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Supplementary Figure 1. Comparison of the preli-
gation and product structures. a. Stereo views of
2|Fo| - |Fc| electron density maps for (left) the
Mg2+-Sr2+- and (right) Ca2+-Sr2+-preligation com-
plexes, following molecular replacement and initial
rounds of simulated annealing. Maps are
contoured at 1.20 and superposgd over the refine_d Ca?*-Sr*-preligation Mg?*~Sr*-preligation

models of the P3-P6—P7 domains, colored as in

Figure 1b. b. Superposition of the Ca2+-Sr2+-preligation structure and the product structure (PDB ID: 3HHN)28. Shown are
backbone traces of all-atom superpositions, excluding the U1A protein and its cognate loop. Residues near the 5'-end of J1/3,
colored light gray, were poorly ordered. c. Superposition of the Ca2+—Sr2+-preligation complex and the product structure, as
viewed from the active site. The product structure is depicted as black lines. The preligation structure is depicted as sticks
colored as in Figure 1d. In the Ca2+-Sr2+-complex, widening of the P2 helix weakens the base pair between G1 and the
template residue C12, increasing the distance between their C1'-carbons by 0.3 A and rotating the C12 base 24° away from
ideal pairing geometry. The G1 ribose is concomitantly shifted ~1 A away from its position in the product structure, which, owing
to the steric effects of the 5'-triphosphate, pushes the U47 base out of the active site by the same distance. d. Crystallographic
disorder in the Ca2+-Sr2+ structure. The 5-end of P1—P2 domain, comprising helix P1 and the first nine residues of J1/3, is
shown for each preligation structure. Meshes are simulated-annealing |[Fo| — |Fc| OMIT maps, contoured at 3.5a, in which the
residues depicted as sticks were excluded from the map calculations. These residues were colored in gray in b.
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Supplementary Figure 2. Phosphorothioate interference and rescue data. a. Self-ligation timecourses. Ligation timecourses
for the unmodified ligase, and for each of the phosphorothioate constructs tested, in the absence (red curves, 50 mM MgCl,
alone) and presence (blue curves, 50 mM MgCl, + 2 mM CdCly) of rescuing metal. Data have been renormalized to the calcu-
lated theoretical maximum fraction reacted, F);, and plotted on the same scale. All data are the mean values of three indepen-
dent experiments; error bars correspond to the standard deviation. The inset for the 30Rp-S experiment shows the complete
timecourse in absence of Cd2+. b. Primer-extension timecourses. Otherwise, as in a. Apparent rescue of the Sp-GTPa phos-
phorothioate substrate (itself not a dramatically inhibitory substitution6 nor a position observed making structural contacts in our
crystal structures) might be explained if inner-sphere coordination of Cd2+ induced a tautomeric shift in the a-phosphate, pulling
the Sp-sulfur into an apparent thioether and ablating the inhibitory negative charge on the Rp-oxygen.
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Supplementary Figure 3. Assembly of active ligases by DNA-splinted ligation. a. Efficient DNA-splinted assembly of modified
t307 species, as analyzed on a denaturing polyacrylamide gel stained with ethidium bromide. Leftmost lane: the 3'-Arm oligo-
nucleotide, the longest of the RNAs used in assembly. Middle three lanes: end points (4 h) of DNA-splinted assembly reactions;

products are t307 derivatives bearing phosphorothioate modifications at the indicated positions.

Rightmost lane: in vitro-

transcribed, unmodified t307. This material runs slightly faster than the assembled t307 products because it terminates with a
2'-3' cyclic phosphate and lacks 3'- transcription heterogeneities. b. Activity of transcribed and assembled ligases. Shown are
self-ligation timecourses using a 5'-32P-labeled oligonucleotide substrate. Left lanes: T7 in vitro-transcribed ligase construct
307. Right lanes: the equivalent species generated by DNA-splinted assembly. The observed rates of these samples differed

by approximately two-fold.
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Supplementary Figure 4. Variants used in the
biochemical dissection of C47. a. Chemical struc-
tures and activities (scaled relative to the parent, top)
of variants shown in Figure 3b, sorted in order of
descending self-ligation rate. The 4-thiouridine
variant (“4SU”) exhibited biphasic kinetics wherein
~10% reacted with a rate 4.4-fold slower than that of
the parent, and the remainder reacted > 1000-fold
slower. b. Evidence that the C47 N4 amine—and not
the N3 imine—contributes to catalysis. Shown are
comparisons between two pairs of isosteric variants
that either maintain the N3 imine (top), but ablate the
N4 amine, or maintain the exocyclic amine but proto-
nate the imine (bottom). In each, numbers above the
arrows indicate the fold reduction in first-order rate
constants incurred by introducing the given modifica-
tion (highlighted in red). Although replacement of the
amine with a carbonyl group is extremely deleterious,
protonation of the imine was comparably innocuous.
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This interpretation of these results assumes that the purines can be accommodated within the active site such that the N6
exocyclic amine can play the same role as a pyrimidine N4 exocyclic amine. Analogous accommodation has been proposed in
the active sites of the HDV and VS ribozymes37.39,40, Previous results from a modification interference study provide further
evidence that the C47 N3 lacks a direct catalytic role, because methylation of C47 N3 did not perturb activity28.41,
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Supplementary Figure 5. Additional biochemical assays. a. pH dependencies for self-ligation of the C47P20 (left), C47U
(middle) and 2'-deoxy C30 (right) variants. For each, the fit is log-linear with pH between 5.8 and 8.5, as was previously
observed for the parental ligase?. Values are the mean of three independent experiments; error bars are standard deviations.
b. Exogenous base-rescue experiments36-38. Self-ligation kinetics for the C47U (left) and C47abasic (right) variants, supple-
mented with exogenous small molecules. The axes are the same for both plots. Rescuing compounds were added at 35 mM,
which approached the solubility limit for cytosine; kinetics at the solubility limits of the other rescuing compounds, or at 400 mM
imidazole, were indistinguishable from those shown here (data not shown). Exogenous cytosine (red) rescued activity of the
C47abasic construct (starting k,e; <105 below that of the parent) 33-fold, while only rescuing the C47U mutant ~2.2 fold. There-
fore, of the rescue observed with the C47abasic construct, ~15-fold can be attributed to the exogenous base functionally
mimicking C47 (ref. 36). Because the cytosine N4 has an unmeasurable pKa, additional candidate rescuing compounds (gray)
were selected based on their presentation of amino or imino groups known pKas. However, neither these analogs nor the
general acid-base catalyst imidazole could specifically rescue the C47abasic ligase.
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Supplementary Discussion

Interpretation of the kinetic isotope results. Although the linear proton inventories shown in Figure
4a are consistent with our model in which a single proton is transferred during catalysis, these results
have alternative explanations and thus do not conclusively determine the number of protons in transit.
Nonetheless, we argue that because the apparent number of protons in transit is unchanged among each
of the ligase variants tested, neither the C47 N4 amine nor the C30 2'-hydroxyl functions by proton
transfer. The discussion below supports this assertion in the contexts of alternative explanations for the
solvent kinetic isotope results.

Similar kinetic isotope results have been explained by either 1) an unanticipated rate-determining
conformation change dependent on proton transfer', 2) differential enzyme protonation (deuteration)
states—and not catalytic rates—in H,O and D202'4, or 3) interactions between the isotopic waters and
catalytic cofactors that account for the apparent SDKIE of a catalytic reaction devoid of proton transfer?,
For the ligase, model 1 can be ruled out because catalysis, and not a conformation change, is known to
be rate limiting under the conditions used here’”. However, models 2 or 3 cannot be conclusively ruled
out.

Model 2 stipulates that, because pKa values differ between D,O and H203’8, measured kinetic
isotope effects inevitably comprise contributions both from the true kinetic isotope effects (that is, the
change in catalytic rate incurred by the change in isotope) and from the effects incurred by protonating
(deterating) different proportions of the enzyme population in each solvent®’. This issue can be
circumvented by performing experiments at a pH-rate “plateau,” such that the protonation (deuteration)

state does not contribute to the catalytic rate”*'*"?

, or can be partially alleviated by the method of
velocity-derived “equivalent pL’s” (where L is either H or D) described in Ref. 3. However, because the

ligase rate increases over the entire pH range in which it is expected to properly fold’, neither method is



applicable. Thus, we can neither compensate for nor discretely measure the degree to which the
observed kinetic isotope effects are determined by a difference in enzyme pKa between the two isotopic
waters. Nonetheless, this ApKa effect could not explain our results if the ligase ApKa was near to those
of the buffer systems employed (ApKa ~ 0.6 for both MES and Tris buffers®), as is often the case in
other systems®. Moreover, the atomic mutagenesis data support the notion that our measured proton
inventories were not purely the products of enzyme protonation (deuteration) effects, since the removal
or replacement of active-site functional groups did not alter the ribozyme’s pH-dependence (and hence
the apparent pKa, Supplementary Fig. Sa), but significantly altered the SDKIE. If the apparent isotope
effect parameters were entirely artifactual consequences of the ligase ApKa, we would have expected
these parameters, like the pH-dependence, to be unchanged among the variants surveyed. We therefore
infer that the ApKa effects proposed by model 2 are not the principle determinants of the observed
proton inventories, thus supporting the notion that these experiments provide direct readout of ribozyme
catalytic function. But even if this were not the case, and the apparent isotope effect parameters were
entirely artifactual consequences of the ligase ApKa, then there would be no protons in transit during the
transition states of our wild-type and mutant constructs, and thus neither the C47 N4 amine nor the C30
2'-hydroxyl could function by proton transfer.

Model 3 has been best illustrated in minimal truncation systems derived from the hammerhead

21415 1 jke the ligase, these constructs also exhibit a log-linear rate-pH profile with a slope of

ribozyme
unity, and display an apparent SDKIE of 4.4 in a simple equivalent pL setting (that is, pH = pD) in the
presence of Mg”™ (Ref. 2). These results were interpreted as supporting a model in which differential

protonation (deuteration) of a catalytic Mg**-hydroxide complex, and not catalytic proton transfer, was

2,16

responsible for the observed isotope effect™ ”. The authors furthermore estimated that, for reactions

requiring the activity of a Mg® OH complex, an apparent SDKIE of ~4.5 would be observed simply due



to the differential population of active (metal-hydroxide) versus inactive (metal-hydrate) complexes in
different isotopic waters®. Although subsequent structural and mechanistic work has proven this model
to be incorrect for the hammerhead ribozyme (in that restoration of a distal tertiary interaction has a
dramatic effect on the pH and metal dependencies'’, establishing an active site that employs general
acid-base catalysts'®!" but only ancillary use of metal ions”), the possibility merits consideration for the
ligase ribozyme. Nonetheless, we disfavor model 3 for the ligase. Model 3 attributes an SDKIE of ~4.5
to the function of Mg?"OH alone?, and although this effect matches the effect observed for the wild type
ligase (~5.0 = 0.3), it exceeds those of the C47U, C47P20 and C30Deoxy variants (~2.9 £ 0.1, 2.4+ 0.1
and 3.1+ 0.2, respectively). Since each of these variants exhibits the same pH-dependence, monophasic
kinetics and fractions of active molecules as the unmodified ribozyme, we infer that all of the constructs
surveyed react through the same reaction pathway and presumably make equivalent use of the proposed
catalytic Mg®" ion. Thus, were the observed SDKI effects and proton inventories entirely the result of a
differential metal-hydroxide/hydrate balance, the measured SDKIE would be equal for all species.
Because these values differ, we conclude that the effects predicted by model 3 are insufficient to
describe the kinetic isotope data. But even if this were not the case, and the apparent isotope effect
parameters were entirely consequences of the differential population of active (metal-hydroxide) versus
inactive (metal-hydrate) complexes, then during the transition state no protons in transit would be
attributable to either the C47 N4 amine or the C30 2'-hydroxyl. Hence, neither group functions by

proton transfer.

8
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Supplementary Methods

Crystallographic model-building and refinement procedures. All refinement steps followed the
“individual ADP” strategy in PHENIX*', employing sequential steps of automated bulk-solvent
correction, positional and individual atomic B-factor refinement during each round of refinement.
Target geometric weights (the “wxc_scale” in PHENIX?') were held at relatively restrictive values of
0.05-0.01; the “wxu_scale” was held at 1.0 throughout all refinement steps. To remove model bias from
the molecular replacement solutions, the first three rounds of refinement also employed rounds of
simulated annealing (5000K to 300K, in 100K steps) and rigid-body refinement, defining the individual
ligase helices (P1, P2, etc...), the UL A protein, its cognate loop, and 3—6-nt subdivisions of the unpaired
joining regions (J1/2, J1/3 and J3/4) as independent rigid bodies. Neither NCS-averaging nor TLS was
used during either refinement.

The |Fo| — |F¢| difference fourier maps resulting from initial refinement rounds exhibited
prominent (7-100) peaks in the vicinity of nucleotide G1 (Figs. 1b and 2a,b), corresponding to the 5'-
triphosphate. This 5'-GTP was built by hand in COOT?**, and the resulting model was subjected to
another round of simulated annealing in addition to the ADP regimen outlined above. Fully- or
partially-hydrated metal ions outside the active site were built next, their degree of hydration assigned
by first placing dehydrated metals into strong (>3.50) |Fo| — |F¢| difference peaks, and inspecting the
resultant temperature factors and difference peaks after a subsequent round of refinement™**. This
process was repeated iteratively, until no strong peaks remained. Active-site metal ions were placed
last, using this same strategy. Since crystal nucleation required the presence of Sr** ions, during model
building, conspicuous Fourier difference peaks were tested as potential strontium sites. In each case,
however, inspection of the coordination geometry, temperature factors, R, values and difference

fourier peaks in subsequent rounds of refinement eliminated this possibility. Hence, neither final model



contains a single well-ordered Sr**-ion, which is consistent with the observation that strontium is a poor
competitive inhibitor with magnesium’.
Owing to the resolution limits, metal ions and their bound waters could not be individually

refined in a chemically sensible manner. So, partially- or fully-hydrated metal clusters were treated as

monomers during refinement, having defined model residues with idealized bond lengths and
geometries using the SKETCHER program the CCP4 program suite”. Magnesium—water bond
distances were defined as 2.07 A; hexacoordinate geometry was used in for all magnesium
monomers**?. Calcium-water bond distances were similarly fixed at 2.43 A. However, owing to the
variable coordination geometries of calcium hydrate clusters®**’, bound waters were not built unless
their geometry with respect to the calcium ion was clearly indicated in difference Fourier maps. For the
metal-hydrate clusters bound to the P6 A-minor triad® (residues A31 and A32), bond distances were
restrained to their ideal values, and the angle was fixed at 90°; none of the other metal hydrates were

fixed with regard to the neighboring macromolecule.

Each monomer in the final Mg**-bound structure contains all 130 nucleotides of the ligase core,
all seven nucleotides of the substrate, and all but the first 67 amino acids of the U1A protein. The
occupancies have been set to zero for protein side chains lacking electron density. Despite high

temperature factors in the Ca*"—Sr*"

-complex structure (Supplementary Fig. 1d), refining the
occupancies of, or altogether removing problematic nucleotides resulted in an increase in the Ry, value.
Hence, the final structure consists of all nucleotides of the ligase core and substrate.

Structural figures were made in PyMol (http://www.pymol.org, Schrodinger LLC). Morphing

movies were created in MORPH2 (Martz, E. http://www.umass.edu/microbio/rasmol/pdbtools.htm

#martz) and PyMol.

Synthetic RNA and DNA oligonucleotides. Most of the RNA oligonucleotides used for the splinted

assembly of modified ligases (see below) were purchased from Dharmacon. Oligonucleotides bearing
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the pyridin-2-one and abasic modifications were purchased from Trilink Biotechnologies. Those
bearing zebularine, 2'-deoxy isoguanosine and 2'-deoxy 5-methylisocytosine modifications were
purchased from the W.M. Keck Foundation Biotechnology Resource Laboratory at Yale University
(hereafter “Yale Keck™), using phosphoramidites from Glen Research. DNA transcription template
oligonucleotides bearing 5'-terminal 2'-O-methyl modifications (see below) were also synthesized by
the Yale Keck facility. All other DNA oligonucleotides were purchased from Integrated DNA
Technologies (IDT).

The reagents from Trilink and IDT did not require deprotection or further purification before use.
DNA oligonucleotides from Yale Keck were purified from denaturing 10% polyacrylamide gels as
described for the RNA substrate oligonucleotide. RNA oligonucleotides from Yale Keck were
deprotected with 55.6% (v/v) triethylamine trihydrofluoride (TEA.3HF) in anhydrous DMSO for 2.5 hr
at 65°C. Reaction mixtures were then briefly chilled, brought to 300 mM sodium acetate and
precipitated by addition of five volumes of isopropanol and overnight incubation at —20°C. Following
centrifugation, pellets were washed twice with absolute ethanol, then dried and resuspended in water.
Oligonucleotides from Dharmacon were deprotected according to that manufacturer’s instructions, and
in biochemistry assays were used without further purification. The purity and mass of all modified RNA
oligonucleotides was confirmed by MALDI mass spectrometry. All reagents were stored at —20°C until
use.

Rp- and Sp-isomers of phosphorothioate-modified oligonucleotides were purified by reversed-
phase HPLC on a C18 column, using conditions in which the Rp-isomer is known to elute first*”>’. The
purity of isolates was confirmed by RP-HPLC. Pure samples were pooled, and freed of excess salt by
passing through several cycles of evaporation (speed-vac) and resuspension in pure water, and stored at

—20°C until use.
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Phosphorothioate GTP analogs. Stereopure Rp- and Sp-GTPaS were purchased from Axxora and
used without further purification. GTPyS was purchased from Jena Biosciences and resuspended in 50
mM Tris, pH 7.5, before use. Stereopure Rp- and Sp-GTPBS were the generous gifts of Fritz Eckstein.
Since approximately 10% of these samples had hydrolyzed to GDP@S, the intact GTP analogs were
purified by ion-exchange HPLC using the same separation system described for their original
synthesis®’. The purity of each sample was confirmed by analytical ion-exchange HPLC; pure samples
were pooled, evaporated to dryness in a speed-vac (using methanol as a co-solvent) and resuspended in

50 mM Tris, pH 7.5 before use. All GTP analogs were stored at -20°C

Transcription templates for RNAs used in biochemical assays. The plasmid template for the primer-
extending variant (“t307”") was generated by QuickChange mutagenesis from pH307HP (ref. 28), which
brackets the ligase core with 5'-hammerhead (HH) and 3'-hepatitus delta virus (HDV) self-cleaving
ribozymes. Excision of these ribozymes ensured that the final ligase species has homogeneous

termini’”. The relevant sequence of the insert was

GCGTAATACGACTCACTATAGGGAGAGTAGTATAGTGCTGATGAGTCCGTGAGGACGAAACGGTACCCG
GTACCGTCCACTATACTACTGGATAATCAAAGACAAATCTGCCCGAAGGGCTTGAGAACATACCCATTG
CACTCCGGGTATGCAGAGGTGGCAGCCTCCGGTGGGTTAAAACCCAACGTTCTCAACAATAGTGAGGCC
GGCATGGTCCCAGCCTCCTCGCTGGCGCCGGCTGGGCAACATTCCGAGGGGACCGTCCCCTCGGTAATG
GCGAATGGGACCCAC

where highlighted letters indicate the T7 promoter, bold nucleotides denote the 5" and 3 ends of the
mature ligase species, italicized nucleotides denote the 5'-HH and 3'-HDV ribozymes and underlined
nucleotides denote the U1 A modification in stem P5. The plasmid was linearized by digestion with Earl

endonuclease before use.
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Templates for the C47A, C47G and C47A variants of the self-ligating construct, and the “3'-
Arm” species used in assembling modified ligases by splinted ligation (see below) were PCR products
generated from overlapping DNA oligonucleotides®. Templates for the active-site mutants did not
include self-cleaving ribozymes; that for the “3'-Arm” construct consisted of a 5’-HH ribozyme
followed by nucleotides 52—121 of the ligase core, appended with the P5 U1 A-loop extension. The full

sequence of this construct was

GCGTAATACGACTCACTATAGGGAGATGGGTATGTTCCTGATGAGTCCGTGAGGACGAAACGGTACCCG
GTACCGTCGAACATACCCATTGCACTCCGGGTATGCAGAGGTGGCAGCCTCCGGTGGGTTAAAACCCAA
CGTTCTCAACAATAGTGA

annotated as above.

The template for the “5’-Arm” species used in assembling modified cis-ligases by splinted
ligation (see below) was a DNA oligonucleotide modified with two 2'-O-methyl nucleotides at its 5'-
terminus. These modifications have been shown to limit the 3'-heterogeneity of transcription products™*.
The template oligonucleotide was annealed to a 21-nt T7 promoter top strand DNA oligonucleotide and

- 16,34
used as previously described™".

Transcription and purification of RNAs used in biochemical assays. T7 in vitro transcription
reactions were performed as described®, in volumes of 0.05—1 mL. Templates were included at
concentrations of 20 ug/mL in reactions using linearized plasmids, 6 ug/mL for those using PCR
products, and 6 ug/mL for those using DNA oligonucleotides. Transcription reactions were quenched
with the addition of EDTA, extracted with phenol and chloroform, ethanol precipitated and resuspended
in water. Constructs employing self-cleaving ribozymes were subsequently desalted and refolded to

allow full processing of the HH or HDV ribozymes, as previously described®®*. The terminal 2'-3’

13



cyclic phosphate was not removed from these species. All RNAs were purified from denaturing 6% or
20% 0.5X TBE polyacrylamide gels, passively eluted into 300 mM NaCl at 4°C overnight, ethanol

precipitated, resuspended in water and stored at —20°C before use.

Assembly and purification of modified ligases. Equimolar concentrations of all five RNA
oligonucleotides and the DNA splint were combined in water to give a final concentration of 12 uM.
The reaction mixture was annealed by heating and cooling (85°C and 37°C, for five minutes each),
supplemented with T4 RNA Ligase 2 (RNAI2, New England Biolabs) reaction buffer and incubated at
37°C for 15 minutes before addition of RNAI2 (final concentration of 1 U/uL). After four hours at
37°C, the reaction was quenched by the addition of EDTA to 60 mM and NaCl to 300 mM, extracted
with phenol and ethanol precipitated. Pellets were resuspended in water, brought to 5 M urea and
purified on denaturing 6% 0.5X TBE polyacrylamide gels. RNA was passively eluted into 300 mM
NaCl overnight at 4°C, ethanol precipitated, resuspended in water and stored at —20°C before use.

Under these reaction conditions, the assembly reaction appears nearly quantitative, as monitored
by ethidium bromide-stained gels (Supplementary Fig. 3a). However, due to the inefficiency of
elution, reactions starting with 2 nmol of oligonucleotide substrates typically yielded 0.5-0.8 nmol fully
assembled product. Unmodified ligase species assembled in this fashion exhibited activities

indistinguishable from those that had been transcribed whole in vitro (Supplementary Fig. 3b).

Kinetic Assays. Kinetic assays used substrate oligonucleotides that had been 5'-radiolabeled using
PNK and [**P]y-ATP. Unless otherwise noted, all kinetic assays were performed in 50 mM buffer
(sodium cacodylate for pH 6.0-6.5; Tris for pH 7.0-9.0), 10 mM MgCl,, 200 mM KCI and 600 uM

EDTA. Self-ligation assays were performed as follows’: the ribozyme was heated (5 minutes, 80°C) and

14
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cooled (5 minutes, 22°C) in water, and reactions were initiated at 22°C by the simultaneous addition of
buffer (pH 6.0, unless otherwise indicated), salts and substrate oligonucleotide. The final ligase
concentration was 1 uM; substrate was added to a final concentration of 0.5 uM. Primer-extension
assays were performed using a nearly identical protocol’, except that the reaction was initiated by the
simultaneous addition of buffer (pH 7.5), salts, substrate oligonucleotide and 1 mM GTP (or analog).
Furthermore, because NTPs chelate Mg®", the reactions were supplemented with additional MgCl,, such
that the supplemental Mg”" concentration equaled that of the NTP®.

For all reactions, aliquots were taken at the specified time points and quenched by mixing with
an equal volume of gel-loading buffer (8 M urea, 120 mM EDTA, trace bromphenol blue and xylene
cyanol). Samples were separated on denaturing 0.5X TBE 20% polyacylamide gels. Gels were
visualized by phosphorimaging (Fujifilm BAS-2500). For each time point the fraction product was

measured as

P(1)

F(f)=— "
D= P+ Ry

where P(f) and R(¢) are the product and reactant at a given time, respectively, and fit to the equation
Fp(1) = Fy (1-e™)

were ¢ equals time, treating /', (the maximum fraction reacted) and kops (the observed rate constant) as

unknowns.

Compounds used in exogenous base rescue experiments (Supplementary Fig. Sb) were
prepared in 50 mM Tris*HCI buffer, pH 8.0. Rescuing compounds were added to ligation reactions
concomitantly with the substrate, buffer and salts. In every other regard, these timecourses were
implemented and analyzed as for the standard self-ligation assays described above. Base rescue was

calculated as follows

15
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+kabas

7kabm
Rescue =7 —+
( kC 47U )

_kC 47U
where “kupqs and ks are the apparent first-order self-ligation rate constants for the C47abasic construct
in the presence and absence of rescuing base, respectively, and “keqru and key7y are the comparable rate

constants for the C47U construct.

Phosphorothioate interference and metal rescue assays. Phosphorothioate interference was
measured by the standard self-ligation (for modifications at positions 29, 30 or the GTP1y phosphate) or
primer-extension (for modifications at all GTP phosphate positions) reactions described above.
However, the concentration of MgCl, was 50 or 51 mM for self-ligation and primer-extension

experiments, respectively. Interference values were calculated as follows:

Mg

_ Thio
Interference = - ——=

oxy

where Y8k, and Mgkoxy are the rate constants for the thio-modified and unmodified constructs,

respectively, in magnesium. Rescue values were calculated as follows:
X
( kThio )
M,
nghio
X
koxy
M kuxy

where Yk, and Xkoxy are the rate constants for thio-modified and unmodified constructs, respectively, in

Rescue =

magnesium supplemented with a rescuing metal, X. Although potential rescue conditions were screened
at 10, 50 and 100 mM MgCl,, in the presence of 0.1-25mM CdCl,, CoCl,, MnCl, or ZnCl,, the most
significant rescue observed was at 50 mM MgCl,, supplemented with 2 mM CdCl,. All values quoted

in Figure 2e were collected under these conditions.
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Kinetic Isotope Experiments. To determine solvent isotope effects, all reaction components
(ribozymes, substrates, buffers, MgCl,, KCI, EDTA) were reformulated in parallel in H,O and D;O.
Aliquots of ribozyme and radiolabeled substrate in H,O were dried overnight in a speed-vac,
resuspended in D,0, quantified by UV-vis spectroscopy and stored at —80°C until use. Buffers were
brought to pL (pH or pD) by titration with the conjugate acid and base of the buffer system. MES (free
acid, sodium salt) was used for experiments at pL 6.0 and Tris (hydrochloride, free base) for
experiments at pL 8.0. In all cases, the pL was measured using a glass electrode; for buffers in D,O, the
apparent pD was corrected by adding a value of 0.4 to the instrument readings’”.

Other than the experimental variation of H,O and D,0, proton inventory experiments were
performed under standard self-ligation conditions: 50 mM Buffer (pL 6.0 or 8.0), 10 mM MgCl,, 200
mM KCI, 600 uM EDTA, 1 uM ribozyme and 0.5 uM substrate. Ribozyme samples in D,O and H,O
were combined in appropriate ratios to produce mixtures in 100%, 80%, 60%, 40%, 20% and 0% D-O.
Substrate oligonucleotides, buffers and salts were similarly combined to obtain a parallel series of
reaction start mixes at the same fractions of D,O. Self-ligation reactions were then performed, and at
each molar fraction of D,0 (termed “n ) the apparent rate constant, k,, was calculated. Proton
inventories were calculated by plotting the ratio of k, to the apparent rate constant in pure water, k20, as
a function of n, and fitting the data to the modified Gross-Butler equation’ for either a two-proton-

transfer model,

k

—=(-n+nP)1-n+n D,)

kHZO

or for a one-proton-transfer model,

k, =(1-n+n- D)

kHZO

where each @ is the inverse of the of the SKIE for an individual ionizable group.
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