
4R4P, 4R4V, and 53VI crystal structures. The average structure was obtained by
averaging the heavy atom positions of the residues in the three crystal structures after
aligning the structures by RMSD fitting. Panels [c-d] are analogous to [a-b], except in [c-
d] the RMSDs of all residues (c) and active site residues (d) are calculated with respect
to the crystal structure from which that particular simulation departed. According to panel
(a), during the entire length of the MD simulations, the ribozyme does not undergo large
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scale conformational changes and remains close to the average crystal structure
reference with RMSDs typically between 2-3 A. According to panel (b), the active site
configurations in all three simulations departing from the three crystal structures are very
similar and also remain very close to the average crystal structure reference with RMSDs
typically around 1 A. According to panels [c-d], RMSDs calculated with respect to the
crystal structures from which the different simulations departed are very similar to RMSDs
calculated with respect to the single average crystal structure reference. In the MD
simulations reported in this figure, a Mg?* was bound at the pro-Sp NPO of the scissile
phosphate.
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Supplementary Figure 5. Atomic mutations series to assess functional contributions
from G’s keto group.
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Supplementary Figure 6. Cleavage rate over a range of pH for VS ribozymes variants
with A756 mutations. A) Wild type/Adenine, B) 7-deazaadenine (7cA), C) 3-
deazaadenine (3cA), D) 8-azaadenine (8nA), E) 8-aza-7-deazaadenine (8n7cA), F) 3-
deazapurine (3cP). All pH-profiles were fit to a model for double ionization the results of
which are summarized in supplemental table 1.
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Supplementary Figure 7. Cleavage rate over a range of pH for VS ribozymes variants
with G638 mutations. A) Wild type/Guanine, B) 7-deazaguanine (7¢cG), C) 8-
azaguanine (8nG), D) 6-thioguinine (6sG), E) 5-aza-7-deazaguanine (5n7cG). All pH-
profiles were fit to a model for double ionization with the exception of 5n7cG/P*, which
was fit to a model for a single ionization. The results of a fits are summarized in
supplemental table 1.
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Ribozyme Substrate Kcat (min-t) pKa,1 pKa,2
Wild Type Wild Type 270 £ 120 5801 84+0.1
A756(7cA) wild Type 120 + 50 65+0.1 8.7+0.1
A756(3cA)  Wild Type 70 + 40 80+01 9.7+0.2
A756(8nA) wild Type 260 + 160 52+0.2 9.1+0.1

A756(8n7aA)  Wild Type 230+110 56+0.1 9.1+0.1
A756(3cP) wild Type 6+3 65+01 8.4+0.1
wild Type  G638(8nG) 120 + 40 58+na 83%0.1
wild Type  G638(7¢G) 270 + 60 58+na 8.7+0.1
Wild Type  G638(6sG) 100 + 30 58+na 8.0+0.2
Wild Type G638(P¥*) 0.018+0.001 <6.1

Supplementary Table 1. Fitted parameters of from pH-profiles in supplemental figures
S5 and S6. All profiles were fit to a model for double ionization with the exception of the
G638P* mutant substrate, which was fit to a model for a single ionization. Values with
errors given as “n,a.” were fixed in data fitting.
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Supplementary Figure 8. QM region considered in the QM/MM simulations. The QM
region in simulations with the active site Mg?* ion consisted of 123 atoms and is depicted
in the figure in dark black color.
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Supplementary Figure 9. Finite temperature string simulations of the VS ribozyme
catalytic pathway in presence of the active site Mg?* ion using AM1-d/pho-T Hamiltonian.
(a) Free energy surface with initial and final strings. (b) Convergence of the strings. (c)
1D free energy profile along the converged string. (d) Evolution of reaction coordinates
along converged string. In (c) and (d) the X-axis, ¢, represents the reduced length of the
converged string (0 < ¢ < 1). The reactant and product states correspond to the values of
the stringat ¢ = 0, and ¢ = 1, respectively.
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Supplementary Figure 10. Comparison of the converged pathway obtained from FTS
simulations using the AM1-d/pho-T Hamiltonian with the analytic minimum free energy
path on the 2D free energy surface calculated from ab initio umbrella sampling
simulations. The converged pathway obtained from the FTS simulations is shown in
black. The analytic pathway, shown in magenta, is calculated by first identifying the
reactant and product minima on the 2D surface. Next, a series of linearly interpolated
points are generated between the two minima and a path is constructed passing through
the points and connecting the minima. This path is then iteratively refined until
convergence by performing local free energy minimization at the various points and
reconstructing the path. The “*” symbols shown in white and magenta denote the
transition states of the pathway obtained from FTS simulations and the analytic pathway,
respectively. The figure illustrates that the transition states obtained from the two methods
have very similar configurations.
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Extended discussions

This section is intended to provide a slightly elaborate discussion of certain
sections of the main text that had to kept brief because of length restrictions.

Phosphorothioate substitution and mutational analysis of A756 and G638 reveal catalytic
interactions in the active site

In an effort to better understand the interactions of the scissile phosphate NPOs
(mechanism(s) of B catalysis) in VS ribozyme, we tested the effect of sulfur substitution
at the non-bridging positions of the scissile phosphate. Earlier data demonstrated the
deleterious effect of phosphorothioate substitution at the scissile phosphate; however,
interpretation of these data is complicated by the fact that one study employed a mixture
of diastereomers® and another observed the effect of thio substitution on the reverse
reaction®. In this study, the Rp and Sp thio diastereomers were synthesized as a
diastereomeric mixture, separated by HPLC and identified by selective endonuclease
digestion (see Methods). The results from the phosphorothioate experiments are
summarized in Table 1. Under standard conditions (10mM MgCl,, 25mM KCI, 2mM
spermidine, pH = 8), the wild type ribozyme cleaved with k,,,= 0.32 min-1. In contrast, the
A621 Rp and Sp thio substrates cleaved with rates below the limit of detection (here, 10
mint) corresponding to thio effects of at least 3000-fold. These data suggest that critical
catalytic interactions are present at both NPOs of the scissile phosphate. Later, we show
that the Sp thio substrate exhibits metal ion rescue effects, whereas the Rp thio substrate
does not.

We wused chemically precise nucleobase modifications to pinpoint key
stereospecific functional interactions in the active site with the pro-Rp position of the
substrate scissile phosphate. Inspection of the crystal structures showed that the
exocyclic amines of G638 and A756 reside spatially close to the scissile phosphate
NPOs. Previous mutational studies®®®’ of these nucleobases have hinted at the
importance of their exocyclic amines. However, the interpretation of these studies was
complicated by the fact that the mutations made to remove the exocyclic amines at the
638 and 756 positions alter the pKas of these residues, which consequently could affect
their putative roles in proton transfer during the reaction (see section 8 in the main paper).
Moreover, these mutations were not analyzed in combination with phosphorothioate
substitution. To identify potential interactions of the G638 and A756 exocyclic amines to
the NPOs, we observed cleavage for ribozymes with the G638 mutated to inosine
(G638I), A756 mutated to 3-deazapurine (A756(3cP)), or both (referred to here as “double
mutant”) in oxo and phosphorothioate backgrounds. The use of 3-deazapurine provides
a strategy to test removal of A’s exocyclic amine without major perturbation to the N1 pKa.

Independent MD simulations departing from different crystal structures converge on a
functionally inactive state of the ribozyme in the absence of Mg?*
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The MD simulations are represented in Figure 2 in the form of interaction maps
that report on the probability of observing specific active site interactions that are deemed
to be important from functional data and are associated with each of the catalytic
strategies («-3). In simulations without active site Mg?* ion (Figure 2a), the phosphate
reaction center seldom achieves an in-line conformation (blue), suggesting inadequate o
catalysis. Among the functionally implicated interactions that affect the stabilization of
negative charge developed at scissile NPOs (j catalysis, shown in green), only the A756
exocyclic amine engages in a steady interaction with the pro-Rp NPO, consistent with our
experimental data; in contrast, G638 is mobile, its exocyclic amine forms only weak
transient interaction with the functionally implicated pro-Rer NPO, and a Na* ion
coordinates to the pro-Sp NPO with partial occupancy. Moreover, the position of the
putative general base G638:N1 very rarely interacts with the nucleophilic 2’-hydroxyl
group (red), and thus the simulation model does not support activation of O2’ nucleophile
(y catalysis). A756:N1 is observed to interact with the O5’ oxygen of the leaving group
(purple), albeit not consistently, suggesting moderate participation in stabilization of the
leaving group (& catalysis). Thus, the MD simulations based on the crystal structures
suggest that each of the key elements of catalysis (a, B, y, and d) are either absent or not
present in full strength to support efficient catalysis.

In simulations with active site Mg?* ion (Figure 2f), The phosphate reaction center
is observed to be in-line during the entire length of these simulations (blue) indicating
strong in-line fitness (a catalysis). Stabilization of scissile NPOs (p catalysis, shown in
green) is supported by stable interactions between the exocyclic amines of G638 and
A756 and the pro-Rp NPO, in agreement with the mutational rescue data, and between
the Mg?* ion and the pro-Sp NPO, in accord with the metal ion rescue data. Persistent
interactions are also observed between G638:N1 and the 2’-hydroxyl group (red), and
A756:N1 and the 5’0 leaving group (purple), consistent with their anticipated involvement
in O2’ nucleophile activation (y catalysis) and leaving group O5’ stabilization (& catalysis),
respectively (see below). The high color intensity of these interaction maps reflects
preservation of the active site interactions throughout the simulations, supporting each of
the key catalytic strategies (a, B, v, and 9d).

LFERs suggest proton transfer is nearly complete for the general base and partial for
the general acid in the transition state

In general acid-base catalysis, the intrinsic rate constant should depend log-
linearly on the pKa of the general acid and base. Plotting log(k..;) against pKa gives a so-
called Brgnsted plot,*® the slope of which corresponds to a Brgnsted coefficient (a or B),
which is a measurement of the sensitivity of the reaction to acid or base strength and
reflects the extent of proton transfer °°. In practice, measurement of Bragnsted coefficients
in ribozyme (or enzyme) catalysis is complicated by the fact that alterations to
nucleobases that affect pKa often also impact other aspects of catalysis. For instance,
mutation of guanosine to inosine results in an omission of an exocyclic amine which
interacts with the pro-Rp NPO of the scissile phosphate, thus such a mutation confounds
Brgnsted analysis. To avoid this problem, we employed a series of purine analogs with
endocyclic nitrogen perturbations that exhibit a broad range of pKas at the N1 position,

36



but differ structurally only with respect to the insertion and/or deletion of endocyclic
nitrogens. These “isofunctional” purine analogs thereby leave the Watson-Crick face and
exocyclic substituents of the nucleobase intact, but provide a range of nucleobase pKas.
If the charge on the nucleobase under investigation changed between the ground state
and transition state of the reaction consistent with proton transfer, then k., for the
analogs would be expected to vary log-linearly with pKa, giving a slope that reflects the
change in charge. Alternatively, if the charge on the nucleobase under investigation does
not change over the course of the reaction, or if the perturbations of the endocyclic
nitrogens affect catalysis through some mechanism other than pKa shifting, then the k_,;
will remain constant, or its relationship with pKa will diverge from log-linearity.
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