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Figure S1. Identification of the HDV ribozyme cleavage product. The WT HDV ribozyme was
mixed with a fluorophore-labeled substrate DY547-UAU*GGCUUGCA and 0.5 mM MgCl; in
MOPS pH 7.0. Ribozyme cleavage resulted in a product with reduced mobility as predicted
for the reaction product, DY547-UAU with a 2’, 3’-cyclic phosphate terminus, as the
fluorophore is bulky and carries a positive charge. To verify the nature of this product, it was
treated with T4 polynucleotide kinase and calf intestinal phosphatase to remove the 2°,3'-
cyclic phosphate!” and generate DY547-UAU with free 2’- and 3’-hydroxyl groups. This

product co-migrates with an authentic DY547-UAU standard (see last two right-hand lanes).



Materials and Methods for Figure S2

pH-rate profile of the G25A«U20C double mutant in the absence of Mg2+. To characterize
the pH dependence of ribozyme reaction under Mg -free conditions, the cis-cleaving one-
piece -30/99 HDV ribozyme was transcribed as described above for the trans-cleaving
ribozyme. This RNA is based on the sequence of the genomic HDV ribozyme and
incorporates the G11C mutation that enhances the folding properties of the RNA.? It has a
5’-end that is 30 nucleotides upstream of the cleavage site and a 3’-end that is 99
nucleotides downstream of the cleavage site. This is referred to as the wild-type ribozyme
for the purpose of this study. The A25-C20 mutation was introduced into this construct to
generate an G25A-U20C double mutant self-cleaving RNA. Preparation of the one-piece
RNA was necessary because the two-piece HDV ribozyme does not react in the conditions

needed to monitor the reaction in the absence of Mg** ion.

The 5’-end of the RNA was radiolabeled using polynucleotide kinase and [y->?P]-ATP and
gel-purified as described for the two-piece ribozyme. To perform the cleavage assays, ~2
nM of labeled HDV ribozyme was renatured at 55°C for 10 min in TE buffer (0.5 mM Tris-
HCI pH7.5 and 0.05 mM EDTA pH 8.0) and allowed to cool down at room temperature for 10
min. The folded RNA was then pre-incubated at 37°C for 2 min with saturating 10 uM DNA
oligomer (AS1) that is complementary to the single-stranded RNA upstream of the cleavage
site (nucleotides -30 through -3) in 50 mM (final concentration) of one of the following
buffers: potassium acetate (pH5.0 and 5.5), potassium MES (pH6.0 and pH6.5) or Tris-HCI
(pH7.0-pH8.5). AS1 DNA oligomer sequesters the inhibitory strand upstream of the cleavage
site and helps to prevent misfolding. All the buffers were supplemented with 100 mM
EDTA (final concentration) prior to adjusting the pH to the final values. No attempt was made
to correct the meter reading for effects on ionic strength. This may lead to an underestimate
of pK, values by ~ 0.5 units, but does not affect comparative values.”® A zero time point was
removed followed by adding pre-warmed 1M NaCl to initiate the reaction. The time course
experiment was incubated at 37°C for up to ~200 h. Samples at appropriate time points
were removed, quenched and analyzed on a 6% denaturing PAGE. Quantitation was
performed by a Phosphorimager (Molecular Dynamics). Reaction progress was analyzed by
KaleidaGraph 4.1 (Synergy Software). Data fitting was described in Materials and Methods,
with an exception of the G25A<U20C double mutant reacting at pH8.0, where f = kst was
used to determine the k,,; value (~60% of completion was reached at 144h, only the initial

~30% was used for data fitting).
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Figure S2. The self-cleavage reaction of the G25A-U20C double mutant. A. The denaturing
PAGE shows a cleavage reaction of the 5’-end-labeled G25A<U20C double mutant in 1M
NaCl, 50 mM Tris and 100 mM EDTA at pH 7.0. The -30/99 precursor ribozyme starting
material and the -30/-1 cleavage product are indicated as S and P, respectively. A wild type
ribozyme (WT) cleavage reaction at 24 h under the same conditions is shown for
comparison. B. Panel A was quantitated and fraction of cleavage was plotted against time
to yield the graph of reaction progress. The G25A-U20C double mutant cleaves to more than

80% completion at 120 h in a monophasic fashion. The data were fit to equation (1).
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Figure S3. The pH-rate profiles for the self-cleavage reactions of the G25A-U20C double
mutant and WT in the absence of Mg?* ion. The reactions were performed in 1 M NaCl, 50
mM buffer and 100 mM EDTA for the WT (squares) and the G25A<U20C double mutant
(triangles). The data were fit to equation (5) to account for the two ionizable groups (See
Discussion), which yielded apparent pK,'s of 5.3 + 0.2 and 7.6 + 0.1 for the WT and
apparent pKy's of 5.3 £ 0.1 and 7.3 = 0.1 for the the G25A<U20C double mutant, as

illustrated in the figure.
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Figure S4. Sum of rate-pH profiles to generate observed rate-pH profiles. Simulations are

according to Bevilacqua.® A. Origin of rate-pH profile in the presence of catalytic Mg?*. The
functional form of the base—either magnesium hydroxide as a Brensted (general) base or
magnesium as a Lewis acid and OH- as a specific base (see Figure S5A and B for these
and related, dual mechanisms)—is depicted in blue, and the functional form of the acid,
presumably C75", is depicted in red. Their logarithmic sum, which represents the fraction of
the ribozyme in the fully functional form, is shown in black. The shape of the black curve is
similar to the rate-pH profiles seen for WT in the presence of Mg®* (Figure 4, squares).

B. Origin of rate-pH profile in the absence of catalytic Mg”*. The functional form of the
base—either water or a non-ionizing functional group on the RNA, and/or some other base
possibly in a non-rate limiting step (see Figure S5C)—is depicted in blue, and the functional
form of the acid, presumably C75", is depicted in red. Their logarithmic sum, which
represents the fraction of the ribozyme in the fully functional form, is black (hidden under red
curve). The shape of the black curve is similar to profiles seen for the G25A+-U20C double
mutant in the presence of Mgz", which does not participate in the reaction (Figure 4,
triangles). In both simulations (panels A and B), the pK, of the general acid is set at 6; the
pK, of the general base is set at 10 in panel A and at -1.7 (the pK, of water) in panel B.
Experiments can only be conducted up to pH~8 owing to alkaline denaturation of the
ribozyme, which comes from hydroxide competing for hydrogen bonding.(5) Another
simulation could be made for panel B with a pK;, of 5.4 for the general base that would
produce the slight low pH arm in Figure 4 (triangles); this was not done here because of the
possibility that this effect arises from acid denaturation or contribution of a catalytic metal ion

only at low pH (see main text).



A. Mg hydroxide as Brgnsted base

ual Lewis Acid Role R

ossiole D
f(pH) " Op R

[Mg(OH,)1?* [Mg(OH)I* + |‘-| [Mg(OHL)I?* + Oy
+ + p
OH" H2O Bronsted (General) Base scissile

B. Mg as Lewis acid

Lewis Acid Role

m f(pH) N\
s e, Products
U
%f"g ﬁ Psci/ssne
5 OH + H0
£ Specific Base Role
2
)
5
+
C. No Mg Na 2
/H
Pscissile

Figure S5. Possible mechanisms for deprotonation of the 2’-hydroxyl. Panels A and B
depict mechanisms in the presence of Mgz", which are for WT, while panel C depicts a
mechanism in the absence of Mg®*, which is for G25A-U20C double mutant. Steps that are
a function of pH, which is important in interpreting rate-pH profiles such as in Figure S4, are
noted. A. Magnesium hydroxide serves as a Brgnsted (general) base (blue), with a possible
dual role as a Lewis acid at the 2’0 (red). B. Magnesium serves as a Lewis acid (red), with
a possible dual role as a general base through a Mg®*-bound hydroxide (blue), otherwise
some other species needs to act as the base in a pH-dependent fashion, such as hydroxide
as a specific base. Alternately, the pKj reflects the pK, of the 2’0OH of U(-1) itself. C.
Reaction without catalytic magnesium. Here population of the general base is independent
of pH (Figure S4B, blue line), so either water (pK, of -1.7) or some other low pK, group (pKa
should be <~4, the lower end of the experimental pH range) perhaps on the RNA (not
shown) acts as the base, and/or proton transfer from the 2’OH occurs in a non rate-
determining step. Na' bound nearby could have a general electrostatic effect (see text). See
Emilsson et al. for related mechanisms.® A reason hydroxide could deprotonate the 2°OH in
panel B but not C is that the Mg®* could lower the pK, of the 2’OH in panel B.



Table S1. Statistics from MD simulation of the G25A<U20C double mutant of the HDV

ribozyme®

Trajectory | Mg® ion | A25(N1)- A25(N6)- A25(N6)- A25(N7)- C20(02)-
present C20(N4) C20(N3) metal ion metal ion metal ion
initially (A) (A) (A) (A) (A)

1 Yes 3.10 (0.19) | 2.91(0.09) | 4.32 (0.23) | 4.76 (0.17) | 4.26 (0.22)

2 Yes 3.00 (0.12) | 2.90(0.09) | 4.25(0.17) | 4.90 (0.20) | 4.00 (0.16)

1 No 3.03 (0.15) | 2.97 (0.16) | 3.41(0.35) | 5.20 (0.29) | 2.53 (0.53)

2° No 3.05 (0.15) | 2.97 (0.12) | 4.23 (0.32) | 4.95 (0.26) | 4.14 (0.66)

®Values are distances with standard deviations shown in parentheses.
®In this trajectory, a sodium ion did not move into the catalytic site until the first 1.5 ns. The

data shown here was collected after the sodium ion moved in, over the next 23.5 ns.
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