
Abstract. This work is devoted to the study of the radical
catalytic pathway for the ribonucleotide reduction pro-
cess assisted by ribonucleotide reductase. The present
study is directed toward the investigation of one of the
most controversial steps in the reduction pathway – the
elimination of the 2¢ hydroxyl group from the ribonucle-
otide. Several groups have made different proposals for
this step, which all fit available experimental data; how-
ever, so far, it has not been possible to demonstrate clearly
which is the correct pathway for the elimination. Here, we
resort to high-level quantum mechanical calculations to
analyze the energetics of the proposed mechanisms, as
well as to propose alternative pathways, and evaluate their
feasibility, according to the observed kinetics of the en-
zyme and other existing experimental data. Our study
shows that the elimination occurs via two different
simultaneous acid-/base-catalyzed pathways, depending
on the protonation state of one key active site amino acid,
Glu441.
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1 Introduction

Ribonucleotide reductases (RNRs) are fundamental
enzymes in all living organisms. They catalyze the rate-
limiting step in DNA biosynthesis, which consists of the

reduction of ribonucleotides to 2¢-deoxyribonucleotides
[1, 2, 3, 4, 5, 6]. Therefore, they play an essential role in the
regulation of cell growth and cell regeneration, and have
recently become a promising target for the design of new
chemical therapeutic agents, mainly in the field of
antitumor and antiviral treatment [5, 7, 8, 9, 10]. Recent
in vivo experiments on the inactivation of the enzymehave
revealed potent antiproliferative effects against a wide
range of tumor cell lines [10, 11, 12], as well as human
xenografts in mice [10, 13, 14]. There are three classes of
RNRs, according to the required cofactors necessary for
catalytic activity. It is believed that all of them follow a
radical mechanism to dehydrate the substrate. Class I
RNRs possess a stable tyrosyl radical adjacent to a diiron
cluster [15, 16]. Class II RNRs use AdoCbl as a cofactor
[17, 18]. Class III RNRs are expressed in an anaerobic
environment and possess a glycyl radical generated by an
FeS cluster [19, 20]. A fourth class is proposed to exist only
by one research group, with a protein radical (probably a
tyrosyl radical) generated by a dimanganese cluster [21,
22, 23]. This study is devoted to Class I RNRs. This
enzyme is an a2b2 tetramer, constituted by two catalyti-
cally inactive homodimers [24]. The a2 dimer is called the
R1 subunit and the b2 dimer is called the R2 subunit. R1
has a molecular weight of 171 kDa and R2 a molecular
weight of 87 kDa. The radical is generated in the R2
subunit, where a tyrosyl radical results from hydrogen
abstraction by an oxo-bridged diiron center, located 30–
40 Å from the active site. The radical is subsequently
transmitted through a long chain of hydrogen-bonded
amino acids, from Tyr122 near the diiron complex, to
Cys439 at the active site in R1 [25]. The way the radical is
transmitted to the active site is poorly understood at best.
Both the radical formation at R2 and the way it is
transmitted to the active site are subjects of intense
investigation presently, and will not be addressed in the
present work. Here we begin at the moment when the
substrate is activated, i.e. loses a hydrogen atom toCys439
and becomes a radical. The catalytic mechanism has been
the subject of intense research in the last few decades, and
severalmechanistic proposals have been put forward [1, 3,
5, 26, 27, 28, 29, 30, 31, 32, 33]. One of the proposals,
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proposed by Stubbe and coworkers [1, 34, 35], postulated
to be similar for all classes ofRNRs, despite the drastically
different cofactors required in each, is illustrated in
Scheme 1. A recent theoretical proposal for the Class III
RNRmechanism is indeed very similar to the mechanism
of Class I RNR, and differences arise only in the step
where carbon dioxide is formed [36].

After the transmission of the radical to the active site,
the catalytic reaction proceeds by abstraction of the
3¢-hydrogen atom from the substrate 1 by Cys439. A
glutamate then abstracts a proton from the 3¢ hydroxyl
group of the nucleotide radical 2, simultaneously with
protonation of the 2¢ hydroxyl group by Cys225,
resulting in a water molecule and an a-keto radical 3.
Reduction of the a-keto radical by two active-site cy-
steine side chains yields the closed-shell derivative 4,
which is subsequently protonated by the active site
glutamate, to yield the 3¢-deoxyribonucleotide radical 5.
The final step consists of the abstraction of the hydrogen
atom from Cys439, which leads to the formation of the
reaction product 6 and regenerates the initial cysteine
radical, which is subsequently retransmitted to Tyr122 in
the R2 subunit.

Even though step 1 in Scheme 1 offers no contro-
versy, step 2 has been the subject of several different
proposals; therefore, we chose to begin our study at the
2¢ hydroxyl elimination step. Besides the hypotheses
illustrated in Scheme 1, several alternatives currently
exist, both theoretical and experimental.

Lenz and Giese and [27] performed a series of com-
petitive kinetic measurements for the dehydration of a
photogenerated 3¢ nucleoside radical in 1: 1 water/aceto-
nitrile solvent. They measured the dependence of the de-
hydration rate on the pH, and on the concentration of the
base catalyst (acetate). They concluded that the reaction
was base-catalyzed, and should consist of two steps. The
first evolves a hydrogen abstraction from the 3¢ hydroxyl
group by the base catalyst (here acetate), a slow, rate-
determining step. The subsequent dehydration of the 2¢
hydroxyl group will readily take place as a very fast step.
On the basis of their results, a similar mechanism was
proposed for RNR, using as base catalyst Glu441, an
amino acid perfectly positioned to abstract the 3¢hydroxyl
proton from the substrate (according to the recent X-ray
structure of RNR with the bound substrate [37]).

Zipse proposed and Siegbahn studied theoretically a
different mechanism for this step [31, 32, 38, 39]. As-
suming that neutral models would mimic the active-site
environment best, it was proposed that a protonated
carboxylic group of the Glu441 side chain would form
hydrogen bonds with the two hydroxyl groups of the
substrate. It would act, therefore, as a bifunctional acid/
base catalyst, protonating the 2¢ hydroxyl group, and
simultaneously abstracting the proton from the 3¢ hy-
droxyl group. By resorting to quantum mechanical cal-
culations, Siegbahn demonstrated that the energetics of
that mechanism was coherent with the overall observed
kinetics for the enzymatic reaction.

Scheme 1. Catalytic mechanism for the ribonucleotide reductase reduction of ribonucleotides into deoxyribonucleotides, postulated by
Stubbe and van der Donk [1]
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Acid-catalyzed mechanisms have also been proposed
and should be accounted for, as protonation of the 2¢
hydroxyl group would greatly facilitate subsequent de-
hydration. This is the case in, for example,, the acid-
catalyzed dehydration of a,b-dihydroxyethane, which
involves the formation of a radical cation [40]. As a re-
sult, intermediates such us a ribonucleotide radical with
a protonated 2¢ hydroxyl group, or a radical cation re-
sulting from subsequent dehydration, could be formed
[1, 3, 26, 28, 29, 32, 41, 42]. Acid catalysis was also
considered for RNR in the early mechanisms proposed
by Stubbe [3, 43], but was later replaced by the mecha-
nism illustrated in Scheme 1.

Another hypothesis to be considered is an internal
rearrangement, such as a 2fi3 hydroxyl shift, followed
by facilitated dehydration. Smith et al. [44] have studied
extensively such coenzyme B12 dependent rearrange-
ments, and there is good evidence that a similar mech-
anism occurs in the dehydration of 1,2-dihydroxyethane
catalyzed by the enzyme diol dehydratase [45], which
catalyzes the dehydration of 1,2-dihydroxylethane into
acetaldehyde via a radical mechanism [40, 46]. The
similarities of that reaction with the RNR-catalyzed
dehydration make us believe that such a possibility
should also be considered.

The previously described mechanisms are all explored
in the present work, through quantum chemical calcu-
lations in vacuum and in a continuum, to find out which
are consistent with existing experimental data.

The article is organized as follows. A brief description
of the methods employed in this work, as well as their
virtues and limitations, is made in Sect. 2. The proposed
mechanisms are analyzed in Sect. 3, and are compared
with the available experimental data. The conclusions of
this work are collected in Sect. 4, in which the implica-
tions in the present knowledge of the enzyme-assisted
dehydration of ribonucleotides are discussed.

2 Methods

All the calculations were performed at the Becke3LYP level of
theory [47, 48, 49]. Three different basis sets were employed, namely
6-31G(d), 6-311+G(2d,p) and 6-311++G(3df,3pd). Throughout
this work they are termed medium basis (MB), large basis (LB) and
very large basis (VLB), respectively. In geometry optimizations the
MB was used. It is well known that larger basis sets give very small
additional corrections to the geometries, and are hence considered
unnecessary from a computational viewpoint [25, 31, 50]. However,
the larger basis sets were used to calculate the energies of the op-
timized geometries. For this purpose we used the triple-f quality LB
and VLB. According to the results, the VLB basis set seems to be
very close to saturation in the present system. Frequency analysis
was performed at each stationary point on the potential-energy
surface. All minima and transition states were identified by the
number of imaginary frequencies. Thereafter the transition states
were verified to connect the reactants and products of interest
through internal reaction coordinate calculations. A scaling factor
of 0.9468 was used for the frequencies. Zero-point and thermal
effects (298.15 K, 1 bar) were added to the calculated energies, and
were also analyzed separately.

In the gas phase, hydrogen-bonded complexes always have a large
number of conformers. The conformers presented in the schemes and
figures were chosen so as to mimic, as closely as possible, the
geometry of the active site. The isomers of the ribose ring are the same
as in the natural substrate. It was previously suggested that the use of

neutral models leads to better convergence in the calculations [51],
and could eventually result in better agreement with experimental
data, avoiding artifacts due to the use of charged species [52]. In the
present work some of the models were chosen to be charged, since
some of the reactionmechanisms are ionic in nature and could not be
replaced by neutral analogues. Artifacts could appear if residues in
the enzyme that stabilize the charged species were neglected from the
models, which was not the case here.

As our models include charged species, it is crucial to under-
stand the importance of long-range effects on the energetics of the
reaction. To this end we used a polarized continuum model,
referred to as C-PCM, as implemented in Gaussian98 [53]. In this
approximation, the continuum is modeled as a conductor, instead
of a dielectric. This simplifies the electrostatic computations, and
corrections are made a posteriori for dielectric behavior. According
to previous studies on active sites in proteins, an empirical dielectric
constant of 4 gives good agreement with experimental results, and
accounts for the average effect of both the protein and the buried
water molecules [25, 31, 54].

When performing calculations with a macroscopic continuum
model, it is usually assumed that gas-phase geometries and zero-
point energies can be transferred without introducing any signifi-
cant error. However, owing to the charged nature of several
models, in the present work all steps were performed under the
influence of the dielectric continuum. First, the geometries were
reoptimized and frequencies, zero-point and thermal effects were
estimated under the dielectric continuum. The energies were then
recalculated using the larger basis sets. In general, the effect of the
continuum was found to be small for both geometries and energies,
even in the charged systems.

In open-shell systems, spin contamination is a frequent prob-
lem. It is well known that density functional theory methods are
quite robust to spin contamination, and in the calculations pre-
sented here, the expectation value for S2 never reached a value
above 0.76, before correction. Atomic-charge and spin-density
distributions were calculated with a Mulliken population analysis
[55], using the larger basis sets. All the calculations were performed
with the Gaussian98 suite of programs [53].

3 Results

3.1 Base catalysis by Glu441

According to the experiments of Lenz and Giese [27], the
first step should be a hydrogen abstraction from the
3¢ hydroxyl group followed by fast elimination of
the 2¢ hydroxyl group, as depicted by reactions 1a–c in
Scheme 2, where a ribose molecule models the substrate,
a formate ion models a glutamate side chain and a
methylthiol molecule models a cysteine side chain.

In reactions 1b and c we depict the two possible
proton donors for this step, the thiol of Cys225 and the
glutamate of Glu441, protonated in the earlier step
(reaction 1a).

We studied both mechanistic steps independently,
and the activation energies and reaction enthalpies of the
overall process are shown in Scheme 3. The transition
state for reaction 1a is illustrated in Fig. 1.

At the transition state, the abstracted hydrogen makes
two long hydrogen bonds with the 2¢ and 3¢ hydroxyl
oxygens of the substrate, with lengths of 1.985 and
2.276 Å, respectively, and can be classified as a late tran-
sition state. In the reactants, the hydrogen bonds between
the glutamate oxygen and the two hydroxyl groups are
shorter, with lengths of 1.792 and 1.608 Å, respectively. In
the products there is only one hydrogen bond, a strong,
short hydrogen bond formed between the 2¢ oxygen and
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the abstracted hydrogen, with a length of 1.528 Å. The
spin density does not change much during the course of
the reaction. There is a tendency for the spin density to
increase at the 3¢ carbon (0.88 a.u. in the reactants,
0.92 a.u. in the transition state and 0.98 a.u. in the prod-
ucts). The 3¢ oxygen also has a considerable spin density
(0.13 a.u. in the reactants, 0.24 a.u. in the transition state
and 0.23 a.u. in the products).

The activation energy is 22.6 kcal mol)1 and the
enthalpy of reaction is 14.9 kcal mol)1. Zero-point
and thermal effects reduce the reaction barrier by
0.2 kcal mol)1 and the reaction enthalpy by 0.8
kcal mol)1. The long-range polarization does not change
the activation energy within the accuracy of the calcu-
lation; however, it increases the reaction enthalpy by
0.7 kcal mol)1. By comparing the gas-phase and pro-
tein-medium optimized geometries, we conclude that the
geometry changes are negligible. The differences of zero-
point and thermal energies in the gas phase and within
the protein are also small, corresponding to an increase
of 0.7 kcal mol)1 in both the activation energy and the
reaction enthalpy. At the transition state, the negative
charge has already been transferred from the glutamate
to the substrate.

After the first step, dehydration proceeds via 2¢ hy-
droxyl elimination. This step can be facilitated by pro-
tonation by an acidic group. Reaction 1b models the
protonation of the hydroxyl group by the side chain
thiol group of one of the active-site cysteines (probably
Cys225), and by the protonated thiolate (from Glu441),
followed by dehydration. We will discuss primarily the
protonation by the thiol group.

The transition state for reaction 1b is illustrated in
Fig. 1b. This is an early transition state as the 2¢ hy-
droxyl group is already leaving the ribonucleotide (C–O
distance of 1.863 Å in the transition state and 1.493 Å in
the reactants), although the thiol S–H bond remains
only slightly extended (1.428 Å at the transition state
versus 1.370 Å in the reactants). The hydrogen bond
between the hydroxyl and thiol groups is shortened
significantly at the transition state (1.628 Å at the tran-
sition state and 1.918 Å in the reactants). The spin
density shifts toward the sulfur atom, from the reactants
to the products. In the reactants, the spin density is
mainly distributed between the 3¢ oxygen (0.27 a.u.) and
the 3¢ carbon (0.74 a.u.). At the transition state the spin
density delocalizes to the leaving 2¢ HO group, with
values of 0.26 a.u. at the 3¢ oxygen, 0.25 a.u. at the 3¢
carbon, 0.32 a.u. at the 2¢ carbon and 0.18 a.u. at the 2¢
oxygen. In the reaction products, the spin density re-
mains mostly localized at the sulfur atom (spin densities
of 0.47 a.u. at the sulfur, 0.18 a.u. at both the 2¢ and 3¢
carbons and 0.14 a.u. at the 3¢ oxygen).

Analysis of the charge distribution elucidates that the
ribonucleotide radical retains the negative charge in the
reactants and transition state ()0.97 and )0.95 a.u.,
respectively); however, in the product the negative
charge is delocalized between the cysteine residue and
the 2¢-deoxy-3¢-ketonucleotide moiety ()0.54 a.u. in the
cysteine and )0.44 a.u. in the ketonucleotide).

From these data it is not clear where the radical will
be localized at the end of the reaction. However, by

Scheme 2. Chemical reactions
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calculating the difference between the energies of the
monomers that participate in the reaction, we have
concluded that placing the radical at the 2¢-deoxy-3¢-
ketonucleotide moiety residue, and the negative charge
at the cysteine thiolate, results in a larger stabilization
(by 8.9 kcal mol)1) than placing the radical in the op-
posite species. We conclude, therefore, that the radical
becomes localized at the 2¢-deoxy-3¢-ketonucleotide
moiety at the end of the reaction, and that the cysteine
will retain a negative charge.

The reaction has an activation energy of 2.1
kcal mol)1 and a reaction enthalpy of )21.4 kcal mol)1.
Zero-point and thermal corrections account for a de-
crease of 1.7 kcal mol)1 in the activation energy and an
increase of 1.0 kcal mol)1 in the reaction enthalpy. The
long-range polarization only accounts for an increase of
0.1 kcal mol)1 in the reaction barrier and 0.3 kcal mol)1

in the reaction enthalpy. Geometry changes induced by
the dielectric medium are again very small, mainly a

shortening of the thiol–hydroxyl hydrogen bond of
0.038 Å in the reactants and 0.042 Å in the transition
state. Consequently, at the transition state, the C3–O3
bond length increases by 0.028 Å in the dielectric
medium.

The other mechanistic alternative corresponds to the
protonation of the 2¢ hydroxyl group by the carboxylate
of Glu441. This can be achieved directly from the
products of reaction 1a. The transition state for such
protonation is illustrated in Fig. 1c.

This is an even earlier transition state. The 3¢ C–3¢ O
bond length is 1.432 Å in the reactants, and at the
transition state is stretched to only 1.592 Å. The H–O
bond of the acidic hydrogen is only slightly stretched to
1.060 Å (compared with 1.055 Å in the reactants). The
hydrogen bond between the proton from Glu441 and the
leaving HO group has a length of 1.489 Å.

The spin density at the transition state is distributed
between the 3¢ oxygen (0.26 a.u.) and the 3¢ carbon

Scheme 3. Activation energies and reaction enthalpies for reactions 1a, b and c. All energies in kcal mol)1
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(0.64 a.u.). After dehydration, this distribution changes
significantly, and in the products the spin density is
mainly distributed between the 2¢ carbon (0.81 a.u.) and
the 3¢ oxygen (0.27 a.u.).

Analysis of the charge distribution at the transition
state allows us to conclude that the leaving OH group

carries a significant fraction of the negative charge
()0.66 a.u.). The activation energy for this reaction is
only 1.3 kcal mol)1. The reaction is exothermic by
20.0 kcal mol)1. Zero-point and thermal effects account
for a decrease of 1.1 kcal mol)1 in the activation energy
and 0.2 kcal mol)1 in the reaction enthalpy. The effect of
the dielectric continuum is very small, only a decrease of
0.7 kcal mol)1 in the activation energy and an increase
of 1.4 kcal mol)1 in the enthalpy of reaction. The very
low activation energy for this step shows that it is to
be preferred over the protonation by the thiol group
(reaction 1b).

The kinetics for the wild-type Class I RNR from
Escherichia coli give Kcat=3.1 s)1 [56] (the highest value
for Kcat for Class I RNR is around 10 s)1). As this step
is not rate-limiting in the catalytic mechanism, any
mechanistic step with an activation energy close to
17 kcal mol)1 should be ruled out. We thus conclude
that although the proposed mechanism behaves quali-
tatively as expected (i.e. a slow first step followed by
fast HO elimination [27]) the initial step does not match
the experimental reaction kinetics, and should be ex-
cluded. It must be emphasized that the experiments of
Lenz and Giese were performed in 1: 1 water/acetonit-
rile solvent, which results in a very different environ-
ment from the one experienced in the enzyme. It is well
known that differential stabilization of the transition
state by the solvent can lower reaction barriers in so-
lution relative to gas-phase or enzymatic environments.
Another explanation could be that the real mechanism
in solution is different from that proposed by Lenz and
Giese. As will be seen later, simultaneous acid- and
base-catalyzed mechanisms are always preferred over
their stepwise analogues. Hence, the reaction in solution
could also be simultaneously acid- and base-catalyzed.
A mechanism that would match the experimental ob-
servation of rate acceleration with increasing pH and
with increasing concentration of base catalyst could
involve hydrogen abstraction by the base catalyst si-
multaneously with the protonation of the 2¢ hydroxyl
group by a solvent water molecule. Such a concerted
mechanism would exhibit base-catalyzed characteristics,
(i.e. increasing rate with both increasing base concen-
tration and pH) as the acid catalyst is the solvent and is
in large excess.

In summary, a different mechanism than the base
catalysis by Glu441 must exist in order to explain the
observed kinetics of the RNR dehydration reaction.

3.2 Acid catalysis

An acid-catalyzed mechanism, as proposed by several
authors, would need a strongly acidic residue with access
to the 2¢ HO group. Moreover, a protonated radical a
and a carbocation b, as illustrated in reaction 2, should
then occur as intermediaries in the dehydration step
[1, 3, 26, 28, 29, 32, 41, 42].

Studies performed by us revealed that the protonated
radical a is not a minimum on the potential-energy
surface at the UB3LYP/MB//UB3LYP/MB level of
theory, and decomposes without activation into the

Fig. 1. Optimized transition-state geometries for a reaction 1a,
b reaction 1b and c reaction 1c. Relevant distances (Å) and spin
densities (a.u.) are indicated
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carbocation b and a hydrogen-bonded water molecule.
A potential-energy surface scan along the C2–O2 bond is
shown in Fig. 2.

The energetics of the hydrated radical cation lies
clearly above that of the dissociated counterpart. Similar
results have been obtained in other model systems. Zipse
and Mohr [32, 57] studied the addition of water to
radical carbocations. The conclusions were that the ad-
dition of water to the radical carbocations does not lead
to a minimum on the potential-energy surface, if the
radical cation is already stabilized by carbon substitu-
ents. Instead, the hydrated species will readily dissociate
into a hydrogen-bonded complex between a water
molecule and a radical carbocation [32]. Therefore, if
protonation of the 2¢ HO group is feasible, dehydration
will readily occur.

Initially, Stubbe [41] proposed that a thiol group
from an active-site cysteine protonates the 2¢ oxygen;
however, such a situation seems very unlikely, since the
pKa for the cysteine thiol group in a protein environment
is around 9.0 [58] (unless the thiol or the thiolate is
stabilized specifically through strong interactions, which
is not the case at the RNR active site). The thiol group
seems thus not to be acidic enough to protonate the
hydroxyl group at an acceptable rate. Moreover, theo-
retical calculations on such protonation, using a slightly
lower theoretical level than the one presently employed,
led to an activation barrier for the simultaneous proto-
nation/dehydration process of 16.2 kcal mol)1, a value
too high to be feasible [31]. As there is no other group
at the active site acidic enough to efficiently protonate
the 2¢ oxygen at an acceptable rate, the acid catalysis
hypothesis is excluded.

3.3 2fi3 hydroxyl shift, followed by facilitated
dehydration

A third hypothesis is that an internal rearrangement
could occur prior to dehydration. An example of such

a process is the dehydration of ethane-1,2-diol into
acethaldeyde and water, catalyzed by the enzyme diol
dehydratase. Studies over the last 30 years have sug-
gested that the reaction is initiated by abstraction of a
hydrogen atom from the substrate, which would lead to
the formation of the 1,2-dihydroxyeth-1-yl radical. The
radical will then rearrange to the gem-diol form, and
water elimination would generate the formylmethyl
radical. Subsequent hydrogen abstraction would lead
to the formation of acethaldeyde and to the regeneration
of the original radical cofactor [46].

In this reaction, the hydroxyl shift is the rate-limiting
step. Once formed, dehydration would readily occur. The
analogy of the diol dehydrase catalytic dehydration with
the reaction studied here made us investigate this possi-
bility as well. Previous studies by Smith et al. [45, 59]
indicate that a proton donor lowers the barrier for the 1,2-
hydroxyl shift. In reaction 3b we used one of the active-
site cysteines to facilitate the breaking of the 2¢C–Obond.

As protonation proceeds, the C–O bond length
increases. However, if the catalyst lies in a correct
orientation, the hydroxyl group does not leave the
ribonucleotide (as in the preceding acid-catalyzed case).
Instead, it turns to the 3¢ carbon direction and converges
to a transition state connecting the two minima in
reaction 3b. The geometry of the transition-state is
depicted in Fig. 3 and the activation energies and reaction
enthalpies for the reaction are illustrated in Scheme 4.

In the reactants, the sulfur and hydrogen atoms of the
cysteine thiol group make two long hydrogen bonds with
the 3¢ and 2¢ hydroxyl groups of the substrate, with
lengths of 2.319 and 2.076 Å, respectively. At the tran-
sition state the 2¢ hydroxyl group is placed very close to
the middle of the 2¢–3¢ C–C bond, and above the plane
of the ring. The distances between the leaving 2¢ oxygen
and the 2¢ and 3¢ carbons correspond to 2.367 and
2.273 Å, respectively. The thiol group forms a much
shorter hydrogen bond with the leaving 2¢ hydroxyl
group, with a length of 1.887 Å. In the products the

Fig. 2. Potential-energy surface for the dehydration of a radical
cation intermediary

Fig. 3. Optimized geometry of the transition state for the 2fi3
hydroxyl shift. Relevant distances (Å) and spin densities (a.u.) are
indicated
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hydroxyl group adds to the 3¢ carbon. The hydrogen
bond between this group and the thiol group is again
much longer, with a length of 2.156 Å.

In the reactants, the spin density is mainly distributed
between the 3¢ carbon (0.89 a.u.) and the 3¢ oxygen
(0.12 a.u.). At the transition state, the spin density be-
comes delocalized to the oxygen of the leaving 2¢ hy-
droxyl group, with a value of 0.57 a.u., and to the 2¢ and
3¢ carbon atoms (0.30 and 0.12 a.u., respectively). After
the reaction, the spin density is mostly localized at the 2¢
carbon (1.07 a.u.). A consequence of the shift of the 2¢
hydroxyl group to the 3¢ carbon is that the spin density
shifts from the 3¢ carbon to the 2¢ carbon. The most
significant changes in the geometry of the reactants
induced by the dielectric continuum correspond to a
shortening of 0.045 and 0.065 Å in the hydrogen bonds
between the 3¢ and 2¢ hydroxyl groups and the thiol
group, respectively. The geometric changes at the tran-
sition state are more substantial and result in the leaving
hydroxyl group being shifted toward the 3¢ carbon in the
dielectric medium and toward the 2¢ carbon in the gas-
eous phase. The distance between the leaving hydroxyl
oxygen and the 3¢ carbon is reduced by the continuum
by 0.14 Å. Coherently, the distance between the leaving

hydroxyl group and the 2¢ carbons increases by 0.076 Å
in the continuum.

The activation energy for this reaction corresponds
to 20.0 kcal mol)1 and the reaction enthalpy to
)1.0 kcal mol)1. The reaction is almost thermoneutral,
as expected, since the chemical bonds broken and
formed are similar. Zero-point and thermal effects
amount to 2.1 kcal mol)1 for the activation energy and
)1.0 kcal mol)1 for the reaction enthalpy. The effect
of the dielectric continuum corresponds to a decrease

of 2.9 kcal mol)1 in the activation energy and of
1.3 kcal mol)1 in the reaction enthalpy.

Similar theoretical results were found in the dehy-
dration of the 1,2-dihydroxyeth-1-yl radical. The calcu-
lated activation energy for the transfer of the 2 hydroxyl
group was 28.6 kcal mol)1 [46].

In that case the proposed pathway involved proto-
nation of the 2 hydroxyl group that dehydrates sponta-
neously into water and the anti-vinyl alcohol radical
cation [46]. Smith et al. [44, p. 207] demonstrated that
even a partial protonation leads to a decrease in the
activation energy. In the present case, the distance be-
tween the acidic hydrogen and the migrating hydroxyl
group at the transition state (1.887 Å), although smaller
than in the reactants and products, is very large and can
be classified as a very small partial protonation, thus
implying only a very low decrease in the barrier. In
the active site of RNR there is no residue capable of
protonating the migrating hydroxyl more efficiently, as
demonstrated in Sect. 3.2. On the basis of the observed
kinetics for the enzyme, and considering the high acti-
vation energy (20.0 kcal mol)1), we can conclude that
the 2fi3 hydroxyl shift occurs too slowly to match the
RNR catalytic rate. The subsequent step (the gem-diol
dehydration) was not studied, since the gem-diol cannot
be present in the normal catalytic pathway.

3.4 Simultaneous acid/base catalysis

In this category two different mechanisms will be
explored. The first was originally proposed by Zipse
[32] and was studied by Siegbahn [31] using theoretical
methods. The second is a revised version of the acid-

Scheme 4. Activation energies and reaction
enthalpies for the hydroxyl shift from carbon 2
to carbon 3. All values in kcal mol)1
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catalyzed mechanism initially postulated by Stubbe and
van der Donk [1]. The first reaction assumes the
existence of a protonated glutamate residue at the active
site, acting as a bifunctional catalyst. In the reactants,
the glutamate side chain forms hydrogen bonds with the
3¢ and 2¢ hydroxyl groups of the substrate, with lengths
of 1.748 and 1.622 Å, respectively. The catalyst then
protonates the 2¢ HO group and simultaneously ab-
stracts a proton from the 3¢ hydroxyl group. Protonation
and dehydration of the 2¢ hydroxyl group occur
simultaneously, in agreement with the previous finding
that a protonated hydroxyl group bonded to the
substrate does not correspond to a minimum on the
potential-energy surface. This reaction can be seen as
a 2fi3 hydrogen shift, catalyzed by the protonated
glutamate. The optimized transition state for this
reaction is illustrated in Fig. 4a. The hydrogen bond
between the glutamate and the 3¢ hydroxyl group is
much shorter than in the reactants, and now corre-
sponds to 1.499 Å. The 2¢ hydroxyl group is being
protonated by the acidic hydrogen of the glutamate,
which is almost midway between the proton donor and
acceptor (distances of 1.329 and 1.118 Å, respectively).
Simultaneously, the 2¢ hydroxyl group is leaving the
ribonucleotide radical, with a C–O distance of 1.825 Å.

The spin density in the reactants is mainly distributed
between the 3¢ carbon (0.87 a.u.) and the 3¢ oxygen
(0.13 a.u.). At the transition state, the spin density is
more delocalized toward the 2¢ carbon, with values of
0.47 a.u. in the 3¢ carbon, 0.16 a.u. in the 3¢ oxygen,
0.22 a.u. in the 2¢ carbon and 0.13 a.u. in the leaving
2¢ oxygen. After the reaction, the spin density becomes
mostly localized at the 2¢ carbon (0.78 a.u.), although
some spin density also remains at the 3¢ oxygen
(0.26 a.u.). Changes in the geometry of the reactants
induced by the dielectric continuum correspond to a
shortening of 0.029 and 0.047 Å in the hydrogen bonds
between the 3¢ and 2¢ hydroxyl groups and the gluta-
mate, respectively. The geometric changes at the transi-
tion state are mainly a shortening by 0.068 Å of the
2¢ C–O distance, and minor changes at the hydrogen-
bonding network.

The recent X-ray structure of RNR with the bound
substrate [37] shows, however, that Glu441 is not at the
optimal position to perform such a hydrogen transfer. It
forms only onehydrogenbondwith the 3¢hydroxyl group,
although it is possible that an internal rearrangement
would place the glutamate in a productive orientation.

The activation energies and reaction enthalpies for this
reaction are depicted in Scheme 5a. The activation energy
for this reaction corresponds to 4.6 kcal mol)1 and the
reaction enthalpy is )9.4 kcal mol)1. Zero-point and
thermal effects amount to )3.6 kcal mol)1 for the acti-
vation energy and )0.8 kcal mol)1 for the reaction enth-
alpy. Siegbahn showed that the inclusion of further active-
site amino acids in the calculation could lower the
activation energy even further. The effect of the dielectric
continuum corresponds to a decrease of 1.2 kcal mol)1 in
the activation energy and an increase of 0.9 kcal mol)1 in
the reaction enthalpy. Although this straightforward, low
barrier mechanism seems to be perfectly suited for RNR,
it does suffer from a severe constraint, i.e. the initial

assumption of using only neutral models in the active site.
Here such a constraint was not imposed, and we have
included charged species in themodelwhen appropriate to
the mechanisms being studied. This is justified by the fact
that the RNR active site is not buried, having instead a
very large cavity that accommodates a charged substrate.
Furthermore, an anionic/radical disulfide has been de-
tected by electron paramagnetic resonance at the active
site [60], providing further evidence that charged species
are present at theRNRactive site.Other observations also

Fig. 4. a Optimized geometry of a the transition state for the 2fi3
hydrogen transfer, catalyzed by a protonated glutamate, and
b optimized geometry of the transition state for reaction 4,
simultaneously catalyzed by a basic glutamate and an acid cysteine.
Relevant distances (Å) and spin densities (a.u.) are indicated

360



suggest that neutral models might be inadequate to re-
produce the active site of this enzyme. Persson et al. [56]
measured the pHdependence of the enzyme activity. They
concluded that the reaction rate increases with an increase
of the pH from 6 to 8, the latter being the optimal value for

catalysis. In the experiments of Lenz and Giese, the same
was also observed [27]. However, the hypothesis of
catalysis using a protonated glutamate is incoherent with
that observation, as an increase in the pH favors the
unprotonated form of the glutamate. Moreover, the

Scheme 5. a Activation energies and reaction
enthalpies for the hydrogen transfer catalyzed
by a protonated glutamate side chain, acting
as a bifunctional catalyst. All energies in
kcal mol)1. b Activation energies and reaction
enthalpies associated with the reaction step
illustrated in Scheme 1. All energies in
kcal mol)1
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reaction rate should not be affected by changing the pH
if only neutral residues were present at the active site.

The intrinsic pKa value for the glutamate side chain
corresponds to 4.3 [58]. The pKa of the Glu441 side
chain in the RNR active site should be very close to that,
since no specific interactions that favor the protonated
or the unprotonated form of the side chain carboxylate
group are present. So, at physiological pH, only one in
each around 502 glutamates will be protonated.

We may thus conclude that this mechanism does
occur if the Glu441 side chain is protonated at the
moment of the enzyme–substrate complex formation.
However, owing to the pH dependence, the mechanism
cannot justify, on its own, the overall catalytic activity of
the RNRs. Therefore, there ought to be an alternative
way for the majority of cases, where the Glu441 side
chain is unprotonated.

One mechanism that can occur when the Glu441 side
chain is unprotonated corresponds to the abstraction of
the 3¢ hydroxyl hydrogen simultaneously with the proto-
nation of the 2¢ hydroxyl oxygen. Stubbe and van der
Donk [1] proposed such a mechanistic step in their latest
postulated catalytic cycle (Scheme 1). We here assume
that the basic catalyst is Glu441 and the acid catalyst is
Cys225. The crystallographic structure of the enzymewith
the bound substrate shows that both of them occupy very
good positions to participate in the reaction. The oxygen
of the Glu441 side chain is at hydrogen-bonding distance
from the 3¢ hydroxyl group and the Cys225 thiol group is
at hydrogen-bonding distance from the 2¢hydroxyl group.
The results of our computational study of this system can
be summarized as follows. In the reactants one carboxy-
late oxygen forms hydrogen bonds with the two hydroxyl
groups, with lengths of 1.633 and 1.710 Å, respectively.
Simultaneously, the thiol group of the Cys225 amino acid
forms a hydrogen bond with the 2¢ oxygen, with a bond
length of 1.990 Å. At the transition state (Fig. 4b), the
proton of the 3¢ hydroxyl group has already been
abstracted by the glutamate, and participates in a short,
strong hydrogen bond with the 3¢ oxygen; bond

length 1.535 Å. The 2¢ C–O bond is very elongated
(1.993 Å), and the hydroxyl group is already leaving the
ribonucleotide. The proton of the thiol group makes a
very short hydrogen bond with the 2¢ hydroxyl group
(1.396 Å), and the S–H bond of the cysteine is elongated
(1.527 versus 1.364 Å in the reactants). In the reactants,
the spin density is mainly localized at the 3¢ carbon
(0.93 a.u.), although the 3¢ oxygen also exhibits appre-
ciable spin density (0.13 a.u.). At the transition state, the
spin density is shifted to the direction of the sulfur atom,
and becomes almost evenly distributed between the 3¢
oxygen (0.21 a.u.), the 3¢ carbon (0.29 a.u.), the 2¢ carbon
(0.28 a.u.) and the 2¢ oxygen (0.22 a.u.). In the products,
the spin density becomes mainly localized at the sulfur
atom (0.51 a.u.), but the 3¢ oxygen and the 2¢ carbon still
retain some spin density (0.10 and 0.22 a.u., respectively).
The charge distribution is also shifted in the direction of
the cysteine, i.e. the negative charge that was concentrated
at the glutamate in the reactants ()1.08 a.u.) becomes
almost evenly shared between the cysteine and the 2¢-
deoxy-3¢-ketonucleotide moiety ()0.45 and )0.53 a.u.,
respectively).

The activation energies and reaction enthalpies for
the reaction are depicted in Scheme 5b. The reaction has
an activation energy of 9.1 kcal mol)1 and a reaction
energy of )7.0 kcal mol)1. Zero-point and thermal cor-
rections account for a decrease of 5.5 kcal mol)1 in the
activation energy and 2.5 kcal mol)1 in the reaction
enthalpy.

The long-range polarization accounts for a decrease
of 1.4 kcal mol)1 in the reaction barrier and 0.2 kcal -
mol)1 in the reaction enthalpy. Geometry changes
induced by the dielectric medium are small. In the
reactants there is a shortening of 0.036 Å in the hydro-
gen bond between the thiol and the 2¢ hydroxyl groups.
At the transition state, the hydrogen bond between the
protonated side chain of the glutamate and the 3¢ oxygen
is shortened by 0.035 Å by the continuum. The distance
between the 2¢ hydroxyl group (leaving the ring) and the
2¢ carbon in the ribonucleotide is also shortened by

Table 1. Activation energies
and reaction enthalpies at
298 K and 1 bar for all the
chemical reactions studied in
the present work. For each
reaction the results obtained
with the three theoretical levels
employed are discriminated:
6-31G(d) (MB), 6-311+G(2d,p)
(LB), 6-311++G(3df,3pd)
(VLB). All energies in
kcal mol)1

Reaction Basis set Ea DHR

Base catalysis – deprotonation MB 21.2 14.5
LB 22.4 14.5
VLB 22.6 14.9

Base catalysis – protonation MB 1.4 )22.7
by Cys225 LB 1.6 )21.7

VLB 2.1 )21.4

Base catalysis – protonation MB 4.0 )16.3
by Glu441 LB 1.3 )19.9

VLB 1.3 )20,0

1,2 hydroxyl shift MB 24.0 )0.7
LB 21.0 0.0
VLB 20.0 )1.1

Acid and base catalysis MB 6.1 )5.4
by Glu441v LB 4.0 )9.8

VLB 4.6 )9.4

Acid catalysis by Cys225 and MB 12.9 )2.6
base catalysis by Glu441 LB 8.7 )6.9

VLB 9.1 )7.0
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0.057 Å. The hydrogen bond between the thiol and the
2¢ hydroxyl groups follows the same trend, being
shortened by 0.055 Å in the protein environment. The
influence of the surrounding continuum on the zero-
point and thermal energies corresponds to a decrease
of 2.0 kcal mol)1 in the activation energy and of
1.9 kcal mol)1 in the reaction enthalpy.

This simultaneous acid- and base-catalyzed mecha-
nism fits the observed kinetics of the catalytic process
[56]. It is also strongly supported by the X-ray crystal-
lographic structure of the enzyme–substrate complex
[37], and takes into account the physiological protona-
tion states of the amino acids involved at the active site.
The results obtained point to this mechanism as the one
occurring when the key active-site Glu441 amino acid is
in its unprotonated form.

Finally, we must determine in which fragment the
radical will be localized. Calculating the difference in
energy between the monomers that participate in the
reaction shows that placing the radical at the 2¢-deoxy-
3¢-ketonucleotide moiety and the negative charge at the
cysteine thiolate results in a larger stabilization (by
8.9 kcal mol)1) than placing the radical and charge at
the opposite species. Therefore, we may conclude that
after the complex between the products is separated, the
radical becomes localized at the 2¢-deoxy-3¢-ketonucle-
otide and that the cysteine retains a negative charge.
This corresponds to a similar situation as observed
in reaction 1b. In addition, the anionic Cys225 is ready
to form the reduced disulfide bridge to Cys462, via a
disulfide radical anion intermediate, as postulated by
Stubbe and van der Donk [1], and observed a posteriori
experimentally, both by electron paramagnetic reso-
nance and X-ray crystallography methods [37, 61].

4 Conclusions

In this work we have studied the mechanism of
dehydration of ribonucleotides assisted by the enzyme
RNR. We have explored from a theoretical point of view
the current working hypotheses, as well as alternative
catalytic pathways proposed herein. The activation
energies and reaction enthalpies at 298 K are presented
in Table 1.

The results are compared with the available experi-
mental data, namely the observed kinetics of dehydration
[56], the crystallographic structure of the enzyme with the
bound substrate [37], the pH dependence of the enzymatic
activity [56], as well as data from similar chemical reac-
tions [27, 46]. It is concluded that dehydration occurs via
two different acid-/base-catalyzed mechanisms. The first
uses a protonated glutamate as a bifunctional catalyst,
and has a very low activation energy. [31]. On the basis of
previous theoretical results this mechanism would be the
most favorable one. However, this should only occur in a
reduced number of cases, since the relative abundance of
the protonated glutamates at physiological pH corre-
sponds to about 0.2% only. The second mechanism as-
sumes that an unprotonated glutamate acts as a base, and
simultaneously a cysteine thiol group acts as an acidic
catalyst. This mechanism should occur in the majority of

cases, where the glutamate exists in the unprotonated
form. It is strongly supported by the X-ray crystallo-
graphic structure, and all residues employed are in their
natural protonation states.

The results also allow us to clarify some aspects
concerning the role played by the enzyme during the
reaction, and to understand how enzymes contribute to
such high reaction rates relative to similar processes in
the aqueous phase. The influence of the surrounding
medium on the optimized geometries and reaction en-
ergies is small, and the calculations show that its inclu-
sion is not capable of inverting the relative feasibility of
the two hypothetical mechanisms, or even to change the
acceptance or rejection of a given mechanism. In other
words, its contribution to the rate acceleration is not
important. This means that this enzyme cannot make a
differential stabilization of the transition states in rela-
tion to the reactants via long-range interactions. On the
other hand, in the aqueous phase, trimolecular reactions,
such as the last acid- and base-catalyzed dehydration,
are highly improbable, since the probability of all the
reactants to spontaneously generate a productive ge-
ometry is very small. However, at the enzyme active site,
the binding of the substrate and the configuration of the
amino acids provide optimal conditions. The role of the
enzyme is hence to orient all reactants in a favorable
geometry, thereby promoting a rate acceleration.
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