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The 2-hydroxyl group plays an integral role in RNA structure { B

e
B

and catalysis. This multifunctional component of the RNA backbone © 1 c: | asc

influences ribose conformation and helix geométggordinates o, K #

metal ions? provides a scaffold for protein or solvent interactidns, i o i b

and mediates tertiary interactions and catalysis via hydrogen 5 WG

bonding?~7 2'-Deoxyribonucleotide substitution reveals the ener- AlGoy-ocn, LGy

getic ?mportar_lce of hydroxyl groups within R_NAs but _provides _ T B “g" B

little information about the specific chemical basis for their ;O:

functional contribution. In this work, we show that an atomic S ock, MGOCHB_NHCH: Tk,

mutation cycle reveals whether a hydroxyl group imparts a i H

functional contribution via hydrogen bond donation. Figure 1. Atomic mutation cycle for exploring RNA’s'zZhydroxyl group.

The cycle describes the energetic effects from three atomic
mutations (20CH;, 2-NH,, and 2-NHCHy) relative to the
ribonucleotide (20H) on a RNA-mediated process (Figure 1). This
approach bears some similarity to double-mutant cycles used in
protein analysi8; 11 except that mutations occur at the level of
atoms rather than residues: th€®©— and —H atoms of the 2
hydroxyl group are mutated te NH— and —CHg, respectively.
The left vertical of the cycle replaces the hydrogen atom of the
hydroxyl group with a methyl group. A'2nethoxynucleotide may
induce deleterious effects either from removal of the hydrogen atom
or from introduction of the relatively bulky, hydrophobic methyl  Figure 2. Transition-state model for nucleotidyl transfer catalyzed by the
group (eq 1la), obscuring whether theh¥droxyl group acts a Tetrahymenagroup | ribozyme (adapted from ref 18).AMMMg, and M

; g _ represent the known catalytic metal ions in the active site. The red oval
hydrogen bond donor. lllustrating the latter effectngthoxy highlights the substraté-Bydroxyl group under investigation. Hatched lines

nucleotides impose deleterious consequences on RNA folding whenjngicate putative hydrogen bonds, and dots symbolize metal ion coordination.
the tertiary structure lacks sufficient space to accommodate the
—CHs group?? address this question using tA@trahymenagroup | ribozyme

To resolve the effect of hydrogen atom removal from that of reaction (Figure 23156 This ribozyme catalyzes nucleotidyl
methyl group installation, we use the right vertical of the cycle, in transfer between an oligonucleotide substrate and an exogenous
which a methyl group replaces one of the hydrogen atoms on an guanosine nucleophile (eq 2). The cleavage sitey@iroxyl group
amino group. The 2methylaminonucleotide imposes the conse- participates in a hydrogen-bonding network via AP0ANd
quences of the bulky methyl group but, unlike thengethoxy- stimulates reaction chemistry by donating a hydrogen bond to the
nucleotide, also retains a heteroatom-bound hydrogen atom. Therea'-oxygen leaving group in the transition Staté.
fore, the energetic cost of thé-2iethylamino mutation relative to
the 2-amino mutation provides an independent measure of the effect d(CUC)U,d(Ag) + G — d(CUC)U, + Gd(Ay) (2)
of methyl group installation (eq 1Bj.Energetic differences between X = OH, OCH,, NH,, NHCH,
the vertical perturbations\AGon—ocH, and AAGNH,-NHCHs) Pro-
vide an operational estimate f&Gy removal (€ 1C), and thereby
may implicate the 2hydroxyl as an important hydrogen bond
donor.

To conduct the analysis, we used substrates containing deoxy-
nucleotides at all positions except for the cleavage site and carried
out reactions in the presence of saturating ribozyme and guanosine.

— These constraints ensure that all reactions start from the same
AAGori-ocn, = AGu removar ™ ACch, insuaiaon  (12) ground state so that the observed rate constants monitor the same
reaction steps (see ref 19 and Supporting Information). The substrate
containing 2-methoxyuridine at the cleavage site;{3y,) reacts
143,000+ 37,000-fold slower than does the substrate containing

AGy removal™ AAGoHaocru3 - AAGr\1|-|2ar\u-|(:p-|3 (1c) uridine (Son) (Figure 3), reflecting a decrease in transition-state
stabilization of 7.1 0.1 kcal/mol AAG¥op—.och,), consistent with

These analogues in combination revealed the effect of methyl previous reporté.In contrast, the substrate containingnethyl-
group installation at the cleavage site of a group Il intron reaétion.  aminouridine (Snwch,) reacts only 2200t 460-fold slower than
However, whether the cycle faithfully exposes hydroxyl groups does the substrate containinganinouridine (Snm, AAGH NH,-NHCH
engaged in hydrogen bond donation remains unknown. Here we = 4.6+ 0.1 kcal/mol)?° As the 2-hydroxyl to 2-methoxy mutation

AGeyy, instaliation™ AAGyp,NHCH, (1b)
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AAGxOHaNHZ
WT:1.7+£01
dA207 : 1.0+ 0.1
2'-OH 2'-NH,
AAG*orpocH3 AAGiNHzaNHCHS
WT :7.1+£0.1 WT:46+0.1

dA207 : 4.2+ 0.1 dA207 : 2.7+ 0.1

2"-OCH,
AAGtOCH3~>NHCH3

WT:-0.84+0.14
dA207 : -0.54 £ 0.13

Figure 3. Atomic mutation cycles for the wild-type (WT) and mutant
(dA207) Tetranymenaibozymes. TheAAG*x—y values reflect differences
in transition-state stabilization observed foSelative to $v; AAG x—y

= RT In(kx/ky), wherekx and ky are the observed cleavage rates for
substrates containing X and Y groups at thHep@sition, respectively.
Reactions were performed at 3Q; AAG*x_y is reported in kcal/mol.

2"-NHCHs

(Szon VS Sochy) incurs a significantly greater energetic penalty
than does the'2amino to 2-methylamino mutation, we infer that
the hydrogen atom of the cleavage sitehgdroxyl group has a
functionally significant role, presumably due to donation of a
hydrogen bond in the transition st&te:1” From the difference in
these energetic penalties, the catalytic cost of removing this
hydrogen atom is estimated as 250.1 kcal/mol (eq 1c}* By
definition, the horizontal perturbations of the cycle give the same
result: the 20CH; — 2'-NHCHj; mutation rescues catalysis by
2.5+ 0.1 kcal/mol after accounting for the effects 60— —
—NH— mutation.

To address the context dependencAGf; .emovas WeE investigated
how the A207-mediated network of hydrogen borid&igure 2)
influences the energetic contribution of the hydrogen bond donated
by the cleavage site€-hydroxyl group. We decoupled the cleavage
site 2-hydroxy! group from the network by installing-Beoxyad-
enosine at residue 207 in the ribozyme, and we used this dA207
mutant ribozyme to conduct our analysis. The dA207 mutation
mitigates the deleterious effect of the methyl group in comparison
to the wild-type ribozyme (Figure 3);2QncH, reacts 84+ 19-fold
slower than does fin, (AAG* nH,-NHeH, = 2.7 £ 0.1 kcal/mol),
as opposed to the 220D 460-fold effect observed with the wild-
type ribozyme AAG Ny, -nHeH, = 4.6 = 0.1 kcal/mol). This

when the cost of 2methoxy substitution matches that measured
for methyl group installation, the cycle provides no evidence that
the 2-hydroxyl group donates a functionally important hydrogen
bond!* The ability to assign specific 'zhydroxyl groups as
important hydrogen bond donors provides a new strategy with which
to explore the role of RNA's distinctive'ydroxyl group.
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