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Abstract

Phosphoryl transfer reactions are ubiquitous in biology, and the understanding of the mech-

anisms whereby these reactions are catalyzed by protein and RNA enzymesis central to re-

veal design principles for new therapeutics. Two of the most powerful experimental probes

of chemical mechanism involve the analysis of linear free energy relations (LFERs) and the

measurement of kinetic isotope effects (KIEs). These experiments provide critical data that

reports directly on the characteristics of the rate-controlling transition state,which is the most

critical point along the reaction free energy pathway. However, the interpretation of this data

in terms of transition state structure and bonding requires the use of theoretical models. In this

work, we apply density-functional calculations to determine KIEs for a series of phosphoryl

transfer reactions of direct relevance to the 2’-O-transphosphorylation that leads to cleavage of

the phosphodiester backbone of RNA. We first examine a well-studied series of phosphate and

phosphorothioate mono-, di- and triesters that are useful as mechanistic probes and for which

KIEs have been measured. Close agreement is demonstrated between the calculated and mea-

sured KIEs, establishing the reliability of our quantum model calculations. Next, we examine

a series of RNA transesterification model reactions with a wide range of leaving groups in

order to perform, in tandem, analysis of LFERs and KIEs. In this way, we provide a direct

connection between the Brønsted coefficients and KIEs with the structure and bonding in the

transition state. These relations can be used for prediction or to aid in the interpretation of

experimental data for similar non-enzymatic and enzymatic reactions. Finally, we apply these

relations to RNA phosphoryl transfer catalyzed by ribonuclease A, anddemonstrate the reac-

tion coordinate-KIE correlation is reasonably preserved. These results demonstrate the utility

of building up knowledge of mechanism through the systematic study of model systems to

provide insight into more complex biological systems such as phosphoryl transfer enzymes

and ribozymes.
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Introduction

The chemistry of phosphorus is central to many essential biological processes such as cell signal-

ing, energy conversion, and gene regulation.1–5 Of interest here is the study of phosphoryl transfer

reactions in RNA, and in particular, those reactions catalyzed by small prototype RNA and protein

enzymes, including the hammerhead,6 hairpin,7 hepatitis delta virus,8 glmS9 and Varkud satellite

(VS)10 ribozymes and RNase A.11 The mechanisms of phosphoryl transfer reactions, both in enzy-

matic and non-enzymatic systems, have been studied extensively with experiments. One important

method used in those studies is linear free energy relationship (LFER) analysis, which quantifies

the effect of changing the nucleophile or leaving group reactivity (via chemical modification) on

the reaction rate.12,13 Brønsted coefficients14 and Leffler indices15 are valuable parameters that

characterize the extent of bond formation/fission in the rate-controlling transition state (TS) and

can be used to discern between pathways through the reactionfree energy landscape.16–20

Another widely used method in the mechanistic study is the measurement of kinetic isotope

effects (KIEs) which are defined as a ratio of rate constants (klight/kheavy) for the light and the

heavy isotopically substituted reactions. KIEs arise in part from the difference in the zero point

vibrational energies between light and heavy isotopologues and provides an effective approach

to specifically probe the bonding pattern in rate-controlling TS.21,22 Decreased or increased stiff-

ness in the bonding environment surrounding a certain atom in the TS compared to the reactant

state leads to a normal (greater than unity) or inverse (lessthan unity) KIE, respectively, when

this atom is substituted by its heavier isotope. Experiments that have been performed to mea-

sure KIEs in RNA transphosphorylation have greatly enhancedour understanding of the reaction

mechanisms.23–25

Although LFER analysis and measurement of KIEs provide critical information that reports

on the changes in bonding that occur in the rate-controllingTS, theoretical modeling is required

in order to provide a detailed molecular-level interpretation of this data. In the present work, we

report results from quantum mechanical calculations of KIEs in series of reactions that are closely

related to the RNA transphosphorylation. First, several computational methods for KIE prediction
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are tested for a set of benchmark phosphate/phosphorothioate ester hydrolysis reactions26 which

have well-established experimental results. Second, the validated method is applied to a series

of RNA transphosphorylation model reactions in which LFERs have been calculated27 in order

to form a quantitative connection with KIE data that can be used for prediction. Finally, model

reactions that mimic the RNA phosphodiester backbone cleavage in solution and catalyzed by

RNase A25 are examined and used to aid in the interpretation of experimental KIE measurements,

where the reaction coordinate-KIE relationship we obtained from LFER analysis is demonstrated

to have predictive value.

Methods

Phosphate/phosphorothioate ester hydrolysis

DFT calculations were performed using both B3LYP28,29 and M06-2X30 functionals to establish

the appropriate level of theory. Reactant state (RS) and transition state (TS) geometries of the 8

phosphate ester hydrolysis reactions listed in Table 3 of Ref. 26 were optimized using those func-

tionals with 6-31++G(d,p) basis set. PCM solvation model31,32 was used to address the solvent

effects together with two sets of solute atomic radii, UFF33 and UAKS.34 Harmonic vibrational

analysis was performed to verify the nature of all stationary points. KIEs for those experimentally

investigated isotopic substitutions in all 8 reactions were then computed using Bigeleisen equa-

tion.21,35 Temperatures in the KIE calculations were chosen to be consistent with experiments,

where relevant.

LFER series

The reverse of dianionic in-line alcoholysis of ethylene phosphate was used in this work as a

model for RNA phosphate transesterification reaction (see Scheme 3), as was done in previous

work.24,27 A series of 15 reactions with a wide spectrum of different 5’-O leaving groups (see
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Table 2) have been studied. The RS and TS geometries for all reactions were optimized using

B3LYP/6-31++G(d,p) in PCM solvation with UAKS radii set. The B3LYP functional was chosen

because the B3LYP results from the phosphate ester hydrolysis benchmark calculations described

above show better agreement with experiment than those using M06-2X. Nucleophile oxygen (2’-

O) and leaving group oxygen (5’-O) KIEs at 298.15K for all reactions were computed by the same

method as described in the previous subsection.

RNase A model reactions

RS and TS geometries of the enzymatic model reaction which were optimized with B3LYP/6-

31++G(d,p) in PCM implicit solvent using specialized atomicradii for RNase A catalysis, which

we’ve adopted from previous work.24,25An additional imidazole ring resembling His12 in RNase

A, which was only used in TS in previous work 25, has been addedto the RS as well. KIEs of

the 2’-O and 5’-O were calculated at 298.15K using the same protocol as described above. All

electronic structure calculations were carried out in Gaussian 09 package.36

Results and Discussion

Validation and comparison of computed KIEs

Heavy-atom isotope effects, in most cases, have less than a few percent variation from unity.22

Therefore, it is important to establish a solid computational model which enables the reproduction

and prediction of KIE values with satisfactory accuracy. Here, we test three different methods on

a related series of phosphate ester hydrolysis reactions26 in which experimental KIEs have been

well established. Scheme 1 shows the structures of all 8 phosphate ester reactants and Scheme 2

illustrates the different types of mechanisms in the hydrolysis of those reactants. The KIEs cal-

culated using the different computational protocols and their corresponding experimental values

are listed in Table 1 and displayed in Figure 1. In the hydrolysis of dianionic monoesterpNPP2−,
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our calculations suggest a mechanism that agrees with experimental and previous computational

results22,26,37,38in which the reactant hydrolyzes via a concerted mechanism without an intermedi-

ate (Scheme 2, A1). The key bond lengths (P-bridging oxygen:2.76Å, P-attacking water oxygen:

2.52Å in our B3LYP+UAKS calculation) in the TS we located coincide well with the values from

the calculations in Ref. 37 and Ref. 38. For the thio-substituted pNPPT2−, we obtain a loose,

dissociative transition state (Scheme 2, A2) in which the P-O bond fission is more advanced (P-

bridging oxygen: 3.53Å in our B3LYP+UAKS calculation) than in pNPP2−, which agrees with

the interpretation of KIE experiments in Ref. 26. The computed KIEs for these two reactions are

in very good agreement with experimental values. B3LYP produces KIEs that are more consistent

with experiment than M06-2X, while application of UAKS radii improves the correlation to ex-

periment relative to UFF radii. For the monoanionic monoester (pNPP− andpNPPT−) hydrolysis

that occur in acidic conditions, experiments in Ref. 26 suggest an advanced but still incomplete

proton transfer from the nonbridging oxygen to the leaving group oxygen in the TS. Calculations

in the present work support this mechanism (Scheme 2, B). The KIE values given by the different

computational models are all reasonably consistent with experiments (see Figure 1 and Table 1).

The other 4 reactions studied in this section involve the alkaline hydrolysis of diesters and

triesters. Our calculations suggest an associative mechanism with a tight transition state (having

shorter distances to nucleophile and leaving group) for allthese reactions (Scheme 2, C & D), in

which the leaving group bond cleavage in TS of the diesters are more advanced than of triesters.

These conclusions are consistent with various experimental and computational results.13,19,26,39–42

The computed KIEs show, in general, impressive correlationwith experimental values.

Overall, both B3LYP and M06-2X functional give reasonable predictions of KIE values, but the

B3LYP results are more consistent with experimental data (correlation coefficient 0.85 vs. 0.73,

mean unsigned error 0.0032 vs. 0.0044). The KIE results using UAKS radii generally outper-

form those using UFF radii (correlation coefficient 0.85 vs.0.79). Therefore, we choose to use

B3LYP density functional with 6-31++G(d,p) basis set and UAKS atomic radii set for the compu-

tational model, which will be applied here after to the studies on RNA transphosphorylation model
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reactions.

KIEs and LFER in RNA transphosphorylation model reaction series

All the model reactions studied here initiate with the association of the nucleophile involving a

pentavalent phosphorane species. There are two associative mechanisms as shown in Scheme 3: a

concerted mechanism that passes through a single transition state, and a stepwise mechanism that

proceeds via two transition states separated by an intermediate. A concerted mechanism can be

classified as synchronous (having similar degrees of bonding to the nucleophile and leaving group

in the transition state) and asynchronus (having differingdegrees of bonding to the nucleophile and

leaving group in the transition state). For either stepwisemechanisms or concerted asynchronus

mechanisms, the transition states can be further designated as either “early” or “late”, depending

on the location of the transition state along a reaction coordinate that involves the difference in

leaving group and nucleophile distances with the reactive phosphorus. Specifically, we denote a

transition state as being “early” if it is characterized by asmall degree of bond formation/cleavage

with the nucleophile/leaving group, respectively; a “late” transition state involves a nearly fully

formed bond with the nucleophile and a nearly cleaved bond with the leaving group.

Table 2 lists the computed 2’-O and 5’-O KIE values for those reactions as well as the key

geometrical information in the rate-limiting TSs and the experimental pKas of the conjugate acid of

those 15 different leaving groups. Figure 2 demonstrates the connection between LFER and KIEs

in the characterization of the two classes of mechanisms. Figure 3 shows the correlation between

the approximate reaction coordinate R2 −R1 (R1 and R2 stand for the P-O2’ and P-O5’ bond

lengths, respectively) and the KIE values, which will be addressed again in the later discussion on

RNase A enzymatic models.

As shown in Figure 2, Figure 3 and Table 2, two distinct groupsof KIE values for both 2’-O

and 5’-O clearly exist, which correspond to the two types of reaction mechanisms in Scheme 3.

For the reactants with poor leaving groups (conjugate acidshave relatively high pKa values, greater

than≈ 13), significantly large normal 5’-O KIEs (> 1.03) are observed together with the large in-
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verse 2’-O KIEs (< 0.97). These numbers suggest that the P-O2’ bonds are almost fully cleaved

in the rate-limiting TSs while the P-O5’ bonds are nearly fully formed. This is also demonstrated

by the positive “reaction coordinate” R2−R1 values around 0.55 Å in the rate-limiting TSs (TS2).

Early TSs (TS1) can also be located for these reactions but should not be used in the KIE predic-

tions since they are not rate-controlling.27 Phosphoryl transfer reactions for this type of reactants

therefore occur via stepwise mechanisms with late rate-limiting TSs, which agrees with previous

experimental and computational studies on closely relatedsystems.23,24As for those reactants with

enhanced leaving groups (conjugate acids have lower pKa values, less than≈ 13), the 2’-O KIEs

are always large normal while the 5’-O KIEs are mostly normalbut much closer to unity. This

indicates an early rate-limiting TS in which the P-O2’ bond is still forming while the P-O5’ bond

remains almost uncleaved, which is again supported by the negative R2−R1 value. The transpho-

sphorylation process is now shifted to a concerted fashion where the late TSs cannot be located for

most reactions in this group as a result of the enhanced leaving groups.

In terms of LFER analysis, as seen in Figure 2, two distinct Brønsted coefficients (βlgs) -1.37

and -0.53 were observed for the two groups of reactants with poor and enhanced and leaving

groups, respectively. Theβlg value with a much greater magnitude -1.37 for those reactants with

poor leaving groups suggests a later rate-limiting TS that involves more P-O5’ bond cleavage

motion, which makes the reaction rate more sensitive to the change of the leaving group;27 theβlg

with a small magnitude -0.53 for the reactants with sufficiently enhanced leaving groups indicates

a concerted mechanism through a single early TS involving mainly P-O2’ bond formation motion,

which reflects a diminished sensitivity of reaction rate to variation of the leaving group. The break

point of pKa between the two mechanisms is determined to be 13.02 (see Figure 2). From KIE

results, we can observe from Table 2 that the pKa of the break point should fall between 12.37

and 13.55, which coincides very well with the LFER results here and previous reported value

12.58.43 Hence, we are now able to establish a direct connection between Brønsted coefficients

and KIE signatures in the RNA transphosphorylation model reaction series, where both of them

give significant indications of the bonding patterns in rate-controlling TSs and agree with each
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other.

Application to RNase A enzymatic model

Recently, a combined experimental and theoretical investigation was carried out on the elucidation

of RNase A catalytic mechanism via kinetic isotope effects.25 A simplified reaction model was

devised in that work to mimic the RNA 2’-O-transphosphorylation in the enzymatic environment,

and the 2’-O and 5’-O KIEs were computed and shown to be consistent with the experimentally

measured enzymatic KIEs. Here, the above relationship between R2 −R1 and KIE values are

applied to this model. Optimized RS and TS structures in this model reaction are shown in Figure

4. Although the TS here is still a late one, the 5’-O KIE is lessnormal than those in the late TSs of

LFER series while the 2’-O KIE becomes less inverse, which iswell reflected in the more compact

TS geometry and less advanced reaction coordinate R2−R1 value. More interestingly, computed

2’-O and 5’-O KIEs and R2 −R1 values in the rate-limiting TS roughly fall on the fitted lines

from the LFER series as shown in Figure 3. We can see that the LFER model can be used at least

qualitatively to predict the geometrical details for TSs ofmore complex reactions.

The RNase A data points deviate from the model for several reasons. First of all, the RSs

and TSs in the LFER series are all dianionic, which indicatesthat those reactions occur in basic

conditions with the 2’-OH likely deprotonated, while the RNase A reaction model was built to

mimic ideal enzymatic condition at pH 7 so the 2’-OH remains protonated in the RS. One could

expect the 2’-O KIE value to be more inverse (therefore closer to the line, see Figure 3) without

the proton in RS, as the deprotonation process has a normal contribution to the 2’-O KIE while

the P-O bond formation contributes inversely.22,26,44The addition of sugar rings in the enzymatic

model might affect the 2’-O KIE as well since the 2’-OH now becomes a secondary alcohol instead

of a primary one and its vibrational modes get coupled with modes of ring. Also, the imidazole

ring that mimics the general acid His119 creates a stiffer bonding environment for the 5’-O25,45,46

in the TS that leads to a decrease in the 5’-O KIE value, which caused greater deviation from the

model.
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Conclusion

In this work, we present the results of quantum chemical studies on the KIEs in the phosphate

ester hydrolysis reactions, non-enzymatic RNA transphosphorylation model reaction series and

enzymatic model that represents RNA backbone cleavage catalyzed by RNase A. Benchmark KIE

calculations have been performed on the experimentally well-studied phosphate ester hydrolysis

system to validate the computational method used for this system. The method that yields most

consistent agreement with experiments was identified and then applied to the prediction of KIEs

in a model reaction series to establish a relationship between approximate reaction coordinate

and 2’-O and 5’-O KIEs. LFER and KIE analysis provide insights from different aspects but

eventually converge to the same mechanistic explanation for this system. Finally, KIEs in the

RNase A catalysis model are computed and shown to be consistent with the trend observed in the

LFER series between KIEs and reaction coordinates. The datapresented in this work serves as a

useful benchmark and guide to the design and development of next-generation multiscale models

for RNA catalysis mechanisms which are of great biological importance.
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Figure 1: Correlations between computed KIEs using different methods [B3LYP & UFF (left),
B3LYP & UAKS (middle) and M06-2X & UAKS (right)] and experimental KIEs in the 8 phos-
phate ester hydrolysis reactions. Circles in red, blue and green correspond to15k, 18kbridge and
18knonbridge, respectively.
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Figure 2: (Top) Linear free energy relationships for early (TS1) and late (TS2) transition states in
reverse alcoholysis of ethylene phosphate with different leaving groups. log k values are converted
from the calculated reaction barrier and pKa is the conjugate acid pKa of the leaving group (data
adopted from Ref. 27). (Bottom) Computed 2’-O and 5’-O KIE values for this set of reactions.
Filled and unfilled symbols represent the values obtained from rate-limiting and non-rate-limiting
transition states, respectively.
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20



Figure 4: (Top) Structure of RNase A transition state mimic, in which His12 stablizes the negative
charges on the non-bridging oxygens and His119 acts as a general acid to facilitate P-O5’ bond
cleavage. (Bottom) Reactant state (left) and transition state (right) structures in the model reaction.
The two imidazole rings in the RS and TS structures are used to mimic His12 (left) and His119
(right). Key bond lengths (in Å) are labeled.

21



Table 1: Comparison of KIE values for phosphate/phosphorothioate ester hydrolysis reac-
tions. Most experimental results are from Ref. 26 while the18knonbridge value for EtOpNPP−

(0.9974) comes from Ref. 13. Structures and abbreviations of all reactants are shown in
Scheme 1. Different classes of mechanisms are illustrated in Scheme 2.18knonbridge values for
the hydrolysis of (MeO)2pNPPT are not applicable because there is no non-bridging oxygen
in this reactant. Numbers in parentheses are the signed errors multiplied by 104. R is Pear-
son’s correlation coefficient, MSE and MUE stand for mean signed error and mean unsigned
error, respectively.

Reactant Substitution B3LYP M06-2X Expt.
(Mechanism) UFF UAKS UAKS

pNPP2−(95◦C) 15k 1.0033 (+5) 1.0050 (+22) 1.0049 (+21) 1.0028
(A1) 18kbridge 1.0229 (+40) 1.0122 (-67) 1.0142 (-47) 1.0189

18knonbridge 0.9986 (-8) 0.9994 (0) 0.9906 (-88) 0.9994
pNPPT2−(50◦C) 15k 1.0047 (+20) 1.0045 (+18) 1.0099 (+72) 1.0027
(A2) 18kbridge 1.0273 (+36) 1.0246 (+9) 1.0352 (+115) 1.0237

18knonbridge 1.0005 (-130) 1.0048 (-87) 0.9922 (-213) 1.0135
pNPP−(95◦C) 15k 0.9998 (-6) 0.9997 (-7) 0.9996 (-8) 1.0004
(B) 18kbridge 1.0008 (-79) 1.0004 (-83) 1.0016 (-71) 1.0087

18knonbridge 1.0117 (-67) 1.0138 (-46) 1.0176 (-8) 1.0184
pNPPT−(30◦C) 15k 1.0001 (-4) 1.0002 (-3) 0.9994 (-11) 1.0005
(B) 18kbridge 1.0034 (-57) 1.0041 (-50) 1.0019 (-72) 1.0091

18knonbridge 1.0077 (-144) 1.0100 (-121) 1.0153 (-68) 1.0221
EtOpNPP−(95◦C) 15k 1.0016 (+6) 1.0025 (+15) 1.0018 (+8) 1.0010
(C) 18kbridge 1.0058 (+16) 1.0062 (+20) 1.0052 (+10) 1.0042

18knonbridge 1.0007 (+33) 1.0010 (+36) 1.0018 (+44) 0.9974
EtOpNPPT−(95◦C) 15k 1.0014 (+4) 1.0019 (+9) 1.0015 (+5) 1.0010
(C) 18kbridge 1.0033 (+13) 1.0031 (+11) 1.0037 (+17) 1.0020

18knonbridge 1.0013 (-6) 1.0000 (-19) 1.0005 (-14) 1.0019
(EtO)2pNPP(25◦C) 15k 1.0010 (+3) 1.0014 (+7) 1.0012 (+5) 1.0007
(D) 18kbridge 1.0037 (-23) 1.0035 (-25) 1.0033 (-27) 1.0060

18knonbridge 1.0029 (-34) 1.0020 (-43) 0.9996 (-67) 1.0063
(MeO)2pNPPT(30◦C) 15k 1.0008 (+4) 1.0010 (+6) 1.0008 (+4) 1.0004
(D) 18kbridge 1.0018 (-27) 1.0018 (-27) 1.0020 (-25) 1.0045
R 0.79 0.85 0.73
MSE -0.0018 -0.0018 -0.0018
MUE 0.0033 0.0032 0.0044
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Table 2: Computed KIE values for LFER reactions and RNase A model reaction. Experimen-
tal pKas of the conjugate acids of different leaving groups are taken from IUPAC chemical
data series, No. 23,47 except for HOCH2CH2OH and 2,3,5,6-F4-C6HOH, which are obtained
from CRC Handbook 48 and Bourneet al.,18 respectively. R1 and R2 denote for the distances
(in Å) from phosphorous atom to 2’-oxygen atom and 5’-oxygenatom, respectively, in the
optimized structure of the rate-limiting transition states. RNase A experimental KIEs were
measured at 310.15K25 instead of 298.15K for all other KIEs. Numbers in parenthesesare
the standard deviations for experimentally measured KIEs.

Leaving Group Expt. pKa R2−R1 KIE(2’-O) KIE(5’-O)

CH3COO− 4.46 -0.62 1.0256 0.9999
2,3,5,6-F4-C6HO− 5.53 -0.57 1.0214 1.0090
4-NO2-C6H4O− 7.14 -0.65 1.0250 1.0032
4-CN-C6H4O− 7.95 -0.60 1.0239 1.0032
3-CN-C6H4O− 8.61 -0.56 1.0218 1.0036
C6H5O− 9.95 -0.52 1.0233 1.0046
CF3CH2O− 12.37 -0.44 1.0203 1.0057
HCCCH2O− 13.55 0.48 0.9672 1.0454
FCH2CH2O− 14.2 0.54 0.9673 1.0481
ClCH2CH2O− 14.31 0.49 0.9690 1.0451
HOCH2CH2O− 15.07 0.48 0.9676 1.0441
CH3O− 15.54 0.63 0.9666 1.0649
CH3CH2O− 16 0.60 0.9678 1.0489
CH3CH2CH2O− 16.1 0.59 0.9676 1.0465
CH3CH3CHO− 17.1 0.55 0.9683 1.0475

RNase A Model 0.14 0.9973 1.0272
RNase A Expt. N/A 0.994(2) 1.014(3)
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Figure 5: Table of Contents
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