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ABSTRACT: The weight of current evidence suggests that RNA 2′-O-MTases employ an SN2 mechanism
with an in-line attack of the target nucleophile upon the methyl group of the AdoMet cofactor. It has been
suggested that, like the phosphohydrolytic enzymes, ribozymes, and nucleic acid polymerases, the RNA
2′-O-MTases initially activate the substrate’s attacking hydroxyl oxygen by deprotonation. Here, evidence
is presented that the vaccinia virus mRNA cap specific 2′-O-MTase VP39 does not promote RNA 2′-
oxyanion formation but that instead it acts by steering a hydroxyl oxygen orbital toward the cofactor
methyl center.

The common role of the AdoMet-dependent MTases1 is
to catalyze the transfer of AdoMet’s methyl group to an
acceptor atom (1). Although methylatable acceptors are found
within a variety of molecular classes, including nucleic acids,
proteins, lipids, polysaccharides, and small molecules, much
of this diversity in MTase target atoms is reflected in one
species of acceptor, namely, RNA [tRNA, for example,
contains among its repertoire of methylated nucleosides N7-
methylguanosine, N1-methylguanosine, N1-methyladenosine,
C5-methyluridine, C2-methyladenosine, and 2′-O-methyl-
adenosine (2)]. RNA 2′-O-methylation is of interest at present
due in large part to its key role in rRNA biogenesis and
function and the unusual mechanism by which 2′-O-
methylation sites are targeted within the rRNA via highly
tailored small nuclear RNA (snoRNA) guides (3-6). Despite
the widespread occurrence of 2′-O-methylation in tRNA,
rRNA, and mRNA, the catalytic mechanism of RNA 2′-O-
methylation has not been characterized at the atomic level.

For nucleophilic methyl acceptors such as oxygen, the
most parsimonious mechanism for the transfer of methyl
groups from AdoMet seems to be a relatively straightforward
SN2 one in which attack by an electron lone pair of the
nucleophile upon the methyl leads, in the transition state, to
a linear arrangement of the nucleophile, the methyl carbon,
and the thioester leaving group followed by the completion
of methyl transfer and stereochemical inversion of the
methyl. For oxygen methyl acceptors, does the initial attack
require prior formation of a 2′-oxyanion? Ribose oxyanion

formation is reported to play a pivotal role in preparation
for nucleophilic attack upon a phosphoryl center in other
enzyme and ribozyme systems. For example, the initial step
in RNAse A-catalyzed RNA hydrolysis appears to involve
attack by the O2′ adjacent to the scissile phosphodiester in
its 2′-oxyanion form (7). For nucleic acid polymerases, high-
resolution crystal structures have indicated the occurrence
of proton transfer from the attacking primer 3′-OH to an
acidic side chain [assisted by an O3′-coordinated metal acting
as a Lewis acid (refs8 and 9 and references therein)]. A
similar role for metal activation of the attacking ribose
alkoxide has been proposed for phosphohydrolytic ribozymes
[with loss of protons to the solvent (10-12)] and for
activation of the serine hydroxyl of alkaline phosphatase (13).

With regard to enzyme-catalyzedO-methyl transfer, clear
evidence for general base catalysis or oxyanion formation
has not been provided as far as we are aware. COMT (14)
is a reasonable candidate for anO-MTase whose attacking
nucleophile might be an oxyanion insofar as an Mg2+ ion
lies close to its reaction center in the cocrystal structure of
enzyme, AdoMet cofactor, and substrate analogue, suitably
positioned to promote hydroxyl deprotonation (15, 16).
Moreover, the pKa for the first of the two hydroxyl
ionizations in catechol (the COMT substrate) is only 9.34
(17). These factors notwithstanding, it is not clear that
substrate hydroxyl deprotonation status has been addressed
for COMT.

In contrast to the aromatic character of catechol’s two
vicinal target hydroxyls, the target of RNA 2′-O-methylation
is an aliphatic hydroxyl. The 2′-hydroxyls of RNA (as well
as other aliphatic hydroxyls) typically exhibit pKa values
greater than∼12.2 (refs18 and19 and references therein).
With regard to the necessity of 2′-oxyanion formation,
perhaps the only available paradigm is that of low-molecular
weight model compounds (20, 21). The in Vitro study of
these has indicated that intramolecular nucleophilic attack
of a hydroxyl oxygen upon the sp3-hybridized methyl carbon
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attached to a trivalent sulfonium center is base-catalyzed,
strongly implicating deprotonation of the hydroxyl nucleo-
phile as a prerequisite for the reaction.

Vaccinia virus protein VP39 is an RNA 2′-O-MTase which
functions at the 5′ ends of N7mG-capped mRNAs by 2′-O-
methylation of the 5′-most transcribed nucleotide (22-24).
VP39 has provided a prototypical gene for a nucleic acid
2′-O-MTase (24) and a prototypical three-dimensional (3D)
structure for a nucleic acid sugar specific MTase (25, 26).
Although the structures of other RNA 2′-O-MTases (e.g.,
FtsJ/RrmJ, RlmB, flavivirus NS5, and the Reovirus core)
have more recently been reported (27-32), the only 3D view
of a 2′-O-MTase catalytic center with a bound RNA substrate
and cofactor reported thus far is that of VP39 (33). Although
VP39 is functionally related to COMT insofar as it also
methylates a hydroxyl oxygen, VP39 is unrelated not only
in targeting an aliphatic hydroxyl but also in having a
catalytic mechanism that is entirely metal ion-independent.
Factors that might permit a general base-catalyzed mecha-
nism for VP39 are therefore much less apparent than for
COMT.

To address experimentally whether VP39’s catalytic
mechanism includes a 2′-oxyanion formation step, we have
used two-dimensional (2D) NMR techniques to probe for
enzyme-dependent and pH-dependent change in the ioniza-
tion status of VP39’s RNA substrate in the context of the
substrate-enzyme-cofactor complex.

EXPERIMENTAL PROCEDURES

Synthesis and Purification of N7mG(5′)ppp[13C]G. N7mG-
(5′)ppp[13C]G (cap dinucleotide specifically13C-enriched at
the unmethylated guanosine) was synthesized by N7-me-
thylation and morpholination of guanosine diphosphate,
followed by its condensation with uniformly13C-enriched
(98%) guanosine monophosphate (Martek Co.) according to
ref 34. The product was purified over a DEAE-Sephadex
A25 column as described previously (34). After N7mG(5′)-
ppp[13C]G-containing fractions had been pooled and dried
followed by sodiation (34), ∼20 aliquots of the product were
sequentially injected into an analytical C18 reverse phase
column [Vydac; buffer A consisting of 0.1 M triethylamine
acetate (TEAA) at pH 5.8 and buffer B consisting of 0.1 M
TEAA and 25% CH3CN at pH 5.8]. Each injection was
followed by a two-part gradient: 0 to 15% B from 0 to 10
min and 15 to 60% B from 10 to 120 min (1 mL/min). The
major peak from each run (eluting at∼12 min) was dried
by vacuum centrifugation and redissolved in water.

Synthesis and Purification of N7mG(5′)ppp[13C]G(sA)3.
The RNA N7mG(5′)ppp[13C]G(sA)3 (where sA represents
phosphorothioadenosine monophosphate; RNA henceforth
abbreviated as [13C]G-RNA) was synthesized by runoff T7
transcription of a partially double-stranded oligonucleotide
template in the presence of N7mG(5′)ppp[13C]G (above) and
phosphorothioadenosine triphosphate as described previously
(33-35). Newly synthesized RNA was purified as described
previously (34), except that in some instances a semiprepara-
tive scale C18 column was used in combination with a
gradient of 3.75 to 15.6% CH3CN in 0.1 M TEAA (pH 5.75,
overall gradient volume of 130 mL, 1 mL/min). Fractions
containing [13C]G-RNA were pooled and dried under vacuum.
The RNA was redissolved in heat-sterilized 50 mM sodium

phosphate (pH 7.4) to a concentration of∼1.5-2 mM and
quantitated by absorption at 260 nm. Immediately prior to
NMR experiments, it was supplemented with sufficient solid
(NH4)2SO4 to yield a final concentration of 250 mM of the
latter after mixing with protein (below).

Protein Expression and Purification.Rosetta(DE3)Es-
cherichia coli(Novagen, Inc.) containing plasmid∆CHis (A.
E. Hodel, unpublished work; a pET28a clone of the VP39-
∆C32 coding sequence C-terminally tagged with six histidine
codons) was grown at 37°C overnight in 4 L of superbroth
containing 30 mg/L kanamycin, after which 0.4 mM IPTG
was added and the culture incubated for an additional 3 h at
37 °C. After being harvested by centrifugation, cells were
lysed in 10 mM HEPES-NaOH (pH 8.0), 5 mM 2-mercap-
toethanol, 250 mM NaCl, and 10% glycerol. The lysate was
supplemented with MgCl2 to a final concentration of 1 mM
and treated with DNAase I (1 unit/mL of extract) at room
temperature for 15 min. After sonication on ice (15× 20 s)
followed by centrifugation (30 min at 13000g and 4 °C),
the supernatant was applied to a column containing 20 mL
of NiNTA Superflow resin (Qiagen, Inc.) pre-equilibrated
in buffer A [50 mM sodium phosphate and 250 mM NaCl
(pH 7.4)] at a flow rate of 2 mL/min. After the column had
been washed with∼1.5-2 L of buffer A containing 10 mM
imidazole-HCl until no RNAse activity could be detected in
the eluent (RNAse alert kit, Ambion Inc.), the protein was
eluted with a linear 120 mL gradient of buffer A containing
50 to 250 mM imidazole-HCl at a flow rate of 2 mL/min
and then stored at 4°C.

A K175C mutation was generated in a plasmid containing
the coding sequence for GST-VP39(cys-) (36) as described
elsewhere (manuscript in preparation), after which the 6His-
VP39(cys-)-K175C sequence was recloned as anNcoI-
HindII fragment in plasmid pET30a (Novagen Inc.) followed
by expression and purification as described above, except
that protein expression was induced at 23°C.

Prior to use in NMR experiments, VP39-∆C32-6His and
6His-VP39(cys-)-K175C (henceforth termed VP39 and
VP39-K175C, respectively) were exchanged into NMR
buffer [50 mM sodium phosphate, 50 mM NaCl, and 0.5%
sodium azide (pH 7.4), heat-sterilized] and concentrated to
0.4 mM by ultrafiltration (PL-10, 10K NMWL, Millipore).
The protein concentration was quantitated by absorption at
280 nm (1 OD280 ) 0.93 mg/mL). The resulting protein
preparations were stored at 4°C for short periods. Aliquots
were carefully tested for the absence of RNAse activity as
described in the Supporting Information. Preparations show-
ing no significant RNA degradation or loss of MTase activity
were used for NMR experiments (below).

NMR Spectroscopy.13C-enriched phenol (Cambridge
Isotope Laboratories) was dissolved in 50 mM sodium
phosphate and 50 mM NaCl (pH 7.5) at a concentration of
3.45 mM. 13C-enriched guanosine 5′-monophosphate (5′-
rGMP, Spectrum Stable Isotopes, Columbia, MD) was
dissolved in 50 mM sodium phosphate and 50 mM NaCl
(pH 7.5) at a concentration of 5.36 mM. Sample volumes
were 0.6 mL.

For all [13C]G-RNA-containing NMR experiments, pH-
adjusted, D2O-supplemented protein samples were mixed
with (NH4)2SO4-supplemented [13C]G-RNA as described
above (Protein Expression and Purification) and then further
supplemented where appropriate with either the cofactor
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(AdoMet) or the cofactor product (AdoHcy) to final con-
centrations of 0.4 mM. Final sample volumes were 0.6-0.7
mL. During experiments, upward pH titration was carried
out by the stepwise addition of 2 M NaOD in D2O (2-4 µL
per pH point) with gentle mixing, and the pH was monitored
using a pH microprobe (model MI-710, Microprobes, Inc.).

All spectra were acquired at 295 K using a Bruker Avance
600 MHz NMR spectrometer in heat-sterilized NMR tubes.
All chemical shift (δ) values were referenced with respect
to an internal (initial experiments) standard comprising 2,2-
dimethyl-2-silapentane-5-sulfonic acid (0.0 ppm). In later
experiments, the prior internal reference data served as an
external reference. Water solvent suppression was applied
for all 2D experiments.13C-enriched phenol and 5′-rGMP
were subjected to one-dimensional NMR (1D sequence
“zgpr” with f1 presaturation), titrating with 2 M NaOD up
to pH ∼13.0 (acquisition time per spectrum of∼30 min).
The highest pH point (pD 14.0) was generated separately
by dissolving 5′-rGMP directly in 1.0 M NaOD.

Protein and RNA samples were examined using 2D13C-
1H HSQC (sequence “Chsqc” with purge pulse p28 and spin
lock p27 for water suppression). Conditions for the acquisi-
tion of the NMR spectra for [13C]G-RNA-containing samples
were as described in the Supporting Information. For each
pH titration experiment, six data sets (corresponding to the
six pH points) were recorded over a 48 h period, samples
being stored overnight at 4°C when not in the spectrometer.
After spectroscopy and prior to RNA re-isolation, samples
were stored at-20 °C, for up to several weeks.

RNA Re-Isolation and Recycling.After each series of
HSQC spectra was recorded, [13C]G-RNA-containing samples
were re-isolated from NMR samples by supplementing to a
final volume of 1.0 mL with HPLC buffer A (above) without
added ammonium sulfate and, after a brief centrifugation,
subjecting the supernatant to semipreparative C18 column
chromatography as described above [Synthesis and Purifica-
tion of N7mG(5′)ppp[13C]G(sA)3]. Peaks corresponding to
intact, recovered [13C]G-RNA were identified by MALDI-
TOF mass spectrometry (Supporting Information), and the
corresponding dried fractions were supplemented with (typi-
cally an∼4-fold excess of) freshly transcribed and purified
[13C]G-RNA for the subsequent NMR experiment.

Km values were identified as described previously (37).

RESULTS

VP39’s Catalytic Center.Inspection of the 3D structure
of VP39’s catalytic center with a bound RNA substrate and
an AdoHcy cofactor product (33) (Figure 1) shows the
reaction components to be suitably arranged for an in-line
SN2 reaction in which a lone pair of the substrate’s
nucleophilic ribose O2′ can attack AdoMet’s methyl group,
leading to the expulsion of AdoHcy. The side chain of
residue K175 is appropriately oriented to play a role in the
preparation of the initial O2′ nucleophile by deprotonating
it or fixing its orientation.

The mechanism described above is supported not only in
the arrangement and mutual distances of components but also
in the bond angles. Thus, the modeled Sδ-Cε bond of
AdoMet (where Sδ and Cε are AdoMet’s sulfur and donor
methyl carbon, respectively) points almost directly at the
target ribose O2′ (Figure 1A). Specifically, AdoMet’s Sδ-
Cε bond subtends an angle of 166° with the putative
hydrogen bond between AdoMet’s Cε and the ribose O2′
(Figure 1B). This is very close to the value of 180° that
would be ideal for SN2 in-line attack upon AdoMet’s Cε by
the O2′ lone pair. In addition, the ribose C2′-O2′ bond
subtends an angle of 104° with the O2′-AdoMet Cε putative
hydrogen bond (Figure 1B), which is appropriate for nu-
cleophilic attack by the O2′ lone pair upon AdoMet’s Cε
(for a perfect tetrahedron, this angle would be 109°; for the
oxygen of H2O, the equivalent hydrogen bonding angle is
also 104°). Finally, K175’s Nε and AdoMet’s Cε subtend
an angle of 104° about the target ribose O2′ (Figure 1C).
Thus, with a ribose O2′ lone pair pointing at AdoMet’s Cε
for nucleophilic attack, the O2′-H bond of the hydroxyl
(protonated or otherwise) could point directly at Nε of K175.
The catalytic center therefore seems to be well poised for
an in-line SN2 attack of the resulting ribose 2′-hydroxyl
oxygen upon Cε of AdoMet. Although the crystal structure
shown in Figure 1 was obtained with AdoHcy as opposed
to AdoMet in the cofactor pocket (33), the location and
orientation of the bound AdoHcy were indistinguishable from
that of bound AdoMet in the earlier structure of the enzyme-
AdoMet binary complex (26), and the donor methyl in Figure
1 was modeled according to the earlier structure.

NMR for the Detection of Hydroxyl Deprotonation.To
confirm the sensitivity of NMR to hydroxyl deprotonation

FIGURE 1: VP39’s MTase catalytic center viewed from three angles [red for oxygen, blue for nitrogen, purple for phosphorus, yellow for
sulfur, gray and green (cofactor) or gray (other) for carbon] with the cofactor methyl addedin silico (33). (A) View with the AdoMet
Cε-Sδ bond pointing into the page. (B) View in the plane made up of the ribose C2′-O2′ bond, the O2′-Cε putative hydrogen bond, and
the AdoMet Cε-Sδ bond. Other details are as described for panel A. (C) View with the ribose C2′-O2′ bond pointing into the page.
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by upward pH titration,13C-labeled phenol (a prototypical
hydroxylated aromatic compound with a moderate pKa) was
subjected to 1D NMR, titrating the pH from 6.0 to 13.0 while
recording 1D 13C spectra at intervening pH values. A
downfield change in the coalesced signal ofδ for phenol’s
1-13C as a function of pH was clearly detectable (Figure 2A),
corresponding to the known pKa for phenol of∼9.95 (17)
and the direction ofδ migration previously observed upon
deprotonation of aliphatic carbon substituents (38, 39).

Ribose carbons of13C-enriched 5′-rGMP, a direct precursor
of the [13C]G-RNA substrate for VP39 (below), were next
examined for pH-dependent 2′-OH deprotonation, as an
indication of the magnitude and direction of spectral change
that might be expected upon enzymatic activation of the same
moiety within RNA. Titration and 1D NMR monitoring
(Figure 2B) indicated two transitions with increasing pH,
namely, (a) an upfield migration ofδ with a transition point
at pH ∼10.0 (most noticeable at C1′) corresponding to the
known pKa of 5′-rGMP’s N1 proton of 10.0 (40) and (b) a
downfield change inδ with a transition point at pH∼12.25
(most noticeable at C2′). The latter value corresponded well
with reported pKa values of ∼12.2-13.6 for the 2′-OH
moieties of various nucleosides, nucleoside 3′-monophos-
phates, and 3′,5′-bisalkyl phosphodiester derivatives (18). The
magnitude of the pH-dependent change inδ at C2′ of 5′-
rGMP (∼1.5 ppm, Figure 2B) was less dramatic than that
recorded for [13C]phenol (∼10 ppm) presumably because of
the inductive capacity of phenol’s conjugated ring.

Nucleobase functional groups within phosphohydrolytic
ribozymes have previously been examined using 1D NMR
techniques (41). To maximize sensitivity and resolution, we
chose to use 2D (1H-13C correlation) spectroscopy for our
examination of the ribose carbons of [13C]G-RNA (Figure
3, below). In a preliminary HSQC spectrum of the [13C]-
rGMP precursor (Figure 2C), the13C-1H coupling peaks
corresponding to the ribose carbons were each clearly
resolved from one another and from spectral peaks for the
guanine base. Cross-peaks were assigned to the individual
carbons according to the characteristic connectivities of the
corresponding protons (42).

InsensitiVity of the RNA 2′-OH to pH in the Context of
VP39.Synthesis of the13C-enriched N7mGpppG dinucleotide
mRNA cap analogue and its incorporation into [13C]G-RNA
are described in the Supporting Information. This RNA was
identical in both molecular structure and phosphorothio
substitution status to the VP39-bound portion of the cocrys-
tallized RNA in the VP39-AdoHcy-capped RNA cocrystal
structure (Figure 1;33); it differed in only the isotope
enrichment status. At each of six pH points in the range of
6.25-8.6 [encompassing the pH optimum of VP39’s MTase
activity (22) and over which VP39’s native conformation
should be preserved],13C-1H HSQC spectra were generated
for the following samples in the following order: (a) [13C]G-
RNA alone (control), (b) [13C]G-RNA with wild-type VP39
(1:1 complex; to determine whether VP39 promotes depro-
tonation of the RNA 2′-OH), (c) [13C]G-RNA with wild-
type VP39 and AdoHcy (1:1:1 complex), and (d) [13C]G-
RNA with VP39-K175C and AdoMet (1:1:1 complex).
Samples c and d aimed to mimic a reaction complex “poised”
just prior to methylation, via omission of either the AdoMet
CH3 (sample c) or the terminal ethylamine of the K175 side
chain (sample d). The inclusion of AdoHcy in sample c not

FIGURE 2: pH-dependent deprotonation detected by 1D and 2D
NMR. (A) 1-13C of phenol. pH titration ofδ by 1D NMR. (B)
Ribose13C atoms of13C-enriched 5′-rGMP. pH titration ofδ by
1D NMR (pH inferred from pD by the relationship pH) pD -
0.4). Deprotonation of C2′ and C3′ hydroxyls over the pH range
of 11.5-12.6 was detected directly, while coordinated but smaller
(secondary) changes at the other ribose carbons resulted from
inductive and through-space effects (38, 39). The secondary
response was more pronounced at C1′ than at C4′ and C5′ because
of the O4′-C1′-N1 anomeric effect [which arises at elevated pH
due to the increased aromaticity of the guanuin-9-yl moiety resulting
from N1 deprotonation (52)]. (C) 2D (HSQC) spectrum for13C-
enriched 5′-rGMP at pH 6.0, showing ribose (1′-5′) C-H
assignments.
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only ensured that the conformation and microenvironment
of the catalytic center reflected the active (cofactor-bound)
ones as closely as possible but also reflected the inclusion
of this compound in the crystallographic study (Figure 1;
33). Moreover, the inclusion of AdoHcy in saturating
amounts would displace any latent AdoMet copurifying with
E. coli-expressed VP39 (25) due to AdoHcy’s tighter binding
(22) and, as an MTase inhibitor, eliminate the possibility of
spurious 2′-O-methylation during the experiment that might
arise from contaminating AdoMet.

13C2′ peaks for the four samples were assigned using 5′-
rGMP (Figure 2C) as a reference. Values were scrutinized
in the 13C dimension initially, due to its resolution being
greater than that of the1H dimension (δmax for 2′-1H and
1′-13C being∼0.16 and 1.6 ppm, respectively). Moreover,
since 2′-proton signals lay very close to those for water, and
the water content of the RNA-protein complexes was
significantly higher than that of GMP, proton signals were
susceptible to water suppression. C2′ δ values, plotted against
pH (Figure 3A), were pH-insensitive over the range of 6.25-

8.60. This result was reproducible in replicate experiments
(not shown). pH insensitivity was not unexpected for the
free RNA sample, insofar as the pKa of the guanosine 2′-
OH moiety within a GpA dinucleotide (identical to the13C-
enriched linkage of the [13C]G-RNA examined here) is 12.71
(19), well outside the pH range of our titration, and 2′-OH
pKa values for all RNA phosphodiester linkages lie within
the range of 12.17-13.59 (ref18 and references therein).
Our incorporation of adenosine phosphorothioates in place
of monophosphates was not considered to be likely to skew
these values significantly. The finding of pH insensitivity
for the VP39-saturated RNA samples in the pH range of
6.25-8.60 indicated an absence of VP39-induced 2′-oxy-
anion formation over the range of its enzymatic pH optimum.
Signals for the four remaining ribose carbons (1′ and 3′-5′)
also showed no pH-dependent shifts in any of the four
samples (data not shown).

The coordinated pH dependence of1H and 13C δ values
was a hallmark of experiments with13C-enriched 5′-rGMP
(Figure 2C, data not shown). To determine whether the very
small variations inδ with pH observed for RNA C2′ peaks
(Figure 3A) were systematic, they were examined for
covariation with corresponding1H δ values (data not shown)
from the same spectra. The absence of covariation (Figure
3B) indicated that the small variations were noise only, and
therefore insignificant.

At the end of each HSQC experiment, RNA was recovered
and its integrity confirmed (see the Supporting Information).

Effect of Ionic Strength and pH on VP39-[ 13C]G-RNA
Interaction and RNA Stability.At a concentration of∼0.4
mM, VP39 and RNA ligand were individually soluble in
NMR buffer and yielded well-resolved NMR proton spectra.
However, since the protein-RNA complex required an
elevated ionic strength to retain solubility at this concentra-
tion (data not shown), NMR experiments (Figure 3) con-
tained 0.25 M (NH4)2SO4. Since VP39 MTase activity is
progressively inhibited by NaCl at concentrations greater than
50-100 mM (22), the effect of 0.25 M (NH4)2SO4 upon
VP39-RNA substrate interaction was investigated (and the
effect of phosphorothio substitution was simultaneously
investigated), by examining VP39’skm

RNA under conditions
prevailing in the NMR tube at the midpoint of pH titration
[phosphorothio-substituted RNA in 250 mM (NH4)2SO4 at
pH 7.5], and a value of 112µM was obtained. As confirma-
tion that km

RNA approximateskd for the protein-RNA
interaction, isothermal titration calorimetry was also em-
ployed (data not shown), leading tokd values in the range
of 70-100 µM. At a kd of 90 µM along with RNA and
protein concentrations of 320µM, >60% of the RNA ligand
would be expected to be in the protein-bound form at
equilibrium in the NMR tube. Even ifkd

RNA were elevated
3-10-fold at the higher pH values in the experiment [8.0
and 8.6 (35)], >30-40% of the ligand would nonetheless
be in the protein-bound form, well above the detection limit
of HSQC.

DISCUSSION

Of the >120 species of AdoMet-dependent MTase that
have been assigned an EC number, approximately half
methylate an oxygen (2). As described above (introductory
section), the known 3D structure of VP39’s catalytic center

FIGURE 3: pH 6.25-8.60 titration of [13C]G-RNA, in four
samples: RNA alone, RNA with VP39, RNA with VP39 and
AdoHcy, and RNA with VP39-K175C and AdoMet. In the protein-
containing samples, the RNA:protein stoichiometry was 1:1 (forward-
capped RNA:protein stoichiometry being<1:1). (A) pH vsδ for
the RNA’s target13C2′. For comparison, the pH 11.0-14.0 titration
for C2′ of 5′-rGMP (from Figure 2B) is overlaid. (B) Data points
from panel A plotted against1H δ values from the same HSQC
spectra.
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with the substrate and cofactor bound affords an opportunity
to examine the enzymatic mechanism of O-methylation. In
the VP39 catalytic center, the target oxygen nucleophile,
methyl center, and leaving group are very well aligned for
an SN2 reaction mechanism (33; Figure 1). Although such a
mechanism has not been formally proven for VP39, the vast
majority of known MTases exhibit an SN2 mechanism as
evidenced by stereochemical inversion at the methyl center
(43). Insofar as a carbocationic methyl intermediate would
be highly unstable (due to an absence of electron-donating
substitutions to distribute the charge deficiency), those few
MTases that appear not to undergo inversion (43) likely do
not employ an SN1 mechanism but instead experience a
double inversion.

Although metal ions may play a role in 2′-OH deproto-
nation by phosphoryl transferase enzymes and ribozymes
(introductory section), the roles of metals in the RNA 2′-
O-MTase FtsJ/RrmJ are likely in substrate binding and
folding as opposed to catalysis (44), and VP39 is entirely
metal-independent. In VP39, theε-amino group of the lysine
175 side chain (a critical and essential side chain for MTase
catalytic activity; C. Li and P. D. Gershon, manuscript in
preparation) is uniquely positioned at the MTase catalytic
center to act as a general base that has been suggested to act
in deprotonating the 2′-OH, providing a nucleophilic 2′-
oxyanion for in-line attack on the AdoMet methyl center (33).
The equivalent lysine in 2′-O-MTase FtsJ/RrmJ has also been
proposed to act in 2′-OH deprotonation (44). Certainly,
protein acid/base chemistry is adequate for abstraction of a
proton from groups with pKa values even higher than that
of an aliphatic hydroxyl, with only indirect involvement of
a metal ion [for example, abstraction of anR-proton from a
saturated carbon center (pKa ∼ 29) by mandelate racemase
(ref 45 and references therein)].

An enzyme-activated (deprotonated) 2′-OH would be
detected in HSQC experiments as a difference between free
and bound RNA inδ for the target13C2′, and a downfield
shift in δ with pH over the active pH range of the enzyme
due to the activation of K175 as a general base. However,
despite bringingin Vitro conditions perhaps as close as
possible to a natural “poised state” at the VP39 catalytic
center without effecting catalysis, we did not observe protein
effects onδ (Figure 3A). An alternative mechanism might
involve a less dramatic role for hydrogen bonding between
K175 and the 2′-OH proton in lowering the activation energy
of catalysis, via some form of partial deprotonation [bond
polarization and/or stretching, perhaps via formation of a
low-barrier hydrogen bond (46) and/or a catalytic dyad (47)].
While the very small downfield shift of 2′-13C δ observed
for all three RNA substrate-bound complexes with respect
to the free substrate (Figure 3B) could be consistent with
such a mechanism, this mechanism would also require K175
to be in the deprotonated form at the pH optimum of the
enzyme [pH 7.5 (22)] and would therefore likely be pH-
dependent over the pH range of 6.25-8.60 (unless K175’s
pKa were depressed byg4 pH units from its natural value
of 10.1, a degree of perturbation that is considered unlikely).
The pH dependence of the small downfield shift inδ over
the pH range of 6.25-8.60 was not observed (Figure 3B),
arguing against the alternative mechanism.

A second alternative mechanism might involve the “cap-
ture” by VP39 of a transiently deprotonated 2′-oxyanion

intermediate occurring during the naturally rapid exchange
of hydroxyl protons with solvent, and a role for VP39’s lysine
175 in stabilizing the captured oxyanion prior to nucleophilic
attack on the AdoMet methyl. Again, HSQC experiments
would be expected to reveal a downfield shift in 2′-13C δ
for the protein-bound RNA with respect to the coalesced
signal for free RNA, only this time there would be no
requirement for the downfield shift to be pH-sensitive over
the pH range employed in Figure 3A insofar as the active
form of lysine 175 would be the acidic one, the form
naturally predominant at all pH values below the natural pKa

of 10.1. The small, pH-independent difference between free
and bound observed in Figure 3B was not sufficiently great
to be attributable to a fully deprotonated hydroxyl [which is
apparent from the superimposed 1D spectrum of the 5′-rGMP
control (Figure 3A)]. The observed data (Figure 3) are
therefore inconsistent with the second alternative mechanism.

One possible drawback with each of the three mechanisms
outlined above might be that they each involve, to varying
degrees, electron withdrawal from the nucleophile in a
direction away from the hydroxyl oxygen orbital attacking
the cofactor methyl. This may be expected to decrease (or
at least not to enhance) the nucleophilicity of the 2′-oxyanion
toward the target methyl and therefore not to be optimal for
catalysis. A third alternative mechanism is therefore proposed
for enzyme-catalyzed 2′-O-methylation, one which seems to
be the most consistent with the data of Figure 3A, and which
stipulates no change in the protonation or polarization status
of the target ribose 2′-OH prior to the commencement of
nucleophilic attack. According to this mechanism, methyl
group transfer is catalyzed by formation of a non-deproto-
nating hydrogen bond between VP39’s K175 side chain and
the 2′-OH proton, freezing rotation of the latter and steering
an oxygen lone pair of the 2′-OH directly toward the methyl
center. The 2′-OH proton would be lost at some point either
at the same time as or immediately following covalent bond
formation between the substrate 2′-O and the cofactor methyl.
Simultaneous loss would presumably be more thermody-
namically favorable to the forward methylation reaction.
Even if an absence of a preparatory 2′-oxyanion formation
step were less than optimal thermodynamically for MTase
activity (resulting perhaps in a relatively high activation
energy for the forward reaction), this would not be incon-
sistent with VP39’s known MTase kinetics in which chemical
steps appear to be slow [∼10 min per turnover underin Vitro
methylation conditions (37)].

Certainly, orbital steering mechanisms have been invoked
in the past to account for the catalytic power of enzymes
and structural incongruities in ribozyme catalytic centers (refs
48 and 49 and references therein). The orbital steering
mechanism suggested herein for VP39 may be augmented
by additional factors such as (a) extremely high local
concentrations (and mutual proximity) of the substrate 2′-
OH and methyl donor (AdoMet) at the catalytic center, (b)
a destabilized ground state for the reaction due to the
thermodynamic instability of AdoMet [which may be viewed
as an ATP-activated form of methionine (50) with a charged,
trivalent sulfur attached to a highly reactive donor methyl],
and (c) the excellence of AdoHcy as a leaving group due to
its dialkyl sulfide character. Although additional insights into
VP39’s mechanism could likely be gained via approaches
such as the measurement of solvent deuterium kinetic isotope
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effects, the precision with which VP39’s kinetic rates can
currently be measured has proven to be inadequate for such
measurements.

An orbital steering mechanism is favored not only by its
consistency with the data of Figure 3 but also by the
appropriate orientation of the K175 side chain in the
enzyme-substrate-cofactor complex (Figure 1). To act as
an acceptor for the critical hydrogen bond from the RNA
2′-OH proton, the K175 side chain would need to be in its
deprotonated state at the pH optimum of the enzyme,
implying a depressed pKa for its ε-amino group. Although
this is perfectly feasible, the detection of K175’s pKa is
beyond the scope of this study. Nonetheless, since a
conserved and essential lysine corresponding to VP39’s K175
seems to be a general feature of the RNA 2′-O-MTase
catalytic center (32, 44, 51), our proposed mechanism may
be applicable to the entire RNA 2′-O-methyltransferase
family.
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