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Abstract

Employing the microhydration model that involves two to five explicit water molecules, two plausible dissociative hydrolysis

pathways of 2’,3’-didehydro-2’,3’-dideoxyuridine (d4U), α-path with configuration-inversion and β-path with configuration-

retention, have been investigated by M06-2X(CPCM)/6-31++G(d,p) method. Using this model, inclusion of three explicit

water molecules (n=3) is shown to be the smallest system that gives the minimal activation free energy for α-path and β-path.

Our results suggest that the glycoside cleavage is the RDS, and α-path is more favorable kinetically than β-path. Whereas β-path

with exergonic formation of β-dihydrofuran-like sugar with keto pyrimidine complex possesses thermodynamic preference over

α-path, where the formation of α-dihydrofuran-like sugar with enol pyrimidine complex is endergonic. The free energy barriers

of RDSs for d4U (24.8 kcal mol-1) and d4T (27.3 kcal mol-1) suggest that the glycosidic bond in d4T is more stable than that

in d4U. The relative lower stability of d4U is probably an important factor for less antiviral activity of d4U. The small free

energy barrier differences of ˜1 kcal mol-1 for β-path over α-path, and the reaction free energy differences of ˜ -12 kcal mol-1

for β-path lower than α-path in d4T and d4U suggest a competitive β-path in pyrimidine d4Ns. The higher free energy barriers

of RDSs in ddU (27.6 kcal mol-1) and ddT (29.0 kcal mol-1) indicate that the saturated sugar moiety increases the stability of

glycosidic bond in contrast to the unsaturated counter parts in d4U and d4T. NBO analysis also shows the kinetic preference

of α-path over β-path. Our results provide an exploration for the less antiviral activity of d4U and the influence of saturated

ribose on the glycosidic bond stability of pyrimidine d4Ns.
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Abstract: Employing the microhydration model that involves two to five explicit water molecules,
two plausible dissociative hydrolysis pathways of 2’,3’-didehydro-2’,3’-dideoxyuridine (d4U), α-path
with configuration-inversion and β-path with configuration-retention, have been investigated by M06-
2X(CPCM)/6-31++G(d,p) method. Using this model, inclusion of three explicit water molecules (n=3)
is shown to be the smallest system that gives the minimal activation free energy for α-path and β-path. Our
results suggest that the glycoside cleavage is the RDS, and α-path is more favorable kinetically than β-path.
Whereas β-path with exergonic formation of β- dihydrofuran-like sugar with keto pyrimidine complex pos-
sesses thermodynamic preference over α-path, where the formation of α-dihydrofuran-like sugar with enol
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. pyrimidine complex is endergonic. The free energy barriers of RDSs for d4U (24.8 kcal mol-1) and d4T (27.3
kcal mol-1) suggest that the glycosidic bond in d4T is more stable than that in d4U. The relative lower
stability of d4U is probably an important factor for less antiviral activity of d4U. The small free energy
barrier differences of ˜1 kcal mol-1 for β-path over α-path, and the reaction free energy differences of ˜ -12
kcal mol-1 for β-path lower than α-path in d4T and d4U suggest a competitive β-path in pyrimidine d4Ns.
The higher free energy barriers of RDSs in ddU (27.6 kcal mol-1) and ddT (29.0 kcal mol-1) indicate that the
saturated sugar moiety increases the stability of glycosidic bond in contrast to the unsaturated counter parts
in d4U and d4T. NBO analysis also shows the kinetic preference of α-path over β-path. Our results provide
an exploration for the less antiviral activity of d4U and the influence of saturated ribose on the glycosidic
bond stability of pyrimidine d4Ns.

KEYWORDS: hydrolysis, glycosidic bond, nucleoside, microhydration model, d4N

INTRODUCTION

2’,3’-Didehydro-2’,3’-dideoxynucleosides (d4Ns)1-3 with a double bond in the furanose lacking the 2’ and
3’-hydroxyl group exert their anti-human immunodeficiency virus (HIV) activity by the inhibition of re-
verse transcriptase (RT) and the termination of viral replication.4-8 Particularly when the pyrimidine base
is thymine, 2’,3’-didehydro-2’,3’-dideoxythymidine (d4T, Stavudine) as an approved drug constitutes an
essential part of combined anti-retroviral therapy.9,10 However, 2’,3’-didehydro-2’,3’-dideoxyuridine (d4U),
different only in the absence of methyl group at the 5-position of d4T, pronounces less antiviral activity.11,12

Consequently, earlier works were devoted to the relationship between conformational properties and the
biological activity of d4T and d4U.

The important torsional angles χ(C2-N1-C1’-O4’) around the glycosidic bond, γ(C3’-C4’-C5’-O5’) and β(C4’-
C5’-O5’-H5’) orienting the hydroxyl on the 5’-end of the sugar residue, are labelled in Scheme 1. The X-ray
structural studies of d4T and d4U revealed two conformations with similar χ-γ values: -118.0/60.6o and
-174.0/53.8o for d4T,13 versus -96.1(5)/53.2o and -178.0(4)/54.1(6)o for d4U.14 A later high-resolution X-ray
analysis of d4T determined the χ values to be -102.1(3)o and -117.2(4).15Hovorun group performed reliable
quantum-chemical calculations on the stable conformers of d4T16 and d4U17in gas phase. They reported that
the most populated d4T and d4U conformers possessed very close torsion angles: χ(-103.4/-106.4o)[?]anti ,
γ(60.2/62.2o)[?]g+ and β(68.8/66.2o)[?]g+ . Both the experimental and theoretical investigations manifested
that the d4T and d4U are very similar from a conformational point of view.

It is well known that the stability of glycosidic bond is another crucial factor to the biological activity of
d4Ns.18-20 Shi and coworkers found by reverse-phase high-performance liquid chromatography (HPLC) that
the glycosidic bond of d4T would cleave with half-life (t1/2 ) 35 days under acidic condition.21 However, less
information involving the transition states and energies for the glycosidic bond hydrolysis of d4T and other
2’,3’-didehydro-2’,3’-dideoxypyrimidines, are hitherto available from theoretical studies. Wetmore group
engaged in the hydrolysis of natural 2’-deoxypyrimidines by employing microsolvated model with explicit
water molecules (n = 1-3).22,23 Their computational studies at PCM-B3LYP/6-31+G(d) level manifested
the trend of the Gibbs activation energies for 2’-deoxythymidine (dT) and 2’-deoxyuridine (dU) as dT < dU,
suggesting slightly weaker glycosidic bond of dT in comparison with dU.

Herein, we would examine the glycosidic bond hydrolysis of d4T and d4U to determine if the stability
of glycosidic bond can be useful in understanding their different biological activity. This study parallels
our earlier microsolvated calculation of the dissociative hydrolysis of 2’,3’-didehydro-2’,3’-dideoxyguanosine
(d4G).24 In this study, the microhydration model used in our previous studies for d4G and oxazolin-5-
ones25,26 is applied for d4U, which has the smallest pyrimidine base27,28 in this group of molecules. With
two to five explicit water molecules (n=2-5), the minimal microhydration model for the hydrolysis pathway
of an extensive series of pyrimidine d4Ns and analogs has been found.

The two plausible hydrolysis paths: α-path and β-path, are indicated in Scheme 2. The dissociative hydrolysis
paths experience the glycosidic bond breakage for the generation of oxacarbenium cation, and subsequent
nucleophilic attack of water molecule on the oxacarbenium cation via positions (i) or (ii) corresponding to
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. inversion (α-path) or retention (β-path) of the C1’ configuration, respectively. For nucleoside analogues,
most of the published literatures focused on the inversion attack; in contrast, little attention was paid to the
retention attack.29

In addition, to provide a better insight into the double bond in sugar moiety for the glycosidic bond sta-
bility of d4Ns, the saturated 2’,3’-dideoxynucleosides (ddNs) including 2’,3’-dideoxyuridine (ddU) and 2’,3’-
dideoxythymidine (ddT) among the potent anti-HIV agents,30,31 are also examined as comparison using our
simplistic microhydration model (Scheme 1).

Scheme 1. Structure and definition of the torsional angles in d4N and ddN.

Scheme 2. Orientations for inversion (α -path) and retention (β -path) hydrolysis.

COMPUTATIONAL DETAILS

Geometries of stationary points were obtained in water by a microhydrated clusters together with the
conductor-like polarizable continuum model (CPCM)32,33 at M06-2X34,35/6-31++G(d,p) computational
level. These stationary points containing transition states (TS), reactant complexes (RC), product com-
plexes (PC), and intermediates (IN) are validated by vibrational frequency calculations. This method has
given excellent performance for thermochemistry and barrier height in our published hydrolysis of d4G
system.24 Intrinsic reaction coordinate (IRC)36 calculations were used to confirm the connectivity of the
stationary points in the potential energy profiles (PEP). Natural bond orbital (NBO)37calculation was em-
ployed for charge distributions and donor-acceptor interactions analysis. All calculations were based on the
Gaussian09 program.38

RESULTS AND DISCUSSION

The nomenclature to identify each transition state and complex with three explicit water as model is presented
in Figure 1. In α-path, the Ow1 of the nucleophilic water attacks C1’ from its backside, together with the

3
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. transfer of Hw1 through proton shuttle: Hw1 to Ow2, Hw3 to Ow3, and eventually Hw5 reaching to O2. In
β-path, the nucleophilic Ow1 attacks C1’ from its frontside coupled with a direct shift of Hw2 to N1, while
the other two water molecules just act as explicit solvent to stabilize transition state. The geometrical
parameters and charge distributions, as well as donor-acceptor interactions analysis of the key stationary
points calculated in these ways, are listed in Table 1 and 2, respectively.

The computational models with one explicit water for α-path and one to two explicit water for β-path are
not discussed for their inadequacy to describe a continuous reaction surface of d4U after extensive endeavors.

FIGURE 1 Nomenclature for the transition states in inversion (α ) and retention (β ) pathways with three
explicit water.

3.1 α-Πατη οφ δ4Υ ωιτη τωο το φουρ εξπλιςιτ ωατερ μολεςυλες (ν = 2-4).

Two to three explicit water molecules (n = 2 and 3).

For α-path of d4U with two to three explicit water molecules (n = 2 and 3), the obtained free energy profiles
with the optimized geometries are illustrated in Figure 2 and 3. In both cases, the dissociative hydrolysis of
d4U manifests similar PEP with a rate-determining step (RDS) of glycosidic bond cleavage.

With two extra explicit water molecules, the oxacarbenium cation showed apparent higher stability compared
to only one explicit water, and the activation free energy of RDS and the overall free energy barrier decreases
from 27.7 and 29.9 kcal mol-1 (n=2) to 24.8 and 27.2 kcal mol-1 (n=3), respectively. For RDS from n=2 to
3 cases, the decrease of 2.9 kcal mol-1 in the activation free energy can be ascribed to the less twisted angle
[?]N1C1’Ow1 with 156.0o inαΥ-ΤΣ13ω relative to that 148.0o in αΥ-ΤΣ12ω . Meanwhile, the smaller
distance change with 0.92 Å of the C1’-N9 (from 1.48 Å in αΥ-Ρ῝3ω to 2.40 Å inαΥ-ΤΣ13ω ), compared
to the corresponding value of 1.03 Å (from 1.47 Å in αΥ-Ρ῝2ω ) to 2.50 Å inαΥ-ΤΣ12ω ), also contributes
to the activation free energy decrease. Thus, in this section, we would mainly focus on the case of n=3.

In contrast to the X-ray structural data of d4U,14 the inclusion of water clusters around the C1’ and uridine
O2 makes d4U adopt a significant high-anti base orientation, with a glycosyl link χ value to be -76.6o forα-
Ρ῝3ω . Similar effect of different water clusters on glycosyl torsional angle in d4T was reported by Palafox
and co-workers.39 The γ-β values, γ(59.9o)[?]g+ and β(63.8o)[?]g+ , are close to the experimental data.14

In αΥ-ΤΣ13ω , the breaking glycosidic bond C1’-N1 presents an striking second-order perturbation sta-
bilization energy, E (2) value of 34.21 kcal mol-1 for n(N1)-π*(C1’-O4’) (Table 2). The shorter C1’-O4’
(1.28 Å) and C1’-C2’ (1.44 Å) distances together with the positive charge +0.44 on C1’ atom suggest an
sp2-hybridization character of C1’, coupled with a great E (2) of 51.78 kcal mol-1 for π(C2’-C3’)-π*(C1’-O4’).
The generated oxacarbenium cation αΥ-ΙΝ3ω bears a greater positive charge of +0.46, and is also energet-
ically better stabilized, as shown sitting in a well with a depth of 1.5 kcal mol-1 on the free energy profile, in
contrast to the corresponding well-depth of 0.8 kcal mol-1 forαΥ-ΙΝ2ω . In the second stage of nucleophilic
attack of water, αΥ-ΤΣ23ω displays a strong interaction of LP(Ow1)-π*(C1’-O4’) with anE (2) estimate
of 70.36 kcal mol-1 and a decrease of the negative charge of Ow1 from -1.06 to -0.95. The formation ofαΥ-
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. Π῝3ω by α- dihydrofuran-like sugar interacting with an enol tautomer of uridine is a thermodynamically
disadvantageous pathway with a reaction free energy of 6.9 kcal mol-1.

FIGURE 2 Free energy profile (kcal mol-1) and optimized geometries of species in the inversion hydrolysis
of d4U (α-path) with two explicit water molecules.

FIGURE 3 Free energy profile (kcal mol-1) and optimized geometries of species in the inversion hydrolysis
of d4U (α-path) with three explicit water molecules.

Four explicit water molecules (n = 4).

After considering the participation of the fourth water molecule, a more complicated PEP involving three

5
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. stages is predicted in Figure 4. Besides the two steps of glycosidic bond breakage (RDS) and nucleophilic
attack of water, a third stage takes place where Hw1 transfer experiences a hydrated proton process,αΥ-
ΙΝ24ω-αΥ-ΤΣ34ω .

The activation free energy of RDS (24.9 kcal mol-1) and overall free energy barrier (27.1 kcal mol-1) in the
former two stages are close to those in case of n=3. TheαΥ-ΙΝ14ω lies in a shallow well of 0.3 kcal mol-1 on
the free energy profile, suggesting the destabilizing effect of the extra water molecule for the oxacarbenium
cation. In the third stage of Hw1 transfer, the proton transfer from αΥ-ΙΝ24ω toαΥ-ΤΣ34ω is almost a
barrier free process (9.1 vs. 9.4 kcal mol-1 in electronical energy barrier). In addition, the inclusion of the
fourth water leads to an increase of 1.1 kcal mol-1 in the reaction free energy (8.0 inαΥ-Π῝4ω vs. 6.9 kcal
mol-1αΥ-Π῝3ω ). Thereby, the microhydration model with three explicit water molecules is determined to
be the smallest model for inversion hydrolysis mechanism of pyrimidine d4Ns. Such model was used for dU
and dT, with the structures of transition states presented in Figure S1. At M06-2X(CPCM)/6-31++G(d,p)
level, the activation free energies of glycosidic bond cleavage are 29.7 and 29.1 kcal mol-1 for dU and dT,
respectively. The value of 29.7 kcal mol-1 for dU agrees well with the reported experimental resultΔG[?]=30.5
kcal mol-1 of glycosidic breakage at pH 6.8 and 25oC.40 The stability order of glycosidic bond predicted here
as dT < dU also coincides with the reported theoretical result.23 These corroborate the consistency of our
calculation.

FIGURE 4 Free energy profile (kcal mol-1) and optimized geometries of species sin the inversion hydrolysis
of d4U (α-path) with four explicit water molecules.

3.2 β-Πατη οφ δ4Υ ωιτη τηρεε το φιvε εξπλιςιτ ωατερ μολεςυλες (ν = 3-5).

The microhydration model with three to five explicit water molecules for retention hydrolysis mechanism
(β-path) is investigated in this section (Figure 5 to 7). Different from the one-step cleavage of glycosidic
bond C1’-N1 with one transition state in α-path, the C1’-N1 cleavage in β-path puts through multiple steps,
and more than one transition states are located in the PEPs. The rate-determining transition states for the
C1’-N1 cleavage are βΥ-ΤΣ13ω ,βΥ-ΤΣ14ω and βΥ-ΤΣ15ωin the cases of n=3, 4 and 5.

3.2.1 Three Explicit Water Molecules (n = 3).

For n=3 case (Figure 5), the cleavage of C1’-N1 involves three transition states βΥ-ΤΣ13ω ,βΥ-ΤΣ23ω

6
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. and βΥ-ΤΣ33ωin which the activation free energy of rate-determining transition stateβΥ-ΤΣ13ω is cal-
culated to be 26.4 kcal mol-1, higher than that 24.8 kcal mol-1 of αΥ-ΤΣ13ω . A smallerE (2) value of
32.39 kcal mol-1 for (N1)-π*(C1’-O4’) inβΥ-ΤΣ13ω relative to the corresponding 34.21 kcal mol-1 in αΥ-
ΤΣ13ωprovides a theoretical support for the kinetical preference of α-path over β-path (Table 2). The other
two E (2)values for n(N1)-π*(C1’-O4’) in βΥ-ΤΣ23ω andβΥ-ΤΣ33ω significantly decrease to 9.55 and
0.55 kcal mol-1, with the lengthened C1’-N1 distances from 2.43 Å (βΥ-ΤΣ13ω ) to 3.46 Å (βΥ-ΤΣ33ω
). Simultaneously, the negative charges shift to N1 with an increment from -0.71 to -0.75 (Table 1).The
departure of N1 causes an occurrence of double bond with sp2 hybridization on C1’, coupled with the greatE
(2) values for π(C2’-C3’)-π*(C1’-O4’) in the range of 51.32 to 61.88 kcal mol-1 for the above three transition
states. Three intermediatesβΥ-ΙΝ13ω , βΥ-ΙΝ23ω andβΥ-ΙΝ33ω with positive charge of about +0.45
at C1’ are produced in the C1’-N1 cleavage process. For the final attack of water molecule, βΥ-ΤΣ43ω
involves only 2.7 kcal mol-1 free energy barrier relative toβΥ-ΙΝ33ω . In βΥ-ΤΣ43ω , the movement of
Ow1 towards C1’ corresponds anE (2) value for LP(Ow1)-π*(C1’-O4’) ascending to 54.43 kcal mol-1, together
with the decrease of the negative charge of Ow1 to -0.98 and the C1’ positive charge to +0.43. The conversion
of sp2 to sp3hybridization on C1’ leads to a significant diminution ofE (2) value being 44.49 kcal mol-1 for
π(C2’-C3’)-π*(C1’-O4’). In addition, a keto uridine is formed after the shift of Hw2 to N1. Different from
the thermodynamical disadvantage of α- path, the formation of βΥ-Π῝3ω is a thermodynamically favorable
pathway with the reaction free energy of -5.7 kcal mol-1.

FIGURE 5 Free energy profile (kcal mol-1) and optimized geometries of species in the inversion hydrolysis
of d4U (β-path) with three explicit water molecules.

3.2.2 Four to five explicit water molecules (n = 4 and 5).

When the fourth and fifth extra water molecules are considered in the microhydration model, the C1’-
N1 cleavages in β-path undergo two transition states, βΥ-ΤΣ14ω andβΥ-ΤΣ24ω vs. βΥ-ΤΣ15ωand
βΥ-ΤΣ25ω .

For the n=4 case (Figure 6), the activation free energy of the first step of glycosidic bond dissociation

7
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. (ΔG[?]= 26.3 kcal mol-1) is almost unchanged, compared to that of n=3. The glycosidic bond cleavage takes
place easier with a ΔG[?]=2.0 kcal mol-1. The resultant intermediate βΥ-ΙΝ24ω is located in a shallower
well of 2.4 kcal mol-1 compared to correspondingβΥ-ΙΝ33ω whose well is predicted to be 3.8 kcal mol-1.
It suggests the destabilizing of the fourth water to βΥ-ΙΝ24ω . Through the association of water to C1’
with a small 2.5 kcal mol-1 free energy barrier relative to βΥ-ΙΝ24ω , the retention product βΥ-Π῝4ω is
produced and a similar destabilizing effect of the fourth water has also been found forβΥ-Π῝4ω due to an
increase of the reaction free energy of 2.8 kcal mol-1 (-2.9 inβΥ-Π῝4ω vs. -5.7 kcal mol-1βΥ-Π῝3ω ).

For the n=5 case (Figure 7), the C1’-N1 cleavage and the nucleophilic attack of water stages resemble with
those of n=4. Different from the above two cases where Hw2 directly shifts to N1, a third stage here in which
the Hw1 transfers through a barrier free process of hydrated proton,βΥ-ΙΝ45ω-αβ-ΤΣ55ω , produces an
enol form of uridine with a reaction free energy of 4.9 kcal mol-1. Besides, the fifth water causes a slight
increase of activation free energy of rate-determining transition stateβΥ-ΤΣ15ω to 27.5 kcal mol-1. Thus,
from the kinetics and thermodynamics viewpoints, the smallest microhydration model for β-path is three
explicit water molecules.

In general, both of the minimal microhydration model for α-path and β-path of d4U is with three explicit
water molecules (n=3). It provides a better microhydration model for further investigation of α-path and
β-path, which would be applied for the further investigation of these analogous.

FIGURE 6 Free energy profile (kcal mol-1) and optimized geometries of species in the inversion hydrolysis
of d4U (β-path) with four explicit water molecules.
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FIGURE 7 Free energy profile (kcal mol-1) and optimized geometries of species in the inversion hydrolysis
of d4U (β-path) with five explicit water molecules.

TABLE 1 Geometrical parameters and charge distributions of the stationary points in α-path and β-path
(n=3).

C1’-O4’ C1’-C2’ C2’-C3’ C1’ O4’ N1 Ow1

αΥ-Ρ῝3ω 1.41 1.50 1.33 0.25 -0.63 -0.50 -1.06
αΥ-ΤΣ13ω 1.28 1.44 1.35 0.44 -0.47 -0.71 -1.06
αΥ-ΙΝ3ω 1.28 1.42 1.35 0.46 -0.45 -0.72 -1.06
αΥ-ΤΣ23ω 1.29 1.45 1.34 0.43 -0.50 -0.71 -0.95
αΥ-Π῝3ω 1.41 1.51 1.33 0.36 -0.65 -0.65 -0.80
βΥ-Ρ῝3ω 1.42 1.50 1.33 0.25 -0.63 -0.50 -1.05
βΥ-ΤΣ13ω 1.29 1.44 1.35 0.43 -0.47 -0.71 -1.05
βΥ-ΙΝ13ω 1.28 1.43 1.35 0.44 -0.45 -0.72 -1.05
βΥ-ΤΣ23ω 1.28 1.43 1.35 0.45 -0.45 -0.74 -1.04
βΥ-ΙΝ23ω 1.28 1.43 1.35 0.45 -0.44 -0.75 -1.05
βΥ-ΤΣ33ω 1.28 1.43 1.35 0.44 -0.43 -0.75 -1.06
βΥ-ΙΝ33ω 1.28 1.43 1.35 0.45 -0.44 -0.74 -1.04
βΥ-ΤΣ43ω 1.30 1.45 1.34 0.43 -0.48 -0.75 -0.98
βΥ-Π῝3ω 1.43 1.50 1.33 0.37 -0.65 -0.66 -0.83

TABLE 2 Selected donor-acceptor bond orbital interaction and second-order perturbation stabilization
energy E(2) (kcal mol-1) for key transition states in α-path and β-path of d4U, d4T, ddU and ddT (n=3).
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. Donor Acceptor Ε(2) Ε(2) Ε(2) Ε(2)

αΥ-ΤΣ13ω αΥ-ΤΣ13ω αΥ-ΤΣ23ω αΥ-ΤΣ23ω

d4U LP(N1) BD*(C1’-O4’) 34.21 34.21 0.74 0.74
LP(Ow1) BD*(C1’-O4’) 0.44 0.44 70.36 70.36
BD(C2’-C3’) BD*(C1’-O4’) 51.78 51.78 44.25 44.25

βΥ-ΤΣ13ω βΥ-ΤΣ23ω βΥ-ΤΣ33ω βΥ-ΤΣ43ω

LP(N1) BD*(C1’-O4’) 32.39 9.55 0.55 0.00
LP(Ow1) BD*(C1’-O4’) 0.32 0.45 1.65 54.43
BD(C2’-C3’) BD*(C1’-O4’) 51.32 56.85 61.88 44.49

αΤ-ΤΣ13ω αΤ-ΤΣ13ω αΤ-ΤΣ23ω αΤ-ΤΣ23ω

d4T LP(N1) BD*(C1’-O4’) 32.24 32.24 0.11a 0.11a

LP(Ow1) BD*(C1’-O4’) 0.87 0.87 86.21b 86.21b

BD(C2’-C3’) BD*(C1’-O4’) 52.13 52.13 59.01c 59.01c

βΤ-ΤΣ13ω βΤ-ΤΣ23ω βΤ-ΤΣ33ω βΤ-ΤΣ43ω

LP(N1) BD*(C1’-O4’) 29.22 9.55 0.55 0.00
LP(Ow1) BD*(C1’-O4’) 0.28 0.45 1.79 54.43
BD(C2’-C3’) BD*(C1’-O4’) 52.17 56.85 61.88 44.49

αΥ-ΤΣ1΄3ω αΥ-ΤΣ2΄3ω βΥ-ΤΣ1΄3ω βΥ- ΤΣ2΄3ω

ddU LP(N1) BD*(C1’-O4’) 35.72 4.76 1.01 0.00
LP(Ow1) BD*(C1’-O4’) 6.75 41.27 1.17 15.12
BD(C2’-Ha’) BD*(C1’-O4’) 8.71 12.79 12.26 10.10
BD(C2’-Hb’) BD*(C1’-O4’) 8.90 6.51 9.05 10.09

αΤ-ΤΣ1΄3ω αΤ-ΤΣ2΄3ω βΤ-ΤΣ1΄3ω βΤ-ΤΣ2΄3ω

ddT LP(N1) BD*(C1’-O4’) 36.23 5.48 0.84 0.00
LP(Ow1) BD*(C1’-O4’) 7.65 40.99 1.33 16.15
BD(C2’-Ha’) BD*(C1’-O4’) 8.65 12.69 12.46 10.01
BD(C2’-Hb’) BD*(C1’-O4’) 8.86 6.53 8.91 10.06

a LP(N1)-LP*(C1’) bLP(Ow1)-LP*(C1’)cLP(C2’-C3’)-LP*(C1’)

3.3 Comparison of d4U with d4T

The smallest microhydration model with three explicit water molecules for α-path and β-path was employed
for d4T. The obtained PEPs of α-path and β-path, as well as transition states are depicted in Figure 8.

The calculation reveals that the PEPs of α-path and β-path in d4T are similar to those in d4U, with
glycosidic bond dissociation step to be RDS. The presence of methyl group at the 5-position of d4U increases
the activation free energies of RDS for α-path and β-path to be 27.3 (αΤ-ΤΣ13ω ) and 28.2 kcal mol-1

(βΤ-ΤΣ13ω ), respectively, in contrast to the corresponding 24.8 (αΥ-ΤΣ13ω ) and 26.4 kcal mol-1 (βΥ-
ΤΣ13ω ) in d4U. Thus, different from the stability order of dT < dU, the order of glycosidic bond stability
here is d4T > d4U, which can be understood by the decreasing E (2) value of n(N1)-π*(C1’-O4’) as following:
32.24 kcal mol-1(αΤ-ΤΣ13ω in d4T ) < 34.21 kcal mol-1 (αΥ-ΤΣ13ω in d4U). The relative lower stability
of d4U than d4T is probably an important factor for less antiviral activity of d4U.

In addition, the small free energy barrier differences for β-path over α-path in d4T (0.9 kcal mol-1) and d4U
(1.6 kcal mol-1) suggest β-paths are competitive pathways, especially the β-path of d4T. And the reaction
free energy differences of -11.6 (-3.0 vs 8.6 kcal mol-1 forβΤ-Π῝3ω and αΤ-Π῝3ω ) and -12.6 kcal mol-1 (-5.7
vs 6.9 kcal mol-1 for βΥ-Π῝3ω andαΥ-Π῝3ω ) indicate a striking thermodynamically favorable β-path in
d4T and d4U.

10



P
os

te
d

on
A

u
th

or
ea

10
O

ct
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

53
94

24
.4

89
06

53
2/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

FIGURE 8 Comparison of Gibbs free energy profile (kcal mol-1) for the inversion (green) and retention
(pink) hydrolysis of d4T with three explicit water molecules in the cluster-continuum model.

3.4 Comparison of d4U/d4T with ddU/ddT

The saturated ddU and ddT are also examined with three explicit water molecules in microhydration model
(Figure 9 and 10). Unlike the complicated PEPs involving multiple transition states for glycosidic bond
cleavage in d4U and d4T, herein β-paths in ddU and ddT exhibit similar PEPs as α-paths, just with two
transition states: glycosidic bond cleavage (RDS) (βΥ΄-ΤΣ13ω andβΤ΄-ΤΣ13ω ) and the subsequent
nucleophilic attack of water molecule (βΥ΄-ΤΣ23ω andβΤ΄-ΤΣ23ω ).

The stability of glycosidic bond C1’-N1 in ddU and ddT has been reinforced with higher activation free
energies of RDSs in contrast to those in d4U and d4T: 27.6 (αΥ΄-ΤΣ13ω ) vs 24.8 kcal mol-1 (αΥ-ΤΣ13ω
), and 29.0 (αΤ΄-ΤΣ13ω ) vs 27.3 kcal mol-1 (αΤ-ΤΣ13ω ). β-paths in these RDSs also show the same
tendency. The increment of activation free energies in ddU and ddT can be understood by absence of strong
interaction of π(C2’-C3’)-π*(C1’-O4’) by 52 kcal mol-1in α(β)Υ-ΤΣ13ω andα(β)Τ-ΤΣ13ω , instead of
the hyperconjugative effect by donation from C2’-Ha’ and C2’-Hb’ to the vacant antibonding orbital C1’-O4’
inα(β)Υ-ΤΣ1΄3ω andα(β)Τ-ΤΣ1΄3ω , which is predicted to be just 9˜12 kcal mol-1.

Furthermore, the saturation of sugar moiety enhances the kinetical difference of ˜5 kcal mol-1 for β-paths over
α-paths: 27.6 (αΥ΄-ΤΣ13ω ) vs 32.4 kcal mol-1 (βΥ΄-ΤΣ13ω ), and 29.0 (αΤ΄-ΤΣ13ω ) vs 34.3 kcal mol-1

(βΤ΄-ΤΣ13ω ). The calculated E(2) energies of only ˜1 kcal mol-1 for n(N1)-π*(C1’-O4’) inβΥ΄-ΤΣ13ω
andβΤ΄-ΤΣ13ω are much smaller than those of ˜36 kcal mol-1 inαΥ΄-ΤΣ13ω andαΤ΄-ΤΣ13ω , which
provides an understanding to the greater kinetical favor for α-paths in ddNs. This suggests trivial possibility
of β-path to take place compared with d4Ns.
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FIGURE 9 Comparison of Gibbs free energy profile (kcal mol-1) for the inversion (blue) and retention (red)
hydrolysis of ddU with three explicit water molecules.

Figure 10. Comparison of Gibbs free energy profile (kcal mol-1) for the inversion (green) and retention
(pink) hydrolysis of ddT with three explicit water molecules.
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. CONCLUSION

Two plausible dissociative hydrolysis pathways of d4U, α-path with configuration-inversion and β-path with
configuration-retention, have been examined using microhydration model with two to five explicit water
molecules (n=2-5). The model with three explicit water molecules (n=3) is the smallest one for α-path and
β-path. α-Path and β-path of d4T, as well as saturated ddU and ddT were also studied using microhydration
model (n=3). Our results suggest that the glycosidic cleavage is the rate-determining step (RDS), and α-path
is kinetically favorable than β-path, whereas β-path is thermodynamically favorable.

The free energy barriers of RDSs in α-path for d4U (24.8 kcal mol-1) and d4T (27.3 kcal mol-1) provide
a kinetic support for the order of glycosidic bond stability: d4T > d4U, where the relative lower stability
of d4U is probably an important factor for less antiviral activity of d4U. The small free energy barrier
differences of ˜1 kcal mol-1 for β-path over α-path, as well as the reaction free energy differences of ˜ -12 kcal
mol-1 for β-path lower than α-path in d4T and d4U suggest a competitive β-path in pyrimidine d4Ns. The
saturated sugar moiety in ddU and ddT strengthens the stability of glycosidic bond in contrast to d4U and
d4T. Our results provide an exploration for the less antiviral activity of d4U and the influence of saturated
ribose on the glycosidic bond stability of pyrimidine d4Ns.
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