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Abstract: To better understand the interactions between catalysts and transition states during RNA strand
cleavage, primary *0 kinetic isotope effects (KIEs) and solvent D,O isotope effects were measured to
probe the mechanism of base-catalyzed 2’-O-transphosphorylation of the RNA dinucleotide 5’-UpG-3’. The
observed 80 KIEs for the nucleophilic 2’-O and in the 5’-O leaving group at pH 14 are both large relative
to reactions of phosphodiesters with good leaving groups, indicating that the reaction catalyzed by hydroxide
has a transition state (TS) with advanced phosphorus—oxygen bond fission to the leaving group (*k.c =
1.034 + 0.004) and phosphorus—nucleophile bond formation (*kyyc = 0.984 4+ 0.004). A breakpoint in
the pH dependence of the 2’-O-transphosphorylation rate to a pH independent phase above pH 13 has
been attributed to the pK, of the 2’—OH nucleophile. A smaller nucleophile KIE is observed at pH 12 (*kyyc
= 0.995 + 0.004) that is interpreted as the combined effect of the equilibrium isotope effect (ca. 1.02) on
deprotonation of the 2’-hydroxyl nucleophile and the intrinsic KIE on the nucleophilic addition step (ca.
0.981). An alternative mechanism in which the hydroxide ion acts as a general base is considered unlikely
given the lack of a solvent deuterium isotope effect above the breakpoint in the pH versus rate profile.
These results represent the first direct analysis of the transition state for RNA strand cleavage. The primary
180 KIE results and the lack of a kinetic solvent deuterium isotope effect together provide strong evidence

for a late transition state and 2’-O nucleophile activation by specific base catalysis.

Introduction

Cleavage of RNA strands by nucleophilic attack of a ribose
2’-hydroxyl on the adjacent 3',5" phosphodiester to yield cyclic
2',.3-phosphate and 5'-hydroxyl products is catalyzed by numer-
ous essential enzymes in biology with rate enhancements of up
to 10%°-fold.? Extensive analyses of intra- and intermolecular
phosphoryl transfer reactions reveal a complex energetic
landscape for the reaction.> 2 The overall addition—displacement
mechanism can be concerted AyDy, or stepwise with formation
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of a phosphorane intermediate, depending on interactions with
solution catalysts including acids, bases, and metal ions and
their complexes.***~ 1" RNA 2’-O-transphosphorylation neces-
sarily involves protonation and deprotonation steps; however,
it is exceedingly difficult to gain experimental insight into the
trajectory and timing of these proton transfer steps, that is,
whether they occur before, during, or after transfer of the
phosphoryl group. Understanding these details of mechanism
is important because the 2’-O-transphosphorylation of RNA is
catalyzed by both acid and base in solution,>*®~2% and potential
Bronsted acid and base functional groups are key components

(10) Hengge, A. C.; Aleksandra, T. E.; Cleland, W. W. J. Am. Chem. Soc.
1995, 117, 5919-5926.

(11) Hengge, A. C. Acc. Chem. Res. 2002, 35, 105-112.

(12) Kirby, A. J; Younas, M. J. Chem. Soc. B 1970, 1165-1172.

(13) Lonnberg, H.; Stromberg, R.; Williams, A. Org. Biomol. Chem. 2004,
2, 2165-2167.

(14) Rawlings, J.; Cleland, W. W.; Hengge, A. C. J. Am. Chem. Soc. 2006,
128, 17120-17125.

(15) Humphry, T.; Forconi, M.; Williams, N. H.; Hengge, A. C. J. Am.
Chem. Soc. 2004, 126, 11864-11869.

(16) Grzyska, P.K.; Czyryca, P. G.; Purcell, J.; Hengge, A. C. J. Am. Chem.
Soc. 2003, 125, 13106-13111.

(17) Humphry, T.; Forconi, M.; Williams, N. H.; Hengge, A. C. J. Am.
Chem. Soc. 2002, 124, 14860-14861.

(18) Davis, A. M.; Hall, A. D.; Williams, A. J. Am. Chem. Soc. 1988,
110, 5105-5108.

(19) Li, Y.; Breaker, R. R. J. Am. Chem. Soc. 1999, 121, 5364-5372.

J. AM. CHEM. SOC. 2010, 132, 11613-11621 = 11613



ARTICLES

of phosphoryl transfer enzyme active sites.*2° Defining the
influence of interactions with acid and base catalysts on the
reaction mechanisms in solution therefore provides an essential
framework for understanding how enzymes achieve their
characteristic attribute of tremendous rate enhancement.

In solution, the 2’-O-transphosphorylation reaction a pH 0—5
is believed to occur via a phosphorane intermediate, in which one
or more of the nonbridging oxygens is protonated.?***3° The pH
versus log rate profile displays an apparent dope of —2 between
pH 1 and pH 2 and a sope of —1 between pH 2 and pH 5.52°3!
Protonation of both the leaving group (pKa < 0) and one of the
nonbridging oxygens (pK, ca 2) is believed to account for the
dependence of the rate constant on proton concentration over
the acidic range. Under these conditions, the phosphorane inter-
mediate is sufficiently stable to undergo pseudorotation, resulting
in isomerization to form the 2,5-phosphodiester, 391320233233 pt
pH 5—7, the cleavage reaction becomes pH independent, which
is accounted for by the continued decrease in acid catalysis that
is offset by increasing catalysis by hydroxide. Experimental and
theoretical data suggest that under these conditions a dianionic
oxyphosphorane transphosphorylation intermediate may form that
is kinetically indistinguishable from a concerted displacement
trangition state and is too short-lived to undergo other processes
such as protonation or pseudorotation.>®23343" |nversion of
configuration of a phosphorothioate at the reactive phosphoryl
supports a concerted mechanism under these conditions.*
Above pH 13, the reaction becomes pH independent, with an
apparent pK, of 13.5 presumed to reflect deprotonation of the
2’-O nucleophile 519213839

Pre-equilibrium deprotonation of the 2’-O nucleophile is
considered to be the likely basis for the first-order dependence
of the cleavage rate constant on hydroxide ion and the loss of
this dependence above pH 13.5 (Figure 1). In this mechanism,
the rate constant for the reaction below the pK, increases with
hydroxide ion concentration due to an increased fractional
population of the reactive 2’-oxyanion nucleophile, while above
the pK, (indicated by Ke), the rate constant becomes indepen-
dent of hydroxide concentration due to complete titration of
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Figure 1. Genera and specific base mechanisms of hydroxide ion catalyzed
2’-O-transphosphorylation. The conventional mechanism in which equilib-
rium deprotonation of the 2’—0OH (K, occurs prior to nucleophilic attack
and reaction with arate constant governed by Kpong,ss 1S Shown as the upper
pathway. An aternative mechanism in which reaction occurs from the
2’—0H ground state (kponacs) Where a decrease in rate constant due to

deprotonation of the nucleophile governed by K is offset by increasing
hydroxide ion catalyst concentration is shown in the lower pathway.

the nucleophile, and the intrinsic rate constant for reaction from
the 2-oxyanion ground state is observed (Kpong). An aternative
model consistent with the data is that hydroxide ion acts as a
general base, and that the proton bonded to the 2’-O position is
transferred to hydroxide ion in the transition state. In this
mechanism, the rate constant for the reaction increases due to
the increase in the concentration of the hydroxide ion catalyst,
but above the breakpoint in the pH versus rate profile the
increase in catalysis occurs because the effect of the increasing
hydroxide ion concentration is offset by the corresponding
decrease in the concentration of the reactive 2’-hydroxyl species.
Direct experimental tests of mechanism at this level of detail
are difficult, and ambiguity remains with respect to the identity
of titrating groups giving rise to pH dependence and the charge
distribution in the rate limiting transition state or states.

A more complete understanding of interplay between pro-
tonation and mechanism can be gained by analysis of the
nucleophile and leaving group 20 kinetic isotope effects for
RNA transphosphorylation and isomerization versus pH. | sotopic
substitution of atoms undergoing chemical reactions affects
reaction rates and equilibria.®%4°~*3 These kinetic and equilib-
rium isotope effects arise because heavier isotopes have lower
zero point vibrational energies than their lighter counterparts.
Differences in bond stiffness between the ground state and
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transition state result in differences in activation energy for the
two different isotopologues and consequently differencesin rate
constant measured as kinetic isotope effects (KIEs, expressed
as kig/kig). Analogously, these differences can ater the equi-
librium distribution of heavy and light isotopesin reactants and
products giving rise to equilibrium isotope effects (EIEs,
expressed as K14/K1g). For example, deprotonation of an alcohol
such as the 2’—OH results in aless stiff bonding environment
for the oxygen atom, which favors the lighter isotope, resulting
in its enrichment in the oxyanion population.***> EIEs for
deprotonation are therefore >1 and are referred to as “normal”.
Similarly, KIEs on bond breakage as in the departure of an
oxyanion leaving group are aso normal. Increases in bond
stiffness during the formation of the 2’0O—P bond will tend to
favor the heavier isotope and can result in KIEs that are <1,
which are referred to as “inverse”.

A great advantage in interpreting KIEs for reactions involving
RNA is the extensive experimental and conceptual framework
derived from analyses of the KIEs of phosphodiester reac-
tions.9 11141646749 Eytengive studies of nucleophile, leaving
group and nonbridging oxygen KIEs by Cleland and by Hengge
demonstrate that these effects fall in the range of 0.93—1.07
(kie/k1g) and provide important information on extents of bond
formation and cleavage.>** Additionally, EIEs from ionizable
protons influence the observed KIEsin apH dependent manner;
for example, the KIE for the nonbridging oxygen is different
in the acid-catalyzed reaction versus the base-catalyzed reaction
due in part to protonation.’®*! Therefore, the KIEs monitored
for RNA reactionsin solution should not only provide important
new information on mechanism but aso insight into proton
transfer, and thus provide benchmarks for analysis of enzyme
mechanism. Here, we report the first use of isotopically enriched
[2-80] and [5-*¥0] RNA dinucleotides to determine the
nucleophile (*kyuc) and leaving group (*¥k ) KIEs for specific
base catalyzed 2’-O-transphosphorylation. The large magnitude
for the nucleophile and leaving group KIEs is consistent with
alate transition state with advanced 2’O—P bond formation and
5’0—P bond cleavage. A lower nucleophile KIE observed below
the breakpoint in the pH dependence of the rate constant and
the lack of a solvent deuterium isotope effect above the
breakpoint provide evidence for nucleophilic activation by
specific base catalysis.

Experimental Section

KIEs may be determined by analyzing as a function of reaction
progress the change in the *60/*®0 ratio of an RNA substrate of
defined sequence that has been site-specifically enriched with 80
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at either the 2’-O or 5-O%. The larger rate constant for either the
180- or 0-containing RNA resultsin the progressive depletion of
that isotopologue in the residua substrate population. Accomplish-
ing this goal presents three key challenges: (i) synthesis of
populations of RNA enriched in #0 at the 2-O or the 5-O
positions; (ii) accurate and precise determination of reaction
progress; and (iii) precise determination of the **0/*80 ratio in the
residual substrate molecules. The first challenge of obtaining O
enriched RNA has been overcome by using [*®0,]benzoic acid as
a nucleophile to deliver the isotopic substitution to activated
nucleoside ribose 2" or 5" carbons followed by hydrolysis of the
benzoate ester.>® The second requirement to precisely determine
the fraction of reaction is accomplished by analytical HPLC. The
third challenge of determining the isotope ratio in the substrate
population is met by analyzing the *0/*80 ratio in UpG by tandem
ESI-Q/TOF MS. These methods are described in the following
sections.

Synthesis of [2’-¥0] and [5-¥0] RNA. The 0 enriched RNA
was synthesi zed using [*%0;] benzoic acid as a nucleophile to deliver
the isotopic substitution to activated nucleoside ribose 2° or 5
carbons followed by hydrolysis of the benzoate ester. Synthesis of
[2’-80] UpG is described in detail in Dai et a.>° To synthesize
Up-[5-80]G, the 2’ and 3’ hydroxyls of commercially available
5-DMT-N-Bu-i-guanosine were protected with acetyl groups, and
the 5-DMT protecting group was subsequently removed by acid
treatment (Scheme S1, Supporting Information). The 5-O was
activated as the mesylate ester, which was subsequently trested with
[2x 80,] benzoic acid to yield enrichment of the heavy isotopo-
logue at the 5’0 position. The hydroxyl protecting groups were
removed to give the [5’-¥0]-nucleoside. The [5'-*%0]-nucleoside
was coupled to commercially available uridine phosphoramidite to
yield the RNA dinucleotide Up- [5'-1%0]G.

RNA Reaction Kinetics. The 2’-O-transphosphorylation of 1-5
nmol of UpG at pH 11—14 was carried out in 250—500 uL at 37
°C at an ionic strength of 1 M adjusted to the desired reaction
conditions using NaOH and NaCl giving afinal RNA concentration
of 2—20 uM. Because the reaction does not generate additional
protons, the only source comes from associated ammonium
counterions and the deprotonation of the guanosine and uridine
nucleobases. Thus, the presence of low concentrations of RNA
decreased the concentration of hydroxide by less than 10%. For
the KIE determinations at pH 12 and 14 that contained 10 uM RNA,
the presence of reactant decreased the concentration of hydroxide
by 0.3% and 0.003%, respectively. At appropriate times after mixing
substrate and base, aliquots were taken and neutralized with an
equivalent of HCI followed by further dilution with 100—200 uL
of 0.1 M ammonium acetate pH 8.0. The reactant (UpG) and
products (cUMP and G) were resolved by RP-HPLC on a 300 x
50 mm C18 column run isocraticaly at 1 mL/min of 0.1 M
ammonium acetate and 4% acetonitrile. The fraction of reaction
(F = [cUMP or G])/([UpG] + [cUMP or G]) was quantified by
integration of the chromatogram and the observed first-order rate
constant (Kqys) determined by nonlinear least-squares fitting (Origin).
The values of kys as afunction of pH 10—14 in Figure 2C were fit
to the rate equation for the base catalysis mechanisms shown in
Figure 1 where,

Kobs = Kpong/ (1 + 10720 P @)

which yielded an apparent pKe of 13.45 4+ 0.03 and a maximal
Koong Of 0.06 s™. For KIE determinations, the appropriate #O-
substituted substrate (either the 2°, 5" or nonbridging oxygen) was
introduced to an enrichment of ca. 50% and reacted as described
above. The HPLC fractions containing the unreacted UpG were
collected and dried under vacuum. The pellets were resuspended
in 1 mL of H,O, dried down 3—4 additional times, and finally

(50) Dai, Q.; Frederiksen, J. K.; Anderson, V. E.; Harris, M. E.; Piccirilli,
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Figure 2. Determination of reaction progress, rate constants, and pH
dependence of the 2’-O-transphosphorylation reaction of 5-UpG-3'. (A)
Separation of the reactant (UpG) from the products (cUMP and G) by RP-
HPLC. Reaction mixtures were injected onto 2300 x 50 mm C18 column
and eluted isocratically at 1 mL/min of 0.1 M ammonium acetate and 4%
acetonitrile. The chromatogram shows absorbance at 260 nm. (B) A
characteristic time course used to determine reaction progress and the rate
constants for the reaction. The reaction progress as determined by integration
of the chromatogram is plotted as a function of time after addition of base.
(C) A plot of ko determined using RP-HPLC as depicted in panels A and
B versus pH. The line is a fit of the data to equation 1, see Experimental
Section.

resuspended in water at a concentration of 20—50 uM for
subsequent isotopic analysis by MS.

Quantitative Determination of %0/*®0 Ratios in UpG by
Electrospray lonization Quadrupole/Time-of-Flight Tandem
Mass Spectrometry (ESI-Q/TOF). Determination of the substrate
160/180 ratio in UpG isolated by RP-HPLC was accomplished by
tandem M S using an ABI QStar electrospray ionization quadrupole
time-of-flight tandem mass spectrometer in negative ion mode. The
sample was injected at 1—0.5 uL/min using an ion voltage of
—2200. The entire deprotonated molecular ion isotopic cluster of
the substrate with monoisotopic m/z 588 was isolated using low
resolution in the initial quadrupole stage and fragmented by inert

11616 J. AM. CHEM. SOC. = VOL. 132, NO. 33, 2010

gas collision at a collision energy of 35. In the second stage, the
resulting fragments at 100—600 m/z were resolved by TOF MS.
To be described in more detail in Anderson et a., in preparation,
we observe that fragmentation of the monoisotopic ion yields high
intensity product ions at nVz 476 and 211 that result from loss of
the uridine nucleobase, and from ribosephosphate, respectively, as
shown in Figure 3A. Both species contain the enriched 2’-O and
5-O and were sufficiently abundant for precise quantitation of 60/
180 ratios in the residual substrate population with 10—15 min of
continuous data acquisition. The second TOF-MS dimension
produces highly enhanced signal-to-noise as demonstrated in Figure
3 for the 211/213 ion pair. The absence of background noise and
the exclusion of contaminants due to the high mass resolution of
the TOF result in a precision of 0.5% or better as assessed by
analytical dilution of isotopic standards. Fitting the m/z data to a
series of Gaussian peaks was used to quantify the abundance of
the two isotopologues and determine the °0/0 ratio;>* aterna-
tively, with compl ete baseline separation of the isotopic peaks and
the absence of apparent contaminants, the Analyst integration
routine produced equivalent results.

(51) Cassano, A. G.; Wang, B.; Anderson, D. R.; Previs, S,; Harris, M. E.;
Anderson, V. E. Anal. Biochem. 2007, 367, 28-39.
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Table 1. KIE Results for Intramolecular Transphosphorylation
Reactions®

kg 8juc "8knuc(corr)? reference
UpG (pH 14) 1.034 + 0.004 0.984 + 0.003 0.981
UpG (pH 12) 1.037 £ 0.002 0.996 + 0.002 0.981
uridine-3’-m-nitrobenzyl 1.0272 ND¢ 66
phosphate
uridine-3’-p-nitrophenol  1.0059 ND 46
phosphate
hydroxypropy!-p- 1.0064 1.0327 1.0079 1

nitrophenol phosphate

@ Standard errors are shown for KIEs determined in this study. The
observed nucleophile KIEs (*8kyyuc) reflect contributions from the effect
for deprotonation and the effect for nucleophilic attack, as discussed in
the text. ® The intrinsic nucleophile KIEs were obtained by correcting
the observed values for the calculated EIE for deprotonation of
hydroxypropy!-p-nitrophenol phosphate. © ND, not determined.

Determination of Kinetic Isotope Effects by Fitting
I sotopologue Ratio versus Reaction Progress Data. The KIEs
reported in Table 1 were calculated from plots of In(*30/*°0) versus
F by fitting to:

In(®0r*®0) = In(**k — 1)/(1 — F) — In(l) @)

where 8 is the isotope effect, F is the fraction of substrate
consumed as determined from integration of the HPLC chromato-
gram, and | isthe initial 80/*®0 ratio in the unreacted substrate.>?
Each experiment was performed in duplicate and the intensity data
for both the 211/213 and 476/478 ions were analyzed, yielding four
determinations of the KIE for each experiment. The KIEs and errors
reported in Table 1 are averages and standard deviations of 6—10
different determinations coming from at least three independent
experiments. The solvent D,O effect on 2’-O-transphosphorylation
of 5-UpG-3 was determined at pH 14. The kp was measured by
dissolving NaOH in 99.9% D,0 or H,0 to a concentration of 1 M
hydroxide (deuteroxide). A total of 500 uL of either solution was
used to resuspend 1 nmol of UpG, and thus, the contribution of
adventitious protons to the D,O reaction was exceedingly small.
Kinetic analyses of reactions run in H,O (filled symbols) or D,O
(open symbols) were run in parallel. Comparison of the rate
constants yields a solvent D,0O effect (ku/kp) of 0.95.

Results

The precise determination of reaction progress by separation
of the reactants and products by RP-HPLC and integration of
the chromatogram is illustrated in Figure 2A,B. The first-order
rate constants for reaction at different pHs were determined
under constant ionic strength (I = 1 M). The dependence of
the 2’-O-transphosphorylation reaction rate constant on hydrox-
ide ion concentration (pH) under the conditions used for isotope
effect measurements is shown in Figure 2C. As observed
previously, the log of the rate constant increases linearly with
pH between ca. 11—13, and at pH values greater than 13, the
rate constant becomes independent of pH.>> Fitting the data
to the rate eguation for the reaction in Figure 1 (eq 1) gives a
pK, of 13.45 + 0.03, which is close to the value of 13.5 for
hydrolysis of an RNA linkage within a DNA oligonucleotide
determined under similar temperature and ionic strength condi-
tions.*?

Determination of the substrate *°0/*®0 ratio in the residual
unreacted UpG population was accomplished by tandem Q/TOF

(52) Cook, P. F.; Cleland, W. W. |sotope effects as a probe of mechanism.
In Enzyme Kinetics and Mechanism; Garland Science: New Y ork,
2007; pp 253—324.

(53) Breaker, R. R.; Emilsson, G. M.; Lazarev, D.; Nakamura, S.; Puskarz,
I. J; Roth, A.; Sudarsan, N. RNA 2003, 9, 949-957.
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Figure 4. Determination of observed KIEs by analysis of In(*0/*°0) versus
F data. (A) Determination of 8k g by quantification of the change in 0/
180 as a function of reaction progress (filled symbols). The red lineis afit
of the data to egq 1 yielding a KIE of 1.032. The blue lines represent
simulations that span the range of observable %0 KIEs. (B) Determination
of Bkyuc. The data and fit to eq 1 are indicated as in panel A. The blue
lines represent simulations of KIEs of unity to 0.980 inverse for comparison.

MS of negative ions generated by direct infusion using an
electrospray source (Anderson et al., in preparation). The UpG
dinucleotide gives rise to the expected m/z 588 unprotonated
molecular ion (M) (Figure 3A). The UpG ion population was
isolated by quadrupole M'S and subsequently fragmented by inert
gas collision. The resulting fragments were resolved by a second
dimension of time-of-flight mass spectrometry. Fragmentation
yields high intensity product ions at nvVz of 476, 365, 255, and
211. The m/z 255 product ion is a contaminant, presumably
pamitate, also present in background samples.

In reactions containing a mixture of natural abundance UpG
and Up[5-*8Q] G, the fraction of the residual substrate containing
the 180 label clearly increases due to the faster reaction of the
lighter 0 isotope (Figure 4A). The lower activation energy
for the lighter isotopologue is indicative of a normal value for
the leaving group isotope effect, ¥ . In contrast, the population
of molecules in which the 2’-O is enriched in 80 label shows
the opposite result. The change in isotope ratio clearly shows
accumulation of the %0 |abeled moleculesindicative of alarger
rate constant for the heavier O containing molecules and
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Figure 5. Determination of the solvent D,O effect on 2’-O-transphospho-
rylation of 5’-UpG-3’ at pH 14. Kinetic analyses of reactionsin H,O (filled
symbols) or D,O (open symbols) were run in parallel. Comparison of the
rate constants yield a solvent D,0O effect (ku/kp) of 0.95.

therefore an inverse 8kyyc (Figure 4B). As described in the
Experimental Section, individua KIE measurements were
determined from plots of In(**0/'°0) versus F (e.g., Figure 4).%
The values for kyyc and ¥k ¢ observed at pH 12 and 14 are
shown in Table 1. Fits of the data from individual experiments
to eq 2 (Experimental Section) gave standard errors of <0.5%.
The opposite observed enrichments of the 5’-¥0 and 2’-80
populations of UpG indicate that the observed effects are not
due to adventitious enrichment of one of the isotopes on sample
workup. KIEs determined from two different ions (m/z 486/
488 and n/z 211/213) gave the same KIE within 0.5%, providing
a check on internal accuracy.

To better understand the extent to which proton transfer
occurs in the TS above the breakpoint in the pH versus rate
profile, the kinetic solvent deuterium isotope effect for UpG
2’-O-transphosphorylation at pH 14 was measured. Solvent
deuterium effects have been reported for avariety of phosphoryl
transfer reactions.?®>*"% |ntermolecular reactions show a
significant effect at pH values of 12%° and below, while the
solvent D,O effect above this range has not been reported. The
solvent deuterium isotope for the base-catalyzed 2’-O-transpho-
sphorylation of UpG at pH 14 was determined by direct
comparison of the reaction rates in H,O and D,O (Figure 5).
Conversion of the substrate was monitored by RP-HPLC and
integration of the chromatogram as described above. The
difference in the rate constants between H,O and D,O was |ess
than 10% (0.055 and 0.052 min™?, respectively).

Discussion

The results reported here provide the first analysis of the
mechanism and transition state for RNA strand cleavage by 2’-
O-transphosphorylation by analysis of primary KIEs. Consid-
eration of the magnitude of the observed effects provides insight
into the role of hydroxide in catalyzing the reaction. Interpreta-
tion of KIEs reported here aso providesincreased understanding
of the changes in protonation state that occur during the reaction.

(54) Nakano, S.; Bevilacqua, P. C. J. Am. Chem. Soc. 2001, 123, 11333~
11334.

(55) Cassano, A. G.; Anderson, V. E.; Harris, M. E. J. Am. Chem. Soc.
2002, 124, 10964—10965.

(56) Yang, M. Y.; Iranzo, O.; Richard, J. P.; Morrow, J. R. J. Am. Chem.
Soc. 2005, 127, 1064-1065.
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Additionally, comparison of the values for RNA to the extensive
mechanistic framework established for reactions of phosphodi-
esters by KIE analyses provides new insight into the transition
state charge distribution.

First, it is important to consider whether the observed KIEs
are consistent with a general or specific base mechanism for
catalysis by hydroxide. The conventional model for the observed
pH—rate profile for RNA hydrolysis is depicted in the top
pathway in Figure 1 and in reaction coordinate diagrams in
Figure 6. In this specific base catalysis model, the kinetically
observed pK, at pH 13.5 is due to the deprotonation of the
2'—0H. On the basis of this mechanism, at pH higher than pK,,
the 8kqys should reflect Bkyong. At lower pH, the ground state
changes from the alkoxide to the hydroxyl. As illustrated in
Figure 6A, thisresultsin a stiffer ground state, and consequently,
predicts that a more normal KIE, in this case that is closer to
unity, should be observed. A precise understanding of the
contribution from bond formation requires knowledge of the
EIE for deprotonation. No experimental primary 8O-EIE for
the deprotonation of an aliphatic alcohol has been published.
However, normal 20 EIEs in the range of 1—2% on deproto-
nation for several compounds have been reported.>” The K,
for deprotonation of nitrophenol is reported as 1.0153% and
values of 1.019—1.014 for phosphoric acid and glucose phos-
phate have been measured.® An EIE of 1.045 for deprotonation
of water was determined by Green and Taube by analyzing the
equilibrium between solutions of NaOH and H,O vapor.®°
However, as pointed out by Hengge and colleagues,®* this value
includes secondary contributions from water molecules that
solvate hydroxide that will also be normal, and therefore, the
intrinsic value for deprotonation will be smaller, but still normal.
Recently, Humphry et al.*® estimated from ab initio calculations
an EIE of 1.0245 for deprotonation of the hydroxyl of
2-hydroxypropy!-p-nitrophenyl phosphate.

Using the rate equation for the specific base mechanism
shown in Figure 1, the observed ¥kyyc values at pH 14 and 12,
and an estimated K, for deprotonation of 1.0245,* theintrinsic
BKkyona for RNA 2-O-transphorphorylation can be calculated
using the following expression:

[H]
le B I(16,bond/(1 + K )

18k 16,eq

== ©
e : k18,b0nd/(1 + M)

Kl&eq

where kyyc is the experimentally observed KIE, ki, and kig
are the rate constants for reaction of the two oxygen isotopo-
logues, Kigpona @d Kigpong are the intrinsic rate constants for
reaction from the 2" oxyanion ground state, Kigeq and Kigeq are
the equilibrium constants for deprotonation of the 2’-%0 and
2-180, respectively. Assuming that the equilibrium isotope effect
on deprotonation (*¥Ke,) is 1.0245 as estimated for the depro-
tonation of the 2"-hydroxyl of hydroxypropyl-p-nitrophenol
phosphate,*® one can use the full equation to calculate the
intrinsic *kyong from the observed values for *kyyc(obs) at pH
12 and pH 14. Here, the Ky is obtained by applying the EIE

(57) Rishavy, M. A,; Cleland, W. W. Can. J. Chem. 1999, 77, 967-977.

(58) Hengge, A. C.; Hess, R. A. J. Am. Chem. Soc. 1994, 116, 11256—
11263.

(59) Knight, W. B.; Weiss, P. M.; Cleland, W. W. J. Am. Chem. Soc. 1986,
108, 2759-2761.

(60) Green, M.; Taube, H. J. Phys. Chem. 1963, 67, 1565-6156.

(61) lyer, S; Hengge, A. C. J. Org. Chem. 2008, 73, 4819-4829.
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Figure 6. Reaction coordinate diagrams for specific base mechanism of hydroxide ion catalyzed 2’-O-transphosphorylation showing the changes in bond
stiffness at the 3’0 position below (A) and above (B) its pKa (pKeq20). Equilibrium deprotonation of the 2'—OH (at pKeq20) occurs prior to nucleophilic
attack and reaction to form the rate-limiting transition state. A two-dimensional projection of the relative changes in bonding environment for the 2’-O are
depicted as hyperbolas for the protonated and deprotonated ground states and the transition state. The lower line in each hyperbola represents the zeropoint
vibrational energy of the heavy (**0) isotope and the upper line represents the zeropoint vibrational energy of the light (**0) isotope). For the reaction of
the 2’-oxyanion in panel B, the stiffer bonding environment in the transition state due to formation of the new 2’O—P bond results in an inverse ®kyyc. For
the reaction below the pKeq20 depicted in panel A, the ground state bonding environment is stiffer due to protonation, and as a consequence, there is less
of a change in overall bond stiffness between the ground state and transition state, resulting in an observed kyyc that is closer to unity (less inverse).

calculated for deprotonation of the hydroxyl group of 2-hy-
droxypropyl-p-nitrophenyl phosphate to the experimentally
determined Ky, from Figure 2C. For values of Bkyyc that we
observe at both pH values, the estimated *8ky,nq from this method
is 0.981. This correspondence is a good check on interna
consistency and indicates that our measurement of KIE and
estimation of 8K, are reasonable.

For the reaction at pH 14, the only significant change in the
bonding environment for the 2’-O is the formation of the new
bond to phosphorus assuming that the reaction proceeds through
attack of the 2’-oxyanion nucleophile. The inverse Bkyyc values
observed at both pH 12 and 14 reflect advanced formation of
this bond in the rate-limiting transition state. At pH 12, the
transition state is essentially unchanged, but in the ground state,
the 2’-O is bonded to a proton, which resultsin a stiffer bonding
environment compared to the 2’-oxyanion (Figure 6). As
discussed above, the magnitude of the effect of this stiffer
ground state environment on the observed nucleophile KIE is
determined by the EIE for deprotonation.

An aternative model is that hydroxide ion acts as a general
base, and that the proton bonded to the 2-O position is
transferred in the transition state (Figure 1, lower pathway). As
in the specific base mechanism (Figure 1, upper pathway), the
ground state changes as the pH becomes greater than 13.5. In
the general base mechanism, the rate constant for the reaction
increases from pH 11 to 13 due to the increase in the
concentration of the hydroxide ion catalyst. Above the break-
point in the pH versus rate profile, the increase in catalysis due
to the increase in hydroxide ion concentration is offset by the
corresponding decrease in the concentration of the protonated
2’-hydroxyl species, which remains the state from which
nucleophilic attack occurs. Thus, the same pH dependence of

the rate constant is observed as in the specific base. While the
2’-oxyanion is clearly a better nucleophile, which suggests the
specific base mechanism would be favored, the general base
mechanism cannot be excluded based on this consideration alone
since electrostatic repulsion may limit the degree to which it
can adopt the appropriate in-line conformation for the reaction
compared to a protonated 2’-hydroxyl.

In the case of the general base mechanism, the observed
Bewuc is still defined by the magnitudes of keong and BKeg;
however, the intrinsic 8k,ong IS 0bserved below rather than above
the observed kinetic pK,. That is, above the pK, the observed
KIE must be corrected to account for equilibrium protonation
of the 2’-oxyanion ground state. Using the rate equation for the
mechanism shown in the lower pathway in Figure 1, theintrinsic
Bk ona Can be calculated in a similar manner:

K16,
|(16 . le,bond/(l + [H]eq)

18
Knuc =
le K18,
I(18,bond/(1 + [H]eq)

(4)

In this hypothetical general base mechanism, the estimated
intrinsic *Kkyong 1S 0.995, which is significantly more normal than
the value obtained for the kyeng for the specific base mechanism
(0.984). In this mechanism, the ground state bonding environ-
ment is stiffer due to protonation, and as a consequence, there
isless of achangein overal bond stiffness between the ground
state and transition state, resulting in an observed kyyc that is
closer to unity (lessinverse). Thus, the primary 80 KIEs alone
do not distinguish between these two mechanisms, athough the
specific base mechanism appears more likely given the much
greater nucleophilicity of the 2’-oxyanion.

J. AM. CHEM. SOC. m VOL. 132, NO. 33, 2010 11619



ARTICLES

Harris et al.

Evidence in favor of the specific base mechanism comes from
consideration of the kinetic solvent D,O isotope effects for the
2'-O-transphosphorylation reaction and comparisons with effects
from other intermolecular phosphoryl transfer reactions. It is
well established that there are significant solvent D,O effects
on the base catalyzed intermolecular phosphoryl transfer. Effects
of 4.9 and 7.2 were reported for reactions of 1-(5"-O-methyl-
B-p-ribofuranoyl)-2-methylbenzimidazole 2’-phenylphosphate
and 2’-(2-methoxylethyl)phosphate, respectively.®? A similar
value of 4.0 was reported for the akaline cleavage of 2-hy-
droxypropyl-p-nitrophenyl phosphate.®® These large effects are
primarily attributable to the difference in the deprotonation of
the attacking nucleophile. Importantly, lower solvent D,0 effects
are observed for reactions of fully ionized oxyanion nucleo-
philes. Values of 0.9 for attack of hydroxide on the p-nitrophenyl
ester of 3'-thymidine monophosphate;®® 0.8 for cis-4-hydrox-
ytetrahydrofuran 3-phenylposphate,®* and 1.0 with dialkyl
2-carboxyphenyl phosphates®™ have been reported. Thus, the
observed effects suggest a primary contribution from proton
transfer when the reaction occurs from the neutral oxygen
ground state which is absent when the reaction occurs from the
2’-oxyanion ground state. This interpretation also explains the
observed attenuation of the solvent D,O effect at high pH for
the cleavage of p-nitrophenol ester of 3-UMP by ahighly active
Zn(I1) complex.>® To confirm this result for 2’-O-transphos-
phorylation of UpG under the conditions used to monitor
primary ¥O KIEs here, we analyzed the solvent D,O effect at
pH 14 (Figure 4). As suggested by previous results, there is
essentially no solvent deuterium KIE for the reaction consistent
with no proton transfer in the transition state. This result is
incompatible with the general base mechanism, which predicts
a solvent effect should be observable both above and below
the kinetic pK, at 13.5. Thus, we conclude that the primary and
solvent KIE data together support the conventional model in
which the 2-O undergoes equilibrium deprotonation to yield
the 2’-oxyanion prior to nucleophilic attack.

The magnitude of the nucleophile and leaving group KIEs
provide information on differences in bonding between the
ground state and transition state. However, interpretation of
nucleophile KIEs are subject to further complexity in addition
to changes in protonation, since the magnitude of **kyong is the
product of two factors, the temperature-independent factor (TIF)
and the temperature-dependent factor (TDF).®® The TIF isalso
referred to as the imaginary frequency ratio because the force
constant for this motion is negative, which in turn gives an
imaginary vibrational frequency (0 = (Kkm)¥?).%” The TIF
reflects the extent to which the labeled atom participates in the
reaction coordinate. Because the imaginary frequency of the
lighter isotope is always larger, this term always makes a normal
(>1) contribution to the observed isotope effect. The TDF
reflects differences in vibrations (bonding) of the labeled atom
in the ground state compared to the transition state. The increase

(62) Virtanen, A.; Polari, L.; Valila, M.; Mikkola, S. J. Phys. Org. Chem.
2005, 18, 385-397.

(63) Bonfa, L.; Gatos, F.; Mancin, F.; Tecillg, P.; Tonellato, U. Inorg. Chem.
2003, 42, 3943-3949.

(64) Usher, D. A.; Richardson, D. 1., Jr.; Oakenfull, D. G. J. Am. Chem.
Soc. 1970, 92, 4699-4712.

(65) Bruice, T. C.; Blasko, A.; Arasasingham, R. D.; Kim, J.-S. J. Am.
Chem. Soc. 1995, 117, 12070-12077.

(66) Melander, L.; Saunders, W. H. Reaction Rates of Isotopic Molecules;
Wiley Interscience: New York, 1987.

(67) Lewars, E. Computaional Chemistry: Introduction to the Theory and
Application of Molecular and Quantum Mechanics; Kluwer Academic
Publishers: Norwell, MA, 2003.
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in bond stiffness due to formation of the new O—P bond
therefore results in an inverse contribution to the observed KIE.
For early transition states in which the contribution from
formation of the new bond to phosphorusis small, the observed
nucleophile KIE can be normal dueto alarger contribution from
the TIF. Examples of normal observed isotope effects for oxygen
nucleophilesin phosphoryl transfer reactions include concerted
displacement of a good leaving group like nitrophenol 45568
or displacement of sulfur from a phosphorothioate ester.®* In
contrast, because there is no TIF for a stepwise mechanism in
which leaving group displacement is rate limiting, the observed
nucleophile KIE can assume a large inverse value as reported
for hydrolysis of a metal complexed phosphodiester (0.937).%"
A more inverse ¥kyyc for nucleophilic attack is reported for
the reaction of hydroxypropyl-p-nitrophenol phosphate catalyzed
by dinuclear zinc(I1) catalyst indicating an altered, later transition
state for the catalyzed reaction (0.9874 versus 1.0079 for the
catalyzed and uncatalyzed reactions, respectively).* In this
context, the estimated inverse *¥kyong Value reported here for
concerted 2’-O-transphosphorylation reaction of RNA (0.981)
indicates that the inverse contribution from the TDF is dominant
and strongly suggests that nucleophile bond formation is
advanced in the transition state.

The large, normal value of 8k ¢ (1.034) reported here for
the RNA 2’-O-transhosphorylation reaction catalyzed by specific
base reflects a large decrease in bond order resulting in a less
tiff vibrational environment for the 5’0 in the transition state.
By comparison, the magnitude of the leaving group KIE for
2’-O-transphosphorylation of uridine-3"-p-nitrophenyl phosphate
is small64° (ca. 18k g = 1.006) consistent with an early TS as
observed for solvent hydrolysis of phosphodiesters with good
leaving groups.’® The RNA reaction mechanism is likely to be
different because the 5”-O leaving group has much higher pK,
than nitrophenol (7.1 for p-nitrophenol compared to >13 for a
ribose hydroxyl®). Indeed, alarge leaving group KIE (38k ¢ =
1.027) was observed for reactions of uridine-3-m-nitrobenzyl
(pKa 14.9).%° These data indicate that for the RNA reaction the
P—5’0 bond is being broken and the 5’-O is departing as the
alkoxide. Protonation of the leaving group in the TS would act
to stiffen the bonding environment and offset the loss of bonding
to the phosphorus atom, resulting in aKIE that is closer to unity.
Computational studies by Warshel also suggest greater nucleo-
philic participation in reaction coordinate motion in order to
expel leaving groups with higher pK,’ consistent with the
Hammond—Leffler postulate™ ™ and supported by the large
inverse intrinsic nucleophile KIE of 0.981 as discussed above.
Together the experimental and computational data indicate a
“late” or product-like TS for RNA reaction with its relatively
unreactive 5’ ribose hydroxyl leaving group (pKj, 14).

Conclusions

The cleavage of RNA chains by attack of the adjacent 2’—OH
is universal in biology and has been intensively studied since
the 1950s, yet thisisthefirst characterization of RNA cleavage
with primary isotope effects capable of directly informing on
the extent of bond cleavage in the transition state. Comparing
the results reported here with this literature and KIE measure-

(68) Cassano, A. G.; Anderson, V. E.; Harris, M. E. Biochemistry 2004,
43, 10547-10559.

(69) Gerratana, B.; Sowa, G. A.; Cleland, W. W. J. Am. Chem. Soc. 2000,
122, 12615-12621.
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(71) Leffler, J. E. Science 1953, 117, 340-341.
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ments of model phosphoryl transfer reactions reveas that
significant differences exist in the transition states for concerted
phosphoryl transfer reactions and that the high pK, of theleaving
group coupled with the enforced geometry of cleavage can
significantly alter the transition state for the reaction. The KIE
data indicate a concerted mechanism in which bond formation
to the nucleophile and bond cleavage from the leaving group
are both advanced in a “late” or product-like transition state.
The nucleophile isotope effects implicate equilibrium deproto-
nation of the 2’-O prior to nucleophilic attack, and thus, catalysis
by hydroxide occurs by a specific base mechanism. Additionally,
the general methods used in these studies provide the opportunity
to determine both nucleophile and leaving group KIES on
reactions involving RNA itself and will provide important
insights into mechanisms employed by other chemical catalysts.
Additionally, these methods provide a means for investigating

enzyme-catalyzed mechanisms of phosphoryl transfer with
physiologically relevant substrates.
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