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ABSTRACT: RNA strand cleavage by 2′-O-transphosphorylation is
catalyzed not only by numerous nucleolytic RNA enzymes (ribozymes)
but also by hydroxide or hydronium ions. In experiments, both cleavage of
the 5′-linked nucleoside and isomerization between 3′,5′- and 2′,5′-
phosphodiesters occur under acidic conditions, while only the cleavage
reaction is observed under basic conditions. An ab initio path-integral
approach for simulating kinetic isotope effects is used to reveal the reaction
mechanisms for RNA cleavage and isomerization reactions under acidic
conditions. Moreover, the proposed mechanisms can also be combined
through the experimental pH-rate profiles.

1. INTRODUCTION
The 3′,5′-phosphodiester plays an important role in the
chemistry and biochemistry of ribonucleic acid (RNA).1−9 Its
hydrolytic cleavage creates nucleic acid fragments that can be
religated by enzymes, together with the sequence-specific
catalysis of hydrolysis, which would enable tailoring of the
RNA strand in a predesigned manner. Therefore, this reaction
has attracted a great deal of interest for decades.

Experimental and theoretical investigations suggested that
the cleavage reaction by 2′-O-transphosphorylation proceeds
via a pentacoordinated phosphorane intermediate (2 in
Scheme 1) formed by the nucleophilic attack of the O2′ on
the phosphorus atom in a 3′,5′-phosphodiester (1a), and then
the O5′ leaving group departs and results in a 2′,3′-cyclic
monophosphate (3). During this process, another competing
pathway occurs simultaneously with the P−O3′ bond cleaving

in the phosphorane and forming an unnatural 2′,5′-counterpart
(1b), i.e., an isomerization reaction.

Several model compounds have been used to study the
catalytic properties of the 3′,5′-phosphodiester bond.10,11 For
instance, in 1991, Lönnberg measured the kinetics for the
cleavage and isomerization of uridylyl(3′,5′)uridine (3′,5′-
UpU) in a wide pH range at a temperature of 90 °C.10 The
results showed that under acidic conditions, 3′,5′-UpU could
undergo both cleavage and isomerization reactions. However,
under basic conditions, only the cleavage reaction was
observed (Figure 1). Nevertheless, in spite of decades of
research, we still do not fully understand the (altered)
mechanisms with pH values, e.g., (i) the differences in the
structures of their respective rate-limiting transition states
(RLTSs); (ii) the influence of the explicit involvements of
hydronium (H3O+) ions at low pH; and (iii) the isomerization
between the 3′,5′- and 2′,5′-phosphodiesters through a
pseudorotation at low pH only. Thus, the underlying
motivation of this work is filling the gaps about these
mechanisms of the cleavage and isomerization reactions,
which is of pivotal significance because actually combinations
of these mechanisms can be strategically used by protein and
RNA enzyme catalysis.12−14

Previously, taking methyl ethylene phosphate as a model for
RNA 3′,5′-phosphodiester, using the collaborative synergy
between simulations and experiments, the mechanisms of base-
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Scheme 1. Optional Reaction Pathways for a 3′,5′-
Phosphodiester
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and RNase-A-catalyzed 2′-O-transphosphorylation reactions
have been successfully unraveled.12,15−17 In this article,
adopting the same model and computational methodology,
reaction mechanisms for acid-catalyzed cleavage and isomer-
ization for RNA 3′,5′-phosphodiester bond will be presented.
Finally, the two reactions will be combined to reveal the
underlying mechanisms in the experimental pH-rate profiles.

2. THEORETICAL BACKGROUND
According to transition state theory, the experimental
activation energies ΔG‡ for the RNA cleavage and isomer-
ization in an acidic solution can be evaluated from the reaction
rate constant kcat, by using the following expression

‡k
k T

h
Gexp( )cat

B
(1)

where kB is Boltzmann’s constant, T is the absolute
temperature, h is Planck’s constant, = k T1/( )B , and the
superscript ‡ denotes the transition state. Adopting the latest
fundamental physical constants of CODATA 2018,18 the
converted ΔG‡’s are 24.2 kcal mol−1 (corresponding to kcat of
2.0 × 10−2 s−1) for the acid-catalyzed cleavage reaction of 3′,5′-
UpU and 24.5 kcal mol−1 (corresponding to kcat of 1.4 × 10−2

s−1) for the isomerization reaction between 3′,5′- and 2′,5′-
UpU, respectively. These values of ΔG‡ can be treated as the
estimates of the upper bounds of the experimental activation
energies for the acid-catalyzed cleavage of RNA 3′,5′-
phosphodiester and the isomerization between RNA 3′,5′-
and 2′,5′-phosphodiesters, respectively.

Previous studies on the base- and RNase-A-catalyzed RNA
cleavage reaction suggested that the methyl ethylene
phosphate should be accurate enough for illustrating the
reaction mechanism in an acidic solution.15−17,19−21 On the
basis of the acid dissociation constant (pKa) values of the
nucleophile O2′ and a nonbridging phosphoryl oxygen O1P/2P,
in this study, the reactant is chosen as a neutrally charged
solute.

Molecular structures of the reactant state (RS), transition
state (TS), intermediate state (IS), and product state (PS)
were minimized at the B3LYP/6-31+G(d) level of density-
functional theory (DFT)22,23 with the inclusion of the
polarizable continuum model (PCM)24−28 for implicitly
treating the solvent effects (See Table S2 in the Supporting
Information for details on comparing this level of DFT with
the second-order Møller−Plesset perturbation (MP2) theory.).

To ensure the continuity of the PCM potential energy surface
(PES), a set of fixed atomic radii was used (See details in the
Supporting Information.). Vibrational frequency analyses were
carried out to confirm the nature of the minimum and saddle
points.29 The software package GAUSSIAN 09 (Revision
C.01) was used for all the electronic-structure and vibrational-
frequency calculations.27

The measurement of the kinetic isotope effect (KIE)
provides one useful means to ascertain details of the nature
of the RLTS. The KIE measures the change in the chemical
reaction rate constant when an atom(s) in the reactant is(are)
substituted by its isotope(s), which is defined as the ratio of
the reaction rate constant of the light isotope(s) to that of the
heavy isotope(s):

[ ]
[ ]

=
k

k
KIE

Reaction Rate Constant light isotope(s)
Reaction Rate Constant heavy isotope(s)

l

h

0

0

(2)

A KIE value that is larger than unity is called a “normal” KIE,
because the rate constant of the light isotope is faster than that
of the heavy isotope. While an “inverse” KIE means that the
KIE value is smaller than unity, i.e., the rate constant of the
light isotope is slower than that of the heavy isotope. On
account of the sensitivity of KIE values to the molecular
structure of an RLTS, measurement of KIE values has been
considered as a direct and powerful experimental probe of
RLTSs.19,30−37

The most widely used formalism to calculate the KIE is the
Bigeleisen equation (eq 3),38−44 in which the Redlich-Teller
product rule is satisfied and the KIE is evaluated in terms of
harmonic vibrational frequencies only, i.e., in the decoupled
rigid-rotor harmonic-oscillator approximation neglecting all
quantum tunneling effects
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where ℏ is Planck’s constant divided by 2π (i.e., the reduced
Planck’s constant), ω is the imaginary (harmonic) frequency at
the transition state, Ω is the real (harmonic) frequency, the
superscripts ‡ and R denote the TS and RS, respectively, N is
the number of nuclei, and i is the index running over all normal
modes.

In order to go beyond the harmonic approximation and to
systematically include (nonparabolic) quantum tunneling
effects, the Bigeleisen equation is refined in the framework of
Feynman’s centroid path integral (PI)

=
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where W is the centroid effective potential energy calculated at
the centroid position of path integrals.45−47 The mass
(isotope) and temperature dependent nature of W distin-
guishes itself from the (ab initio) Born−Oppenheimer
potential energy, which is independent of (nuclear) mass and
temperature. This refined equation (eq 4) will reduce back to
the Bigeleisen equation (eq 3), when the centroid potential is
computed in the decoupled rigid-rotor harmonic-oscillator
approximation (and neglecting all quantum tunneling effects).

Figure 1. pH-rate profiles at 90 °C for the cleavage of 3′,5′-UpU
(red) and the isomerization between 3′,5′- and 2′,5′-UpU (blue). k1 is
the rate constant for the cleavage of 3′,5′-UpU. k2 is the rate constant
for the isomerization from 3′,5′- to 2′,5′-UpU, and k−2 is the rate
constant for the reverse isomerization. The ratio of k2/k−2 remains 1.0
± 0.1 over the whole pH range studied.10 Adapted from ref 5.
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With the treatment of solvent effects by a dielectric
continuum, we used the recently developed automated
integration-free path-integral (AIF-PI) method to determine
the values of W and then in turn used eq 4 to compute KIE
values along the reaction path of the intrinsic reaction
coordinate (IRC) on the ab initio PES. The AIF-PI method
is based on Kleinert’s variational perturbation (KVP) theory46

and makes use of the decoupled instantaneous normal mode
coordinate approximation (DINCA) to render the KVP theory
applicable to actual molecular systems.12,15,16,19,47−49 (See
details in the Supporting Information.)

In the AIF-PI method, which is implemented in
MATHEMATICA,50 the original solution-phase PES along
each normal node is interpolated by a 20th-order polynomial
at a step size of 0.1 Å. The centroid potential is computed up
to the second order of KVP expansion. Thus, the notation for
this level of theory is KVP2/P20. Through a series of rigorous
tests, KVP2/P20 is proved to be a good choice for the AIF-PI
method, from which the calculated values of the centroid
potential are usually within a few percent from the exact.47−49

3. RESULTS AND DISCUSSION
3.1. Acid-Catalyzed Cleavage Reaction. 3.1.1. Reaction

Mechanism and Energy Profile. In order to model the
ubiquitous H3O+ ions in the acidic solution, we tested a series
of different possible pathways (Schemes S1−S7 in the
Supporting Information). For the pathways in Schemes S1
and S2, neither the H2O molecule nor the H3O+ ion explicitly
participates in the reaction, and intramolecular proton-transfer
reactions keep the entire model neutral during the whole
reaction. For the pathways in Schemes S3 and S4, proton-
transfer reactions are no more intramolecular but by means of
two explicit H2O molecules. Finally, for the pathways in
Schemes S5−S7, a number of explicit H2O molecule(s) and
H3O+ ion(s) participate in every step of the reaction. In
Scheme 2 (i.e., Scheme S5), the nonbridging O1P and O2P get
protonated before the nucleophilic attack. We reverse the
orders of these two processes in Scheme S6. Scheme S7
illustrates the scenario that these two processes happen
concurrently. Since only the model in Scheme 2 returns
positive results in terms of both free-energy barriers and KIE
values, we will focus on this model in the following discussion.
More details for the pathways in Schemes S1−S7 are available

in the Supporting Information (some of them probably related
to the mechanism(s) around neutral pH values).

The density-functional PCM adiabatic energy profile
associated with Scheme 2 is depicted in Figure 2, in which

the highest free-energy barrier is 18.0 kcal mol−1 (correspond-
ing to the reaction rate constant of 1.1 × 102 s−1). Compared
with the energy profiles for Schemes S1−S4 that have free-
energy barriers at least larger than 30 kcal mol−1 (Table S3 in
the Supporting Information), this is the only energy profile
that has the highest free-energy barrier smaller than the upper
bound estimated from the experiment (24.2 kcal mol−1,
corresponding to the reaction rate constant of 2.0 × 10−2

s−1). Since in the acidic solution the deprotonation of O2′−H
is not a pre-equilibrium step (in contrast to the base-catalyzed
case), then a very critical chemical step to drastically lower the
free-energy barrier from ∼30 kcal mol−1 to 18.0 kcal mol−1 is
having both O1P and O2P protonated (Scheme 2). Fortunately
enough, the free-energy barrier associated with protonating the
second nonbridging O1P/2P is fairly low, which is only 2.3 kcal
mol−1 (TSP{1} in Figure 2).

After both O1P and O2P are protonated, the free-energy
barrier associated with the nucleophilic attack (early transition
state, ETS) of the ETS{1} is monumentally decreased to 18.0
kcal mol−1, where the O5′−P bond is slightly lengthened to
1.71 Å and the O2′−P bond is not yet formed at 1.82 Å (Table
1), while the deprotonation of O2′−H at the ETS{1} is basically
complete, which is reflected by the 1.27 Å separation. And the
distance between O5′ and H3O+:H is shortened to 1.61 Å,
which means a very strong hydrogen bond has already been
formed to stabilize the leaving O5′ even at the ETS.

Scheme 2. Reaction Mechanism for the Acid-Catalyzed Cleavage of Methyl Ethylene Phosphate with Explicit H2O Molecule(s)
and H3O+ Ion(s) Involved: A Model for RNA Phosphate Transesterification under Acidic Conditionsa

a“RS”, “TSP”, “IS”, “ETS”, “LTS”, and “PS” stand for the reactant state, transition state for the protonation of nonbridging O1P/2P, intermediate
state, early transition state, late transition state, and product state, respectively.

Figure 2. Relative free energies of each stationary point in Scheme 2
along the reaction coordinate. The molecular geometries of the
ETS{1} and LTS{1a} are inserted.
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Next, a transient intermediate could be formed as a
pentavalent phosphorane (IS{1b}), which is followed by the
LTS{1a} with the free-energy barrier of 16.1 kcal mol−1 (Figure
2). As opposed to the base-catalyzed 2′-O-transphosphor-
ylation reaction, the prior protonations of both O1P and O2P

for the acid-catalyzed reaction can also stabilize the formation
of this neutral phosphorane intermediate. This stabilization can
be reflected by the emergence of the flat IS{1b}-LTS{1} free-
energy surface (Figure 2), which we call the IS{1b}-LTS{1}

plateau and does not exist in the base-catalyzed case. Similar
plateaus were also reported on the hydrolysis of paraoxon by
phosphotriesterase and on the methanolysis of cyclic
phosphates in the solution.33,51

This rather large energy plateau found only in acidic
environments would provide many more opportunities for the
isomerization between 3′,5′- and 2′,5′-phosphodiesters via a
pseudorotation. And it is consistent with the experimental
observations that the isomer of 2′,5′-phosphodiester only
appears at low pH.52−55 More importantly, this also suggests
that the current model for the RNA cleavage reaction should
also be applicable to describing the mechanism of the RNA
isomerization and pseudorotation, which will be discussed in
the next section.

As shown in Table 1, at the LTS{1a}, the cleaving O5′−P
bond is essentially broken at a length of 1.82 Å, while the
nucleophilic O2′−P bond is basically formed at 1.72 Å. The

leaving group −O5′CH3 gets large stabilization by an H3O+

ion, which is reflected by the short separation 1.22 Å of O5′−
H3O+:H. And the O2′−H bond is now completely cleaved at a
distance of 1.56 Å, forming an H3O+ ion with a nearby H2O
molecule.

In the IS{1b}-LTS{1} plateau, before forming the final
product, there are actually two more TSs (LTS{1b} and
LTS{1c}) associated with the complete departure of the
protonated leaving group HO5′CH3 and the deprotonation
of O2P (Scheme 2). However, both of them do not have KIE
values in agreement with experiments (i.e., probably they are
not the RLTS). Therefore, in the following discussion we will
focus on the LTS{1a} in the IS{1b}-LTS{1} plateau. Details for
the LTS{1b} and LTS{1c} are available in the Supporting
Information.
3.1.2. Kinetic Isotope Effect Values. In previous studies on

base- and RNase-A-catalyzed 2′-O-transphosphorylation re-
actions, LTSs are the rate-limiting steps, which have higher
free-energy barriers than those of ETSs.12,15−17 While for the
acid-catalyzed case, according to the energy profile in Figure 2,
the ETS{1} is the rate-limiting step. The calculated free-energy
barrier associated with the LTS{1a} is lower by a mere 1.9 kcal
mol−1. In view of the approximation/accuracy of our model,
we think that both ETS{1} and LTS{1a} can be the rate-limiting
step in the acidic environment until we make comparisons of
their calculated KIE values with experimental ones for the

Table 1. Interatomic Distances (R) and the Wiberg Bond Order (BO) of Bonds O5′−P, O5′−H, O2′−P, and O2′−H for
Certain Stationary Points in Scheme 2

interatomic distance (Å) bond order

RO P5 RO H5 RO P2 RO H2 BOO P5 BOO H5 BOO P2 BOO H2

RS{1} 1.60 2.21 4.39 0.99 0.73 0.02 0.00 0.65
TSP{1} 1.59 2.36 3.40 0.99 0.77 0.01 0.00 0.64
ETS{1} 1.71 1.61 1.82 1.27 0.57 0.11 0.45 0.28
LTS{1a} 1.82 1.22 1.72 1.56 0.45 0.31 0.56 0.13

Table 2. Computed KIE Values of the Transition States for Acid-, Base-, and RNase A-Catalyzed Cleavage Reactions,
Respectively, along with the Most Relevant Available Experimental Results for Comparison

acid (pH = 0) base (pH = 14) RNase A (pH = 7)

expt ETS{1} LTS{1a} expt ETS LTS expt LTS

kO
18 2 0.990(4)a 0.988 0.988 0.981(3)b 1.017c 0.967c 0.994(2)d 0.998e

kO
18 5 1.005(4)a 1.013 1.006 1.034(4)b 1.006c 1.061c 1.014(3)d 1.026e

kO
18 3 0.998 0.997

kO
18

1P/2P 0.991(1)a 0.994f 0.998f 0.999(1)b 1.004c 1.004c 1.001(1)d 1.006e

kO :D
2 2 4.555 1.632

kO :D
2 5 1.414 4.608

kD O
2

2 3.686 5.380

kO :T
3 2 9.211 1.993

kO :T
3 5 1.588 9.590

kT O
3

2 6.520 11.887

aExtracted from ref 12, in which the KIEs were measured by competitive methods. bExtracted from refs 15 and 56, in which the measured kO
18

2

value has been corrected for deprotonation. cExtracted from ref 16, in which the KIE values were calculated by the same ab initio path-integral
method at the DFT-B3LYP/6-31+G(d) level of theory. dExtracted from ref 12, in which the KIEs were measured by competitive methods.
eExtracted from ref 12, in which the KIEs were calculated from the Bigeleisen equation. fThe arithmetic average values of kO

18
1P and kO

18
2P, i.e.,

= +k k k( )/2O
18

O
18

O
18

1P/2P 1P 2P .
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purpose of rigorous validation of our proposed mechanism
(Scheme 2).

As shown in Table 2, surprisingly, the calculated kO
18

2 (for
the nucleophile) at the ETS{1} is inverse, which is contrary to
the normal value of kO

18
2 at the ETSs for base- and RNase-A-

catalyzed cases. More importantly, this inverse kO
18

2 , together
with other KIE values associated with the ETS{1}, is in excellent
agreement with experiments, including the change of kO

18
5

from large normal (base-catalyzed case) to small normal (acid-
catalyzed case) and the change of kO

18
1P/2P from slightly normal

(base-catalyzed case) to slightly inverse (acid-catalyzed case).
These encouraging results make the ETS{1} qualified for being
the rate-limiting step.

We believe this inverse KIE value of kO
18

2 has roots in the
nucleophilic attack of O2′ and the deprotonation of O2′−H
occurring (almost) simultaneously, which make opposite
contributions to kO

18
2 . This process is clearly shown in a

More O’Ferrall-Jencks diagram (Figure 3). The ETS{1} can be

thought of as existing on a simplified two-dimensional
coordinate, where one axis represents O2′−P bond forming
and the other represents O2′−H bond breaking, respectively.
The ETS{1} with more O2′−H bond cleavage than nucleophilic
attack locates in the lower-right quadrant of this plot.
Intuitively, two parts of opposite contributions between more
O2′−H breaking (positive contribution) and O2′−P forming
(inverse contribution) would offset each other and result in
near unity or even a positive KIE value. Therefore, we need to
look more deeply into the origin of this inverse KIE value.

In the present AIF-PI method, DINCA is used in the
calculation of the centroid potential of path integrals.
Conseuently, it allows us to separate the overall quantum
effects into contributions from harmonic vibrations, anharmo-
nicity, and quantum tunneling to provide further insight into
each KIE value. In this analysis, the total KIE values in eq 4 can
be decomposed as follows

= hKIEPI har anh tun (5)

where ηhar is the KIE value determined using the Bigeleisen
equation (eq 3) with harmonic vibrational frequencies, hanh is
the anharmonicity correction factor from all modes with real
(positive) frequencies as determined by the KVP2 theory, and
κtun represents tunneling contributions to the computed KIE
values corresponding to the imaginary normal modes. The
three decomposed factors for kO

18
2 at the ETS{1} are 0.986,

1.002, and 0.999 for ηhar, hanh, and κtun, respectively. This
indicates that the “harmonic” contribution plays an important
role, with both the anharmonic correction and tunneling effect
near unity. In fact, ηhar includes harmonic contribution on the
computed vibrational frequencies both at the reactant state and
the transition state. Thus, we can define

=har
har
TS

har
RS

(6)

where har
RS and har

TS specify the isotope effects on harmonicity
in the reactant state and the transition state, respectively. In
this way, we identify four key normal modes (normal modes
#32, #35, #36, and #41 in GAUSSIAN frequency analysis) at
the ETS{1} that have the largest harmonic contributions, and
they are all related to the proton being transferred (Figure 4).

Interestingly, in addition to the ETS{1}, all KIE values
associated with the LTS{1a} are also in excellent agreement with
experiments (Table 2). This makes the LTS{1a} another strong
candidate for being the rate-limiting step. Nevertheless, most
importantly, since Scheme 2 is so far the only reaction
mechanism that has TS(s) in agreement with experimental KIE
values and reaction rate constants, then we can conclude that
the altered catalytic mechanism for 2′-O-transphosphorylation
at pH = 0 has been successfully deduced from the
computations and experiments in this work.

Since current experimental KIE values cannot distinguish the
ETS{1} and LTS{1a} definitely, we make many theoretical
predictions of KIE values to differentiate between the ETS{1}

and LTS{1a} by future experiments, which are listed in Tables 2,
S6, and S7 (Supporting Information). Note here that we try to
provide a great amount of theoretical evidence to determine
the rate-limiting step, without considering the practical
difficulties for these experimental measurements. From Table

Figure 3. More O’Ferrall-Jencks diagram for the nucleophilic attack of
O2′ at the P atom. The red solid circle represents the position of the
the ETS{1} in Scheme 2, which is calculated from the Wiberg bond
orders of O2′−P and O2′−H (values in Table 1). The reaction path
connecting the IS{1a} (lower-left corner) and the IS{1b} (upper-right
corner) through the ETS{1} is shown. The intermediate states of two
extreme scenarios, complete O2′−P formation and complete O2′−H
breakage, are shown in the upper-left and lower-right corners.

Figure 4. Schematic illustration of the four normal modes identified
to have the largest harmonic contributions to the inverse KIE values
for kO

18
2 at the ETS{1}. All four normal modes are associated with the

proton transferred from O2′ to a water molecule.
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2, it shows that not only the single deuterium (D) or tritium
(T) substitution for the obvious choices of the two hydrogens,
O2′:H ( kO :D/T

2/3
2 ) and O5′:H ( kO :D/T

2/3
5 ), can help us to

identify the RLTS but also if the reaction take place in a
solution of heavy water (D2O), particularly in superheavy
water (T2O), the KIE values at the ETS{1} and LTS{1a} are also
quite different, e.g., ranging from 3.686 k( )D O

2
2

at the ETS{1}

to 11.887 k( )T O
3

2
at the LTS{1a}.

3.2. Acid-Catalyzed Isomerization Reaction. 3.2.1. Re-
action Mechanism and Energy Profile. Using the same model
compound and computing method as above for 3′,5′-
phosphodiester, both stepwise and concerted mechanisms are
tested for the acid-catalyzed isomerization between 3′,5′- and
2′,5′-phosphodiesters. For the concerted mechanism, in which
the nucleophilic attack of O2′ and the departure of O3′ occur
simultaneously, the estimated free-energy barrier is very high
(∼40.0 kcal mol−1). Therefore, we focus on the stepwise
mechanism, which is also suggested by experimental
evidence.10,57−59

For the stepwise mechanism, a phosphorane intermediate is
formed during the reaction. According to Westheimer’s rules,
both the nucleophile entry and the leaving group departure
must occur at the apical position. Due to the geometric
constraint of O2′ and O3′ lying in one five-member ring in the
phosphorane structure, they cannot occupy both apical
positions. Therefore, a pseudorotation is needed to transfer
O3′ to an apical position after the nucleophilic attack of O2′
and before the departure of O3′.

One of reaction pathways for the isomerization reaction is
shown in Scheme 3 (See more details in Scheme S8 in the
Supporting Information.). Starting from a neutral reactant
RS{2}, first a quick protonation step on the nonbridging O1P/
O2P (TSP{2}) occurs to obtain a monocationic 3′,5′-
phosphodiester with O2′, O1P, and O2P all protonated
(IS{2a}). Then the nucleophilic attack occurs, along with
O2′−H deprotonating to an adjacent water molecule to form a
H3O+ ion (ETS{2}). With different apical phosphoryl ligands (

O CH5
3, −O1PH, and −O2PH, respectively) aligning with O2′

and phosphorus in the trigonal bipyramidal phosphorane,
actually, there are three ETS isomers following the same
mechanism (ETS{S8a}−{S8c} in the Supporting Information).
After the ETS{2}, a neutral phosphorane IS{2b} is formed.
According to experimental pKa values, this neutral IS adapts to

acidic conditions; thus, no proton transfer will take place.4,60,61

Next, pseudorotation occurs. Overall, the apical position of the
phosphorane converts from O2′ to O3′, and the following rules
are restricted for pseudorotation in our simulation:

1) The two oxygen atoms O2′ and O3′ should take one
apical position and one equatorial position. Both apical
or both equatorial positions are restrained.

2) One trigonal bipyramidal phosphorane structure con-
tains two apical positions, during the process of
pseudorotation, and one apical position exchanges
from O2′ to O3′; the other three ligands all have
opportunities to take the opposite apical position.

Therefore, we have a total of six TSs for pseudorotation
(TSPR{S8a}−{S8f} in the Supporting Information). For the
TSPR{2} in Scheme 3, apical positions convert from O2′−P−
O5′ to O3′−P−O1P. After pseudorotation, O3′ is transferred to
an apical position and ready to depart (LTS) to complete
isomerization. Similar to ETSs, LTSs also have three
isomerides, with different ligands pairing with O3′ taking
apical positions. During the departure, one H3O+ ion donates
one proton to O3′ for its negativity. Then the system comes to
a cationic 2′,5′-phosphodiester with O3′, O1P, and O2P

protonated (IS{2d}). According to pKa values, it needs a
deprotonation process of O1P−H/O2P−H (TSD{2}) to get to a
neutral product, which can be considered as a reverse process
of TSP{2}.

Relative free-energy barriers of each TS in Scheme 3 are
shown in Figure 5. In Figure 5, the energy profile shows high
symmetry, which is consistent with the symmetric reaction
pathway shown in Scheme 3. From an overall perspective, the

Scheme 3. Reaction Mechanism for the Acid-Catalyzed Isomerization of Methyl Ethylene Phosphate with Explicit H2O
Molecule(s) and H3O+ Ion(s) Involved: A Model for RNA Isomerization under Acidic Conditionsa

a“RS”, “TSP”, “IS”, “ETS”, “TSPR”, “LTS”, “TSD”, and “PS” stand for the reactant state, transition state for protonation of the nonbridging O1P/2P,
intermediate state, early transition state, transition state for pseudorotation, late transition state, transition state for deprotonation of O1P/2P−H, and
product state, respectively.

Figure 5. Relative free energies of each stationary point in Scheme 3
along the reaction coordinate. The molecular geometry of the
TSPR{2} is inserted.
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TSPR{2} is the rate-limiting step, with a free-energy barrier
ΔG‡ equal to 20.5 kcal mol−1 (corresponding to the reaction
rate constant of 3.5 s−1). On the other hand, free-energy
barriers for the isomer groups of ETSs, TSPRs, and LTSs range
from 15.0 to 16.0 kcal mol−1, from 19.4 to 21.1 kcal mol−1, and
from 15.1 to 16.1 kcal mol−1, respectively (Table S9 in the
Supporting Information). The small discrepancies in the free-
energy barriers between each isomer groups suggest that all
these reaction pathways through corresponding TSPR isomers
have comparable opportunities to take place in practice.

Moreover, looking into the molecular structures of each
TSPR isomer can help us to understand the pseudorotation
more deeply. The pseudorotation process involves an
interconversion of a pentacoordinated trigonal bipyramidal
species whereby there is an exchange of two ligands in apical
positions with two other ligands in equatorial positions. This
process can be visualized as a conformational rearrangement
course that involves two concerted bending motions, a
contraction of the angle between two apical ligands and a
widening of the angle between two equatorial ligands. In other
words, after pseudorotation, the bond angle between two
apical ligands bends from ∼180° to ∼120°, i.e., from two apical
positions to two equatorial positions, while the bond angle
between two other ligands expands from ∼120° to ∼180°, i.e.,
from two equatorial positions to two apical positions. For each
TSPR isomer, it is found that accompanied with exchanging
apical positions between O2′ and O3′, TSPRs for exchanging
between two −O1PH and −O2PH groups (E.g., the TSPR{S8c}

exchanges apical positions from O2′−P−O1P to O3′−P−O2P,
and the TSPR{S8f} exchanges apical positions from O2′−P−O2P

to O3′−P−O1P.) have slightly lower free-energy barriers (but
still is the rate-limiting step along respective reaction
coordinates), relative to respective barriers of TSPRs for
exchanging between the O CH5

3 group and one −O1P/2PH
group [E.g., the TSPR{2} (i.e., TSPR{S8a}) exchanges apical
positions from O2′−P−O5′ to O3′−P−O1P.]. This phenom-
enon can be understood by the electronic charge distribution
and hyperconjugative interactions between corresponding
molecular orbitals (See details in the Supporting Information.).
3.2.2. Kinetic Isotope Effect Values. From the energy profile

in the previous subsection, it clearly shows that TSPRs have
the highest and consistent free-energy barriers with exper-
imental measurements along each reaction pathway. This
conclusion is quite different from previous works on RNA
isomerization, which all predict that pseudorotation is unlikely
to be the rate-limiting step. To support this statement, we
calculate the KIE values for single 14C- or 18O-substitution and
list the results in Table 3. Taking into account all of the
competitive reaction pathways via each TSPR isomer shown in
Scheme S8 (Supporting Information), the computed KIE
values are averaged for each TS group, e.g., the TSP group
(one isomer), ETS group (three isomers), TSPR group (six
isomers), LTS group (three isomers), and TSD group (one
isomer). (KIE values for individual TSs are in the Supporting
Information.) Among each group, KIE values are averaged on
the basis of the Boltzmann weights of each TS, according to
corresponding free-energy barriers.

Owing to the fairly lower free-energy barriers of TSP and
TSD than those of other TS groups (ETS/TSPR/LTS
groups), TSP or TSD has little chance to be the rate-limiting
step. Therefore, we turn our attention to ETSs, TSPRs, and
LTSs. From Table 3, ETS, TSPR, and LTS groups have

distinguishable averaged KIE values. For example, the TSPR
group has near unity KIE values for C2′ and C3′ (1.001 for

kC
14

2 and 0.991 for kC
14

3 ), while the ETS/LTS group has
inverse KIE values (0.989 for kC

14
2 and 0.985 for kC

14
3 in the

ETS group, 0.993 for kC
14

2 and 0.981 for kC
14

3 in the LTS
group). The TSPR group has a slightly normal KIE value for
O1P/2P (1.011), in contrast with large normal KIE values for
both ETS and LTS groups (both 1.054). KIE values for other
sites are all near unity for ETS, TSPR, and LTS groups.

Due to the difficulty in measuring the intrinsic KIE values
for acid-catalyzed isomerization between 3′,5′- and 2′,5′-
phosphodiesters, unfortunately, we do not have direct
experimental results by now, which will be discussed further
in the following section.
3.3. Combination of Cleavage and Isomerization

Reactions. In the above sections, we made analyses and
discussions on the cleavage and isomerization reactions,
separately, based on a joint theoretical and experimental
study on kinetic isotope effects. Actually, the two reactions
occur simultaneously, which makes experimental measure-
ments of KIE values not trivial. In other words, the measured/
observed KIE values listed in Table 2 consist of partial
contributions from both reactions. Therefore, more strictly, we
should extract the intrinsic KIE values (KIEint) from the
observed KIE values (KIEobs), before comparing with our
simulations. Northrop’s method provides one possible way to
do this.62

The reaction mechanisms for both the cleavage and
isomerization reactions can be minimized as Scheme 4. R, I,

and P represent the mixture of 3′,5′- and 2′,5′-phosphodiest-
ers, possible phosphorane isomers that can be formed through
pseudorotation and 2′,3′-cyclic monophosphates and alcohol
leaving groups, respectively. k1 and k2 are the reaction rates for
the formation of a phosphorane and the breakdown of a
phosphorane to a phosphodiester, and k3 is for the departure of

Table 3. Averaged Computed KIE Values for Each TS
Group for Acid-Catalyzed Isomerization Reactionsa

TSP
group

ETS
group

TSPR
group

LTS
group

TSD
group

kC
14 2 0.989 0.989 1.001 0.993 1.005

kC
14 3 0.997 0.985 0.991 0.981 0.981

kC
14 5 1.004 1.002 1.005 1.002 1.004

kO
18 2 1.002 1.007 1.006 1.002 0.997

kO
18 3 0.991 0.996 1.005 1.001 0.996

kO
18 5 0.995 1.001 1.006 1.001 0.995

kO
18

1P/2P
a 0.996 1.054 1.011 1.054 0.996

aThe arithmetic average values of kO
18

1P and kO
18

2P, i.e.,
= +k k k( )/2O

18
O

18
O

18
P1P/2 1P 2P .

Scheme 4. A Minimal Mechanism for the 2′-O-
Transphosphorylation of the 3′,5′-Phosphodiester and the
Isomerization between 3′,5′- and 2′,5′-Phosphodiesters
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the leaving groups resulting in products. The primary KIEobs
will be affected by commitments as the following relationship37

= + + ·
+ +

C C
C C

KIE
KIE EIE

1obs
int f r

f r (7)

where Cf and Cr are defined as the forward and reverse
commitments, and EIE is the equilibrium isotope effects,
respectively. The forward commitment Cf is defined as the
ratio of the isotopically sensitive rate constant in the forward
direction to the rate constant for the breakdown of the
phosphorane back to 3′,5′- or 2′,5′-phosphodiester. And the
reverse commitment Cr is defined as the ratio of the
isotopically sensitive rate constant in the reverse direction to
the rate constant for the cleavage of the phosphorane to
products. Particularly, in the case of an irreversible isotopically
sensitive process, Cr goes to zero, and the above equation can
be simplified as follows:

= +
+

C
C

KIE
KIE

1obs
int f

f (8)

There are several experimental methods to obtain Cf and Cr or
eliminate them. For simplicity, here we just assume reasonable
values for Cf and Cr to evaluate the intrinsic KIE values.

Taking the KIE value for the leaving group k( )O
18

5 for
example, since k3 is the only isotope-sensitive step, so Cr equals
zero, and Cf can be written as

=C
k
kf

3

2 (9)

As proposed in Schemes 2, 3, and S8, a phosphorane may
break down in one pathway to cleave to 2′,3′-cyclic
monophosphate and the leaving group or in six pathways to
reform the 3′,5′- or 2′,5′-phosphodiester. Thus, Cf would be
small and consequently hardly affects the observed KIE value.
For example, if we simply assume the reaction rates for these
pathways are equal, the forward commitment would be 1/7 ≈
0.14. Then the extracted intrinsic kO

18
5 value is 1.006, which is

almost unchanged from the observed KIE value of 1.005
(Table 2).

For secondary KIE values, since both the formation (k1) and
the breakdown (k2 and k3) of the phosphorane are isotopically
sensitive steps, thus the observed KIE can be described as
follows:

= ·
+

+
C

C
KIE KIE

KIE /KIE

1obs int,1
int,3 int,2 f

f (10)

Similarly, if we simply assume that KIEint,2 and KIEint,3 are the
same, then the above equation can be simplified as

=KIE KIEobs int,1 (11)

Based on the above analyses, the commitments would have
little influence on the observed KIE values for the cleavage
reaction, and the experimental results in Table 2 are reliable.

Finally, we can combine our investigations on acid-catalyzed
cleavage of 3′,5′-phosphodiester by 2′-O-transphosphorylation
with isomerization between 3′,5′- and 2′,5′-phosphodiesters,
through the pH-rate profiles shown in Figure 1.

Under strong acidic conditions (pH < 2), the two pH-rate
profiles are quite close to each other, and the reaction rate of
isomerization is always slightly slower than that of the 2′-O-
transphosphorylation process. By using eq 1, reading the

reaction rate constants for the two profiles at pH = 0, we can
evaluate the corresponding free-energy barriers are 24.2 and
24.0 kcal mol−1 for the cleavage and isomerization reactions,
respectively. In our simulations, for the acid-catalyzed cleavage
reaction, the ETS is the rate-limiting transition state, and the
free-energy barrier is 18.0 kcal mol−1. While for the acid-
catalyzed isomerization reaction, the result shows that
pseudorotation is the rate-limiting step, and the free-energy
barrier is in the range of 19.4−21.1 kcal mol−1 (six isomers of
TSPRs). These results are well consistent with the
experimental observation. It also means that though the two
reactions have similar pH-rate dependence, the rate-limiting
steps are quite different.

The underestimated theoretical free-energy barriers than
experimental measurements may result from that, in our
simulation, we calculate the case for extremely acidic
conditions. While in experiments, the measurements may mix
with contributions from other optional pathways with higher
activation energies. For example, in the rate-limiting step ETS
for the acid-catalyzed cleavage reaction, the nucleophilic attack
occurs with both O1P and O2P protonated. Considering the pKa
value of the starting material (pKa < 0.7 between monocationic
and neutral RSs) and real acidity in experiment, this process
may also occur with only one of O1P/O2P protonated, which
has a higher free-energy barrier (∼30.0 kcal mol−1). The
experimental measurement may be the mixture of the two
partial contributions. However, for the acid-catalyzed isomer-
ization reaction, the calculated free-energy barriers of the rate-
limiting TSPRs are very close to the experimental results. This
is because the pKa value for the neutral phosphorane structure
with both O1P and O2P protonated to the anionic structure
after dissociating one proton from O1P/O2P is fairly large
(∼11), thus most of the phosphoranes will remain neutral in
strong acidic conditions, though TSPRs with only one of O1P/
O2P protonated have even lower free-energy barriers than that
of neutral ones.

When 2 < pH < 8, the reaction rate for the cleavage reaction
first slows down (2 < pH < 5) and then speeds up (5 < pH <
8), while the reaction rate for the isomerization reaction is
nearly pH-independent in this region. For the cleavage
reaction, both ETS and LTS contain proton transfer processes,
thus these two TSs are both dependent on the concentration
of H3O+ ions. With pH increases, the rate-limiting step may
transfer from the nucleophilic attack occurring with both O1P

and O2P protonated, to a neutral ETS/LTS with only one of
the O1P/O2P protonated (free-energy barriers ∼30.0 kcal
mol−1), to an anionic ETS/LTS with both O1P and O2P

unprotonated (free-energy barriers ∼40.0 kcal mol−1), to a
dianionic ETS/LTS (the ETS and LTS in the base-catalyzed
cleavage reaction, free-energy barriers ∼21.0 kcal mol−1). This
is the origin of the reaction rate first slowing down and then
speeding up in this pH range. For the isomerization reaction,
situations are more complicated. On the one hand, with an
increase in the pH, the dissociation of the cationic intermediate
may lead to the increase in the free-energy barrier of the
nucleophilic attack of O2′ or departure of O3′ (as we discussed
above on a neutral ETS/LTS for the cleavage reaction in this
pH range). On the other hand, the dissociation of the
phosphorane will lower the free-energy barrier of pseudor-
otation (Free-energy barrier of the TSPR with only one of
O1P/O2P protonated is ∼3.0 kcal mol−1 lower than that of both
O1P and O2P protonated.). The competition in between results
in a pH-independent-like curve in Figure 1. In other words, in
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this pH range, the rate-limiting step transfers from
pseudorotation to the nucleophilic attack or departure of
O3′, gradually.

When pH > 8, for the cleavage reaction, the dianionic ETS
and LTS gradually dominate in the reaction, and thus the
reaction rate speeds up. (In previous work on the base-
catalyzed cleavage reaction, the LTS is the rate-limiting step
and has a free-energy barrier of ∼21.0 kcal mol−1.) While for
the isomerization reaction, although the shared ETS and LTS
with the base-catalyzed cleavage reaction can participate with
fair low free-energy barriers, the dianionic phosphorane is too
short-lived to undergo other processes, e.g. pseudorotation.
Therefore, no isomerization is observed in this pH range.

To sum up, all the above simulations are fairly consistent
with current experimental results. However, we are still looking
forward to further experimental data for both acid-catalyzed
RNA cleavage and isomerization reactions to give the final
conclusion.

4. CONCLUSION
In summary, we proposed several reaction schemes for
modeling different mechanisms of RNA cleavage by 2′-O-
transphosphorylation of 3′,5′-phosphodiester and isomer-
ization between 3′,5′- and 2′,5′-phosphodiesters in the acidic
solution. Reaction pathways in Schemes 2 and 3, which involve
sufficient explicit H2O molecule(s) and H3O+ ion(s), are the
most promising candidates for the two reactions, respectively.

For the acid-catalyzed cleavage reaction, the reaction
pathway reveals a very different reaction mechanism compared
with conclusions on base- and RNase-A-catalyzed reactions.
For example, both nonbridging oxygens O1P and O2P need to
be protonated in order for considerably lowering free-energy
barriers. In addition to free-energy barriers, the ETS{1} and
LTS{1a} both have KIE values consistent with experimental
data. Especially, the inverse KIE value for the nucleophile of
the ETS{1} gives us a new horizon regarding possible
nucleophilic KIE values of ETSs when the deprotonation of
O2′−H is not a pre-equilibrium step. Furthermore, the IS{1b}-
LTS{1} energy plateau is a trait exclusively for the acid-
catalyzed cleavage reaction, which is absent from the base-
catalyzed case. This iconic plateau at low pH, in which the
system can freely roam around, should provide much more
chances for the collapse of the phosphorane intermediate
through a pseudorotation to produce the 2′,5′-phosphodiester
isomer.

For the acid-catalyzed isomerization reaction between 3′,5′-
and 2′,5′-phosphodiesters, though it shares a common
nucleophilic attack process (ETS) with the acid-catalyzed
cleavage reaction, the rate-limiting steps are different for the
two reactions. In the cleavage reaction, the shared ETS is the
rate-limiting step; while for the isomerization reaction, the
rate-limiting step is the pseudorotation. KIE values are also
provided. Though at present we do not have experimental
measurements for such KIE values to verify the conclusion, it
provides a good direction to support our results.

At last, our investigations on acid-catalyzed cleavage and
isomerization reactions are combined through the pH-rate
profiles for the two reactions, which also shed light on reaction
mechanism(s) near neutral pH conditions. Considering the
forward and reverse commitments between the two reactions,
all current results are consistent with the experimental data.
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