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Abstract: (E)-2′-Fluoromethylene-2′-deoxycitidine-5′-diphosphate (FMCDP) is a potent time-dependent
inactivator of the enzyme Ribonucleotide Reductase, which operates by destructing an essential tyrosil
radical and performing a covalent addition to an active site residue. Considerable effort to elucidate the
inhibition mechanism has been undertaken in recent years, and some insights have been obtained. Although
a mechanistic proposal has been put forward, based on a general paradigm of inhibition of RNR by 2′
substituted substrate analogues, details about the mechanism have remained elusive. Namely, the exact
residue that adds to the inhibitor is still not identified, although mutagenesis experiments suggest that it
should correspond to the E441 residue. In this work, we performed an extensive theoretical exploration of
the potential energy surface of a model system representing the active site of RNR with FMCDP, using
Density Functional Theory. This study establishes the detailed mechanism of inhibition, which is considerably
different from the one proposed earlier. The proposed mechanism is fully consistent with available
experimental data. Energetic results reveal unambiguously that the residue adding to the inhibitor is a
cysteine, most probably C439, and exclude the possibility of the addition of E441. However, the E441
residue is shown to be essential for inhibition, catalyzing both the major and minor inhibition pathways, in
agreement with mutagenesis results. It is shown also that the major mode of inactivation mimics the early
stages of the natural substrate pathway.

I. Introduction

Ribonucleotide Reductases (RNRs) are very important en-
zymes present in all living organisms. They catalyze the
reduction of ribonucleotides to 2′-deoxyribonucleotides, the rate-
limiting step in DNA replication and repair.1-6 Therefore, they
play a fundamental role in the regulation of cell growth, and
have recently become a promising target for the design of new
chemical therapeutic agents, mainly in the field of antitumor
and antiviral treatments.5,7-10 Recent in vivo experiments on
the inactivation of the enzyme have revealed potent antiprolif-
erative effects against a wide range of tumor cell lines,10-12 as
well as human xenografts in mice.10,13-14 There are four classes

of RNRs, according to the required cofactors necessary for
catalytic activity. It is presently known that all of them follow
a radical mechanism to dehydrate the substrate. Class I RNRs
possess a stable tyrosil radical adjacent to a diiron cluster.15,16

Class II RNRs use AdoCbl as cofactor.17,18Class III RNRs are
expressed in anaerobic environment and possess a glycyl radical
generated by an FeS cluster.19,20Class IV (presently suggested
to be included in the Ib class) possesses a protein radical
(probably a tyrosil radical) generated by a dimanganese
cluster.21-23 This study is devoted to Class I RNRs. TheE. Coli
ribonucleotide diphosphate reductase has been extensively
investigated and serves as the prototype for the mammalian
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protein.2-4 It is aR2â2 tetramer, constituted by two catalytically
inactive homodimers.24 The R2 dimmer (R1 subunit) has a
molecular weight of 171 kDa; theâ2 dimmer (R2 subunit) has
a molecular weight of 87 kDa and (in Class I RNR) it possesses
a stable tyrosil radical adjacent to a diiron cluster.25,26The tyrosil
radical is originally formed in the R2 subunit, through hydrogen
abstraction by the oxo-bridged diiron center, 35 Å away from
the active site. The radical is transferred from Tyr122 near the
diiron complex, to Cys439 at the active site in R1, through a
chain of hydrogen-bonded residues.27 The crystallographic
structure of this enzyme with the bound substrate is shown in
Figure 1.28 Five conserved residues, namely three cysteines
(C225, C439, and C462), one glutamate (E441) and one
asparagine (N437) have been established as necessary for
catalysis.29,30

FMCDP is an inhibitor of RNR that possesses potent
chemotherapeutic efficacy against leukemia and solid tumors.
The toxicity was initially thought to result from the ability of
its triphosphates to function as DNA chain terminators in the
DNA polymerase catalyzed elongation reaction.11-14 However,
because FMCDP can function as an inhibitor of RNR, it
potentates the effect of the chain terminators by minimizing
the competition for their incorporation into the DNA. FMCDP
inhibits both R1 and R2 subunits of RNR, by destroying the
essential tyrosil radical in R2 and alkylating the active site in
R1.10,31-33 Electron Paramagnetic Resonance (EPR) studies have

determined that the loss of the tyrosil radical is accompanied
by the formation of a new, substrate-derived radical.10,33

Radiolabeling studies have suggested that this process involves
addition of an active site residue to the substrate. Although
attempts to isolate the alkylated amino acid have been unsuc-
cessful, mutagenesis experiments with site-directed mutants of
R1 have indicated that E441 should be the alkylated residue.
Only C439 was not definitively excluded as the alkylated
residue, because the C439S mutant is inactive, because C439
is the residue that initiates the catalytic reaction, after receiving
the radical generated in R2. Analysis of the reaction products
revealed that 1.5 equiv of inhibitor suffices to completely
inactivate the enzyme, accompanied by the release of 1.5 equiv
of fluoride and 0.5 equiv of cytosine. A new chromophore with
a λmax of 334 nm appears during inactivation. The existence of
external reducing agents did not prevent inhibition, but it
prevented chromophore formation. On the basis of these
results,32 and considering earlier mechanistic results with other
2′-substituted nucleotide analogues,34-39 we have tried to explore
theoretically all relevant mechanistic pathways, using Density
Functional Theory, and arrived to a new mechanistic proposal
coherent with the available experimental results and with the
theoretical data.

The article is organized as follows: in section II, a brief
description of the methods employed in this work is made, as
well as their virtues and limitations. The proposed mechanisms
are analyzed in section III, and compared with the available
experimental data. The conclusions of this work are collected
in section IV.

II. Methods

All calculations were performed using Density Functional
Theory, with the Gaussian98 suite of programs,40 at the
unrestricted Becke3LYP level of theory.41-43 In geometry
optimizations and frequency analysis the 6-31G(d) basis set was
used. The zero-point energies were calculated with the same
theoretical level. It is well-known that larger basis sets give
very small additional corrections to the geometries, and their
use is hence considered unnecessary from a computational
view.18,44,45The larger 6-311++G (3df, 3pd) basis set was used
to calculate the energy of the optimized geometries. This basis
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Sjöberg, B. -M.; Eklund, H.Structure (London)1997, 5, 1077.
(29) Stubbe, J.; Ge, J.; Yee, C.Trends in Biochem. Sciences2001, 26, 2, 93-

99.
(30) Kasrayan, A.; Persson, A.; Sahlin, M.; Sjo¨berg, B.-M.J. Biol. Chem.2002,

277, 5749.
(31) Sunkara, P.; Lippert, B.; Snyder, R.; Jarvi, T.; Farr, R.Proc. Am. Assoc.

Cancer Res.1998, 29, 324.
(32) van der Donk, W.; Yu, G.; Silva, D.; Stubbe, J.; McCarthy, J.; Jarvi, E.;

Matthews, D.; Resvick, R.; Wagner, E.Biochemistry1996, 35, 8381.
(33) van der Donk, W.; Gerfen, G.; Stubbe, J.J. Am. Chem. Soc.1998, 120,

4252.

(34) Thelander, L.; Larsson, B.J. Biol. Chem.1976, 5, 1398.
(35) Stubbe, J.; Kozarich, J.J. Am. Chem. Soc.1980, 102, 2505.
(36) Stubbe, J.; Kozarich, J.J. Biol. Chem.1980, 12, 5511.
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Figure 1. Active site of ribonucleotide reductase with the bound substrate.
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set is very close to saturation in the present system. The
calculations were performed as follows: first, the geometry of
the reactants and products of each mechanistic step were
optimized. Those geometries were used to generate a guess for
the transition state. Then, the transition state was located. Internal
reaction coordinate calculations, followed by further tighter
optimizations, were performed to determine which minima were
connected to each transition state. Usually, these minima
corresponded to the minima first determined. The structures of
reactants and products discussed in this paper are the ones
resulting from the internal reaction coordinate calculations.
Frequency analyses were performed at each stationary point on
the potential energy surface. The number of imaginary frequen-
cies identified the nature of the stationary points (either minima
or transition states). A scaling factor of 0.9804 was used for
the frequencies. Thermal and entropic effects, considered less
exact, were calculated at physiological temperature and added
to the calculated energies, but analyzed separately.

The hydrogen-bonded complexes illustrated in this work have
a very large number of minima. The particular structures
discussed here were the ones that most closely reproduced the
geometry of the active site. So, they are not necessarily the
absolute minima for the complexes.

According to previous studies on active sites in proteins, the
introduction of a dielectric continuum in the calculations with
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.27,44,46,47As our
system contains charged species, it is important to evaluate the
solvent effects. Moreover, some of the mechanisms studied here
(namely the SN2 reactions) are known to be solvent sensitive.
Coherently, the energies were calculated under the influence
of a dielectric continuum. To this purpose, we have used a
Polarized Continuum Model, called C-PCM, as implemented
in Gaussian98.40 The continuum is modeled as a conductor,
instead of a dielectric. This simplifies the electrostatic computa-
tions, and corrections are made a posteriori for dielectric
behavior.

In open-shell systems, spin contamination is a frequent
problem. It is well-known that DFT methods are quite robust
to spin contamination, and in the calculations presented here,
the expectation value forS2 never reached a value of 0.78, before
annihilation. After annihilation, the expectation value forS2

never exceeded 0.7501. The Atomic spin density distributions
were calculated with a Mulliken population analysis,48 using
the larger basis sets.

In the calculations methylthiol molecules modeled the cys-
teines. A formate molecule modeled the active site glutamate.
The substrate analogues were modeled without the base and
the diphosphate. The adequacy of these models was demon-
strated in earlier works.44,49 All explored mechanisms are
discussed in the next section. The more favorable ones are
described with more detail.

III. Results and Discussion

Scheme 1 illustrates the several possible pathways for
inhibition here explored. These reflect the most appealing
mechanisms from a chemical point of view.

The first mechanistic step (the activation of the inhibitor) is
uncontroversial, as it is well supported by experimental evi-
dences.33 It is common to all pathways, and a prerequisite for
the subsequent steps. It is similar to the reaction with the natural
substrate, and corresponds to the abstraction of the H3′ atom
by C439. The transition state is depicted in Figure 2 (only atoms
relevant for the mechanism are numbered). The spin density is
almost evenly shared between the sulfur atom of C439 and the
C3′ of the inhibitor, although the C6′ retains considerable spin
density also. At the reactants the spin density was localized at
the sulfur atom of C439 (0.97 au), and in the products the spin
becomes localized at the C3′ (0.52 au) and at the C6′ (0.64 au).
Coherently, the C2′ has a spin density of-0.24 au.

The C2′-C3′ and C2′-C6′ bond lengths (see Figure 2 for
atom numbering) also change considerably in this reaction. In
the reactants, the C2′-C3′ bond length corresponds to 1.524 Å
and the C2′-C6′ bond length corresponds to 1.324 Å, typical
distances for a single and a double bond, respectively. In the
products, the C2′-C3′ bond shortens to 1.386 Å and the C2′-
C6′ bond increases to 1.376 Å, distances intermediate between
the characteristic CC single bond and double bonds, a conse-
quence of the delocalization of the double bond character. The
activation free energy is calculated to be 9.8 kcal/mol and the
free energy of reaction-7.7 kcal/mol. Thermal and entropic
contributions are of 4.2 kcal/mol in the barrier and 1.4 kcal/
mol in the reaction free energy. It is interesting to compare those
energies with the ones obtained for the same mechanistic step
with the natural substrate, at the same theoretical level.
According to previous calculations (not shown here) the
activation free energy for abstraction of the H3′ atom from
cytosine diphosphate (CDP) is 12.3 kcal/mol, close to the 9.8
kcal/mol obtained with FMCDP. However, activation of CDP
is endothermic by 6.9 kcal/mol, in striking contrast to the value
of -7.7 kcal/mol obtained for FMCDP. This reflects the much
greater stability of the radical generated from FMCDP, which
spin density becomes almost evenly delocalized through the C3′
and the C6′ atoms, and not mainly confined to the C3′ atom, as
in the case of CDP.

In an earlier experimental work, it was determined that the
kinetics of inhibition was multiphasic, with several pathways

(46) Fernandes, P. A.; Eriksson, L. A.; Ramos, M. J., submitted for publication.
(47) Blomberg, M. R. A.; Siegbahn, P. E. M.; Babcock, G. T.J. Am. Chem.
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(48) Mulliken, R. S.J. Chem. Phys.1955, 23, 1833.
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Theoretical BiochemistrysProcesses and Properties of Biological Systems;
Eriksson, L. A., Ed.; Elsevier Science: New York, 2001.

Figure 2. Transition state for the abstraction of the H3′ atom by C439.
Distances in Å, spin densities in a.u.
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Scheme 1. Explored Inhibition Pathways. All Energies in kcal/mol
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competing, and such conditions precluded the determination of
accurate kinetic parameters.32 So, it is not possible to estimate
an upper level for the activation energies, to seek for agreement
with experiments. However, this does not present a problem
as, in the major catalytic pathway, the first step is the rate-
determining step, known to occur as schematized in Figure 2.
Activation of the substrate leads to several possible pathways.

IIIa. Pathway A. The first and obvious choice corresponds
to the addition of E441 to the inhibitor. According to pathway
A in Scheme 1, the oxygen of E441 adds to the C6′, in an SN2
reaction, and elimination of fluoride occurs concerted with
alkylation, resulting in the intermediate3. Subsequent pro-
tonation of the O3′ would lead to the final product4. Several
donors for such proton could be postulated. As the C3′ has a
sp2 hybridization the oxygen can be accessed from both faces
of the inhibitor, and all active site cysteines (C225, C429, C462)
can function as proton donors. Such a very simple mechanism
would be in line with the earlier proposal that E441 is the
alkylating residue, based on the inadequacy of the E441Q mutant
to alkylate the inhibitor.10,32,33

The transition state for the addition of glutamate is depicted
in Figure 3A.

The transition state can be considered as a late transition state,
as the C6′-O bond is almost formed (1.544 Å at the transition
state and 1.408 Å in the products). The C6′-F bond is only
slightly distended (1.486 Å at the transition state and 1.397 Å
in the reactants), and the fluorine atom is still very distant from
the 3′ hydroxyl hydrogen (note that IRC calculations, starting
from the transition state of Figure 2, show that the fluorine atom
abstracts the hydroxyl hydrogen after the addition of the
glutamate, and leaves the active site as HF). Main changes in
the spin distribution correspond to a shift of spin density from
the C3′ to the O3′, due to the establishment of a keto-enolate
equilibrium in the products. The activation free energy for this
step amounts to 39.8 kcal/mol and the reaction free energy to
-10.6 kcal/mol. Thermal and entropic contributions amount to
3.2 kcal/mol in the barrier and 1.6 kcal/mol in the reaction
energy. This barrier clearly seems too high, but the inexistence
of experimental kinetic data precludes neglect of this pathway
solely based on the activation energy. So, we proceeded to the
next step, the protonation of the O3′ by a cysteine, to obtain
the final product4. The transition state for such reaction is
depicted in Figure 3B above.

Spin density shifts from the O3′ to the C3′, when going from
the reactants to the products. The change is caused by the shift

in the keto-enolate equilibrium toward the enolic form, when
the oxygen is protonated. The activation free energy for this
step corresponds to 1.1 kcal/mol and the reaction free energy
to 2.1 kcal/mol. Thermal and entropic terms contribute negli-
gibly to the barrier and the reaction free energy.

The high barriers obtained for this mechanism strongly
suggest one of the two following possibilities: the alkylating
residue is not the glutamate, and the final product of inhibition
should be other than4, or another mechanism for glutamate
addition, with lower activation energy, must be found. To test
the first hypothesis, another pathway leading to another inhibi-
tion product must be considered.

IIIb. Pathway B. The natural choice is to replace the
glutamate by an anionic cysteine, whose thiolate is adequate to
perform a nucleophile attack to the C6′ of the inhibitor (pathway
B, Scheme 1). Subsequent protonation of the O3′ would lead
to the final product. It was noticed before that FMCDP was
resistant to attack by thiolates with pH up to 9,32 and it was
anticipated that the activation of the inhibitor must be a
prerequisite for such attack. The anionic cysteine can be either
C225 or C462. Both of them lie in theR-face of the inhibitor
and C225 is making a hydrogen bond with the 2′ hydroxyl group
in the X-ray crystallographic structure. C462 is a bit more
distance, but it can easily approach the inhibitor, since those
cysteines form a sulfur bond in the normal catalytic pathway.
Mutagenesis experiments with the C225S and C462S mutants
failed to reveal a substantial decrease in the alkylation of R1
relative to the wt-RNR (0.70, 0.75 and 0.92 equiv. of radiolabel
per equiv of R1, respectively32). Although this suggests that
C225 and C462 are not directly involved in the process of
alkylation, it does not preclude such hypothesis. Both cysteines
are in very close proximity, and when one is engineered to a
serine, the other can replace its role in the inhibition mechanism.
Only the double mutant C225/462S could reveal unambiguous
conclusions about the direct involvement of these cysteines.

The transition state for the addition of a thiolate to the C6′
of the substrate is shown in Figure 4A. That corresponds also
to an SN2 reaction, with hydrogen fluoride release concerted
with the addition of the thiolate, as observed previously in
pathway A.

At the transition state the spin density is mostly localized at
the C6′, although some spin density is delocalized to the sulfur
atom. The spin density in the reactants is shared between the
C3′ and C6′ atoms (0.52 u.a. and 0.64 u.a., respectively). In
the products the spin density is mostly localized at the C6′ (0.60

Figure 3. (A) Transition state for the alkylation of intermediate 2 by E441. (B) Transition state for the proton transfer to the 3′ oxygen of the inhibitor. Spin
densities in a.u., distances in Å.
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au) but the C3′ and the O3′ still retain some spin density (0.28
au and 0.16 au, respectively). Internal reaction coordinate
calculations revealed a similar behavior as with the E441
addition, i.e., that the fluorine atom abstracts a proton from the
3′ hydroxyl, being eliminated as HF, and then dissociating in
solution producing fluoride, as observed experimentally, and
the intermediate5. Note that at the transition state the fluoride
ion is already making a strong hydrogen bond with the
3′hydroxyl hydrogen. The activation free energy for this step
corresponds to 20.1 kcal/mol and the reaction free energy to
-37.0 kcal/mol. Thermal and entropic contributions amount to
1.4 kcal/mol in the barrier and 1.0 kcal/mol in the reaction free
energy. The process is strongly exothermic, and the barrier for
the inverse process amounts to 57.1 kcal/mol. Such a barrier
fully justifies the irreversibility of the inactivation, as observed
experimentally. Finally, to obtain the product of inactivation6,
the anionic O3′ must abstract a proton to return to its normal
protonation state. The transition state for such proton transfer
is depicted in Figure 4B above (we have considered C439 as
the protonating agent in the calculations. The spin pattern does
not change very much is this step. There is a shift in the spin
density from the O3′ to the C3′ and C6′ atoms, when going
from the reactants to the products. The change is again caused
by the shift in the keto-enolate equilibrium, toward the enolic
form when the oxygen is protonated. The activation free energy
for this step corresponds to 1.7 kcal/mol and the reaction free
energy to 2.4 kcal/mol. Thermal and entropic contributions
amount to 0.6 kcal/mol in the barrier and 0.4 kcal/mol in the
reaction free energy. So, protonation is a very fast step.

Although this mechanism is to be preferred over pathway A,
it does not seem to be able to explain all experimental results.
Namely, why alkylation is so strongly decreased in the E441Q
mutant, as this residue does not play a determinant role in the
above mechanism. And even though we could not exclude the
possibility that the role of E441 might be to better bind the
substrate, we decided to explore other possible pathways that
eventually accommodated better the existing experimental data.

IIIc. Pathway C. Another piece of experimental evidence
that is mechanistically informative is that the EPR spectrum of
the transient radical is composed by an∼1:1 mixture of a
doublet and a triplet signal when (E)-[6′-2H]-FMCDP is
incubated with the wt-RNR. An explanation proposed by Stubbe
and co-workers10 resorts to an H-atom transfer equilibrium
between the C6′ and one of the cysteines, namely C225. The
cysteine transfers an H atom to the C6′, and unrestricted rotation
around the C2′-C6′ bond can lead the cysteine to either re-
abstract a hydrogen atom or a deuterium atom, resulting in a

mixture of ∼1:1 of deuterated and nondeuterated FMCDP.
Although such mechanism sounds appealing from a chemical
point of view, we performed theoretical calculations on that
equilibrium to investigate its feasibility, before starting to
explore new pathways derived from it. To accommodate the
experimental spectrum two conditions must be met: the
reactants and products must be close in energy and the barrier
for the transfer cannot be too large as this would make the
equilibrium too slow to be relevant. Figure 5 shows the results
obtained. As can be seen, the difference in free energy
corresponds to only 0.4 kcal/mol and the free energy barriers
for the limiting steps in the two directions (11.2 and 11.9 kcal/
mol) are not high enough to preclude such mechanism. The
barrier for the first H-atom transfer is even faster than addition
of the thiolate, especially if we keep in mind that the pKa for
the thiol group of a proteic cysteine is ca. 8-9, and so the
proportion of the thiolate form corresponds only to 1-10% at
physiological pH.

So, we are led to the conclusion that Stubbe’s explanation
does take us to 2′-fluoromethanedCDP intermediate7, from
which alternative pathways may be derived. Fluoride elimination
can be achieved by an intramolecular rearrangement. The
fluorine atom can abstract the 3′ hydroxyl hydrogen and be
eliminated as HF. The reactive 2′-methylene-3′-ketodCDP
intermediate8 obtained from this reaction is also an irreversible

Figure 4. (A) Transition state for the addition of thiolate to the activated inhibitor 2. (B) Transition state for the proton transfer from C439 to the O3′ of
intermediate 5. Spin densities in a.u., distances in Å.

Figure 5. H atom transfer between activated FMCDP 2 and a cysteine.
Note that in the present example the cysteine abstracts a deuterium atom,
but unrestricted rotation about the C2′-C6′ bond can lead the cysteine to
re-abstract the deuterium or a hydrogen atom instead.
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inhibitor of RNR.50-52 It was demonstrated that this compound
decomposes in solution, losing base and phosphate, and gener-
ates a furanone derivative (4-methyl-2-methylene-3 (2H)-
furanone) that is highly reactive to nucleophilic attack. Subse-
quently, the furanone performs unspecific alkylation of R1,
resulting in enzyme inactivation.50 Similar chemistry was also
observed with other 2′-substituted nucleotide analogues.53,54The
present case has however an important difference, the 2′-
methylene-3′-ketodCDP intermediate8 is generated inside the
active site. Accordingly, it can react further with the active site
residues, or dissociate into solution, lose the base and the
diphosphate (explaining the slow release of the base and
phosphate into solution observed experimentally with FMCDP)
and convert into the reactive furanone species, which will be
trapped by the enzyme.10,32 To explore such alternative path-
ways, we began by investigating the formation of the intermedi-
ate8. This exercise led us into two situations, which have not
been depicted in Scheme 1 basically because their activations
energies were too high. They will be, however, described next,
and depicted in Figure 6. The transition state for the intramo-
lecular rearrangement is depicted in Figure 6A.

At the transition state the C6′-F bond is very elongated, and
making a short, strong hydrogen bond with the 3′ hydroxyl
hydrogen, which is already leaving the O3′ atom. The free
energy barrier for such rearrangement corresponds to 20.8 kcal/
mol and the reaction free energy to-13.2 kcal/mol. Thermal
and entropic contributions amount to 1.0 kcal/mol for the barrier
and-0.5 kcal/mol for the reaction free energy. The activation
energy is clearly too high for this process to be competitive
with the thiolate addition. So, another mechanism should exist
to generate the intermediate8, if it is to be formed. The first
hypothesis considered was to use another of the cysteines to
facilitate the fluorine release, by partial protonation of the
fluoride. Such transition state is shown in Figure 6B.

The free energy barrier for the C225 assisted rearrangement
amounts to 21.7 kcal/mol and the reaction free energy to-11.7
kcal/mol. Thermal and entropic contributions correspond to 1.4
kcal/mol in the barrier and-0.2 kcal/mol in the free energy of

reaction. So, partial protonation of the fluorine with C225 does
not lead to a decrease in the free energy barrier, as was desired.
Instead, it rises by 1.0 kcal/mol, reflecting the fact that the
cysteine stabilizes more the reactants than the transition state.

However, another residue that can catalyze fluoride elimina-
tion is E441. We started by trying to find a concerted transition
state similar to the one of Figure 6B, with the carboxylate
making a hydrogen bond with the leaving hydrogen, but the
unfavorable interaction of the carboxylate with the fluoride and
with the O3′ atom precluded such geometry. Instead, we found
that a stepwise mechanism for the fluoride elimination would
be much more favorable. In the first step, the glutamate would
abstract a proton from the 3′ hydroxyl group. Then, it must break
the hydrogen bonding network with the O3′, and make a
hydrogen bond with the fluorine atom. This turned out to be
the limiting step for the catalysis. After such complex has been
formed, the glutamic acid protonates the fluoride, that leaves
the active site as HF. Figure 7 illustrates this mechanism, which
leads to the formation of intermediate8 in Scheme 1.

Note that in this reaction we have modeled glutamate as
acetate to better model the hydrogen bonds with the aliphatic
hydrogens. The starting structure7a has the proton already
transferred to the glutamate. The transition state and the
energetics for this very fast step are not presented here because
the same reaction was modeled with a larger model to explore
pathway E (see Figure 10(A) and corresponding energetics).
Structure7b is a true transition state, linking two minima with
a different hydrogen-bonding network. The glutamic acid,
initially strongly hydrogen-bonded to the O3′, forms two long
hydrogen bonds with the O3′ and with the fluorine atoms. In
intermediate7c, the acidic hydrogen makes a strong hydrogen
bond with the fluorine atom. The C6′-F bond is now elongated
from 1.450 Å in the reactants to 1.577 Å in the products. The
second step consists of the protonation of the fluorine by the
glutamic acid. At the transition state, the C6′-F bond is very
elongated, even though the OH bond of the acidic hydrogen is
only slightly elongated, reflecting the facility to eliminate
fluoride by this mechanism. In the product7e fluoride is
eliminated as HF and the intermediate8 is generated.

The first step (reorganization of the hydrogen bonding
network) is the rate limiting with an activation free energy of
10.2 kcal/mol, and a reaction free energy of 6.2 kcal/mol.
Thermal and entropic contributions are-0.2 kcal/mol for the
barrier and-0.6 kcal/mol for the reaction free energy. The
protonation of the fluorine and elimination of HF constitutes a
fast step, with a very small free energy barrier of 1.5 kcal/mol.
The reaction free energy corresponds to-19.5 kcal/mol.
Thermal and entropic contributions represent-0.2 kcal/mol of
the barrier and-3.4 kcal/mol of the reaction free energy. We
can now conclude that the formation of the intermediate8 is
only feasible if catalyzed by E441, thus explaining the inability
of the E441Q mutant to alkylate quantitatively the substrate.
This suggests that E441 is indeed important for inhibition, not
by adding to the inhibitor, but instead by catalyzing a rate-
limiting step. The intermediate8 formed in this step is highly
activated toward nucleophile addition, and according to the
mechanism proposed by Stubbe and co-workers (major path-
way), would add covalently to an active site residue, inhibiting
irreversibly the enzyme. In that mechanistic proposal32 the next
step would be the addition of E441 to the intermediate8.

(50) Baker, C.; Banzon, J.; Bollinger, J.; Stubbe, J.; Samano, V.; Robins, J.;
Lippert, B.; Jarvi, R.; Resvick, R.J. Med. Chem.1991, 34, 1879.

(51) Robins, J.; Samano, V.; Zhang, W.; Balzarini, J.; De Clercq, E.; Borchardt,
R.; Lee, Y.; Yuan, C.-S.J. Med. Chem.1992, 35, 2283.

(52) Samano, V.; Robins, J.J. Org. Chem.1991, 56, 7108.
(53) Stubbe, J.AdV. Enzymol. 1989, 63, 349.
(54) Ator, M.; Stubbe, J.Biochemistry1985, 24, 7214.

Figure 6. (A) Transition state for intramolecular fluoride elimination. (B)
Transition state for the proton transfer from C439 to the O3′ of intermediate
5. Distances in Å.

Mechanism of Inhibition of RNR by FMCDP A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 20, 2003 6317



Another hypothesis in line with the previous results (pathway
A) is that addition to the intermediate8 could be done by an
active site cysteine. To be on the safe side, we explored both
pathways, starting from intermediate8. To begin with, addition

of E441 will be explored (continuation of pathwayC, Scheme
1). The transition state for such reaction is represented in Figure
8A.

The keto-enolate equilibrium is shifted toward the enolic

Figure 7. Pathway for stepwise elimination of HF, catalyzed by E441. All distances in Å.

Figure 8. (A) Transition State for the addition of E441 to the 2′-methylene-3′-ketodCDP intermediate 8. (B) Transition state for hydrogen atom abstraction
from the C6′ of the intermediate 9. (C)Transition State for proton transfer to O3′. All distances in Å, spin densities in a.u..
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form when E441 adds to the intermediate8, as can be seen by
the changes in geometry when going from the reactant to the
product (increase in the C3′-O3′ and the C2′-C6′ bond lengths,
and decrease in the C2′-C3′ bond length). The free energy of
activation corresponds to 11.1 kcal/mol and the reaction free
energy to 10.4 kcal/mol. Thermal and entropic contributions

increase the barrier and the reaction free energy by 1.8 and 1.6
kcal/mol, respectively. So, the equilibrium clearly favors the
intermediate8, and not the alkylated product9. However, this
unfavorable equilibrium can eventually be overcome if the
subsequent steps are fast and thermodynamically favorable. The
next step in this mechanism is the abstraction of a hydrogen

Figure 9. (A) Transition State for cysteine addition to the intermediate 8. (B) Transition State for hydrogen atom transfer to the intermediate 12. (C)
Transition State for proton transfer to O3′. All distances in Å, spin densities in a.u..

Figure 10. (A) Transition state for proton transfer from the 3′hydroxyl to E441. (B) Transition state for protonation of fluorine followed by cysteine
addition to C6′. (C) Transition state for proton from E441 to the 3′ oxygen. (D) Transition state for hydrogen atom abstraction from C6′. All distances in
Å, spin densities in a.u..
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atom from the C6′ by the radical cysteine, with a subsequent
protonation of the O3′. The transition state for hydrogen
abstraction is depicted in Figure 8B above.

Note that this pathway implies that E441 can add to the C2′
and C225 can protonate the O3′ atom. Looking at the geometry
of the active site (Figure 1) it can be seen that the residues must
move considerably, and change their relative positions to
undergo the reaction. That seems difficult in a rigid enzyme as
RNR. So, we propose that if this pathway is to occur, the first
hydrogen atom transfer (Figure 7) should be performed by C439.
Coherently, the hydrogen transfer from C6′ to O3′ would be
performed by C439 also. This gas-phase equivalent pathway
seems more viable in the active site of the enzyme. Moreover,
C439 is better positioned to reach both the C6′ and the C3′
atoms, because the substrate must move in that direction when
E441 adds to C6′. In reactant9 the spin density distribution is
localized at the C2′ atom (0.42 au) and at the sulfur of C439
(0.47 au), due to the charge transfer from the thiolate and the
consequent keto-enolate equilibrium. In product10, after proton
transfer, the spin density shifts to the C6′ and the O3′ atoms
(0.55 au and 0.18 a.u, respectively); the spin density is now
almost null in the sulfur atom and only 0.09 au in the C2′ atom.
The free energy barrier for this reaction is 5.1 kcal/mol and the
reaction free energy 1.6 kcal/mol. Thermal and entropic
contributions represent 1.8 kcal/mol in the barrier and 0.8 kcal/
mol in the reaction energy. The next step corresponds to C439
transferring the proton to the O3′ atom, thus generating the final
product11. The transition state is shown in Figure 8C above.

The spin distribution shifts from C2′ and O3′ to C3′, after
protonation. The C6′ atom retains almost the same spin density
as in the transition sate. The free energy barrier is also very
small, amounting only to 0.9 kcal/mol. The reaction free energy
corresponds to 1.5 kcal/mol. Thermal and entropic contributions
represent 0.5 kcal/mol in the barrier and 0.1 kcal/mol in the
reaction energy. This mechanistic step is also not thermody-
namically favorable, and the final product11 lies 13.5 kcal/
mol above the intermediate8. Should this unfavorable thermo-
dynamic equilibrium be the main reason the radical produced
by the inhibition does not result from E441 addition?

IIId. Pathway D. To find an answer for that question we
turned back to intermediate8, and considered the possibility of
the addition of a radical cysteine (C439 or C225, depending in
which one has initially protonated the activated inhibitor2) to
the C6′ of intermediate8. Such addition will probably lead to
a pathwayD ending on a product similar to the one resultant
from pathwayB.

The transition state for the addition of the radical cysteine is
illustrated in Figure 9A. This is an early transition state, with
the sulfur atom at a distance of 2.706 Å from the C6′.

The spin density is mainly located at the sulfur atom initially,
and is transferred to the C2′ and slightly to the O3′ on the
products. Geometry changes follow the same trends, with an
increase in the C3′-O3′ and C2′-C6′ bond lengths. We verified
that geometry and spin density distribution change just slightly
from the reactants to the transition state, and change extensively
from the transition state to the products, as is typical of an early
transition state. This reaction has a low activation free energy,
as is expected from the similarity between the reactants and
the transition state, corresponding to 2.2 kcal/mol. The reaction
free energy corresponds to-12.2 kcal/mol. Thermal and

entropic contributions amount to 1.8 kcal/mol in the barrier and
2.9 kcal/mol in the reaction free energy.

So, the barrier for cysteine addition to the intermediate8 is
much lower than the barrier to E441 addition. Moreover, the
reaction is exothermic by-12.2 kcal/mol, in contrast to the
endothermicity of 10.4 kcal/mol to the glutamate addition. This
clearly explains why E441 does not ads to intermediate8. The
reason is that the competitive addition of a cysteine is kinetically
and thermodynamically much more favorable. However, it was
shown that such ketyl radical12 cannot be the final inhibition
product, asgiso values and isotropic coupling constants for that
radical do not mach the ones obtained by incubation of wt-
RNR with FMCDP, within experimental accuracy.33 This opens
up two trains of thought. The ketyl radical12 either rearranges
to the allylic radical14 as previously obtained from pathwayB
or it dissociates from the active site faster than cysteine addition.
To elucidate which is the case, we tried several pathways that
led from the ketyl radical12 to the allylic radical14. The most
favorable corresponds to a hydrogen atom transfer to the O3′,
by the remaining active-site cysteines, followed by abstraction
of a hydrogen atom from the C6′, by the radical cysteine
generated in the earlier step. The transition state for the first is
exhibited in Figure 9B above.

In this reaction, the spin distribution is transferred from the
C2′ to the cysteine sulfur. At the transition state the spin density
is almost evenly distributed between the C2′ and the cysteine
sulfur; in the reactant12 the spin density is mainly located at
the C2′ (0.72 au) and at the O3′ (0.26 au). In product13, the
spin density is located at the sulfur of the cysteine (0.97 au).
Geometric changes are related to the elongation of the C3′-
O3′ bond and the shortening of the C2′-C3′ bond, due to the
keto to enol conversion. The free energy barrier for this reaction
corresponds to 19.0 kcal/mol and the reaction free energy to
12.3 kcal/mol. Thermal and entropic contributions amount to
3.2 kcal/mol in the barrier and 3.0 kcal/mol in the reaction free
energy. The subsequent and final step of this pathway corre-
sponds to the abstraction of a hydrogen bound to C6′ by the
radical cysteine resultant from the earlier step. The transition
state for that reaction is depicted in Figure 9C above.

In this mechanistic step the spin density is transferred from
the cysteine sulfur to the C6′ and C3′. At the transition state,
the spin is almost evenly shared by the cysteine sulfur and the
C6′. In the reactants the spin density is mainly confined to the
sulfur (0.90 au). In the products the spin density is shared
between the C3′ (0.44 au) and the C6′ (0.63 au). The double
bond character of the C2′-C3′ is now delocalized also to the
C6′, which leads to a shortening of the C2′-C6′ bond and an
increase in the C2′-C3′ bond length. The activation free energy
for this reaction corresponds to 11.6 kcal/mol and the reaction
free energy to-3.0 kcal/mol. Thermal and entropic contribu-
tions amount to 2.3 kcal/mol in the barrier and 0.7 kcal/mol in
the free energy of reaction.

Although these two steps are not energetically prohibitive,
the ketyl radical12 should be stable enough to be detected by
EPR spectroscopy, and we know this is not the case.33 Once
formed, it has a free energy barrier of 19.0 kcal/mol to proceed
forward and a free energy barrier of 14.4 kcal/mol to proceed
in the reverse direction. As far as we can see, considering the
geometry and the residues of the active site, there is no other
viable pathway to transform the ketyl radical12 in the allylic
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radical 14. The obvious conclusion is that dissociation from
protein is faster than cysteine addition. So, we conclude that
the earlier proposed minor pathway (the solution pathway)
results from pathwayC, i.e., after the intermediate8 is formed
(catalyzed by E441) it dissociates from the active site, losing
base and phosphate and originating the unsaturated 4-methyl-
2-methylene-3 (2H)-furanone, that subsequently performs un-
specific addition to the active site.10,32,50

IIIe. Pathway E. However, the major inhibition pathway
remains elusive. In the conversion of the natural substrate,
elimination of the 2′hydroxyl group is achieved by deprotonation
of the 3′ hydroxyl and protonation of the 2′hydroxyl group by
C225, with a water molecule leaving the ring. So, we considered
that elimination of fluoride and subsequent cysteine addition
could be achieved by a mechanism similar to the natural catalytic
pathway. Besides this hypothesis, we could not see any other
viable pathway that accommodates the experimental data. We
tried first to find a concerted pathway for hydrogen abstraction
and fluoride protonation, but our efforts proved unsuccessful.
Then, we considered performing the reaction stepwise; the first
step would be a 3′ hydroxyl proton abstraction, by E441,
followed by fluoride protonation. The transition state for the
first step is illustrated in Figure 10(A).

Such very fast proton transfer has a very small electronic
barrier that disappears after adding the zero-point energy.
Considering thermal and entropic corrections (-0.8 kcal/mol),
it is located 1.7 kcal/mol below the reactants. The reaction free
energy corresponds to-1.9 kcal/mol, including-1.8 kcal/mol
from the thermal and entropic contributions. The keto-enolate
equilibrium in product15 leads to a shortening of the 3′CO
bond length (from 1.321 to 1.281 Å) and a subsequent
elongation of the 6′C-F bond length (from 1.430 to 1.465 Å),
facilitating subsequent protonation. Afterward, a cysteine (most
probably C439, considering that C225 performs the earlier
hydrogen atom transfer to the C6′, generating intermediate7)
protonates the fluorine atom, mimicking the natural substrate
pathway.29 The transition state for the protonation is exhibited
in Figure 10B. It must be noticed that extensive Internal Reaction
Coordinate calculations demonstrate that product16 connected
to the transition state of Figure 10B includes cysteine addition
to C6′ atom of the inhibitor. So, fluoride elimination and cysteine
addition occur in the same mechanistic step.

At the transition state, the 6′C-F bond is very elongated,
and the proton is already almost abstracted. Fluoride eliminates
as HF, as in previous cases. The sulfur atom is still distant from
C6′, although it will add to it from this transition state.
Spontaneous addition of thiolate was predictable, as preliminary
calculations (not reported here) have shown that thiolate adds
spontaneously, without barrier, to intermediate8. The structure
of the transition state is quite similar to intermediate8, which
means that it should be a low energy structure. This is confirmed
by the small activation free energy for this step, which
corresponds to 4.4 kcal/mol. The reaction free energy amounts
to -8.6 kcal/mol. Thermal and entropic contributions represent
-0.9 and 1.7 kcal/mol to the barrier and reaction energy,
respectively. This is by far the most favorable pathway for
inhibition and undoubtfully corresponds to the elusive major
pathway for inhibition. It is interesting to note that the enzyme
indeed eliminates HF through the same mechanism by which it
eliminates the 2′ hydroxyl in the normal catalytic pathway.29

To fully confirm that this is the case, two experimental evidences
must be met: first, the E441 residue must assist this step, since
the E441Q mutant exhibits a much smaller degree of active-
site alkylation. Second, there must be a viable pathway to
convert the intermediate16 to the final product18. To
investigate the first we tried to perform the fluoride elimination
without abstracting the 3′hydroxyl hydrogen. Such reaction is
very improbable, because the reactant is neutral and the
transition state would have a charge separation (a thiolate and
a carbocation), which should be highly energetic. After trying
several different initial structures, we observed that such
transition state does not exist in the present potential energy
surface. When the cysteine partially protonates the fluorine atom
to facilitate fluoride elimination, and the C6′-F bong elongates,
the fluoride abstracts a proton from the 3′hydroxyl group instead,
and not from the cysteine, leading always to the transition state
presented in Figure 6B. So, we confirm that E441 is indeed
essential for the proposed mechanism, in full agreement with
mutagenesis experiments.32

To convert16 to the final product18, we propose a two-step
mechanism. First, E441 protonates the O3′, that returns to the
correct protonation state generating the intermediate17; after-
ward, the radical cysteine C225 abstracts a proton from C6′,
generating the final product18. Both steps must be fast and
thermodynamically favorable. The transition state for the proton
transfer is depicted in Figure 10C.

This transition state corresponds to the inverse process shown
in Figure 10A, including now hydrogen bonding network with
the leaving HF molecule. Accordingly, it is also a fast step with
a very small electronic barrier that disappears after adding the
zero-point energy, and becomes located 2.5 kcal/mol below the
reactants. The reaction free energy corresponds to-1.3 kcal/
mol. Thermal and entropic corrections amount to 0.6 kcal/mol
in both the barrier and the reaction energy. In product17 the
keto-enol equilibrium shifts toward the enolic form, leading
to an increase in the C3′-O3′ bond length (from 1.284 to 1.324
Å) and a subsequent decrease of the C2′-C3′ bond length (from
1.377 to 1.354 Å). Afterward, abstraction of a hydrogen atom
from C6′ atom by the same cysteine leads to the final stable
radical18. C225 is perfectly positioned to carry out the reaction,
and it is predictable that the cysteine is able to abstract the
hydrogen, as it corresponds to a reaction similar to the activation
of the substrate. Moreover, it is already in the radical form.
The transition state for hydrogen abstraction is shown in Figure
10D. During this reaction the spin density distribution is
transferred from the cysteine sulfur to the C6′ and C3′ atoms.
Spin densities for sulfur range from 0.90 au in the reactants to
0.0 au in the products, for C6′ they range from 0.0 au in the
reactants to 0.54 au in the products and for C3′ from 0.0 au in
the reactants to 0.43 au in the products. The sulfur of the bound
cysteine also has considerable spin density at the end of the
reaction (0.17 au). In the products, the C2′ atom also retains a
final spin density of-0.19 au. Geometric changes are small
and mainly caused by the greater delocalization of theπ
electrons, mostly localized at the C2′-C3′ bond in the reactants
and delocalized to the C6′ and the sulfur atom of the bound
cysteine in the products. Consequently, the C2′-C3′ bond length
increases from 1.338 to 1.375 Å, and the C2′-C6′ and C6′-S
bond lengths decrease from 1.494 to 1.396 Å and from 1.837
to 1.756 Å, respectively. The activation free energy for this
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reaction corresponds to 4.8 kcal/mol and the reaction energy to
-10.2 kcal/mol. Thermal and entropic contributions represent
4.2 kcal/mol in the barrier and 0.3 kcal/mol in the reaction free
energy.

We conclude that both mechanistic steps have low activation
barriers and are thermodynamically favorable (the first one is
almost thermoneutral). Therefore, intermediate16 rearranges
quantitatively to the final inhibition product18. So, the major
inhibition pathway is determined, and corresponds to addition
of a cysteine to the inhibitor via protonation of fluorine,
mimicking the normal catalytic pathway.

IV. Conclusions

We have performed a detailed study of the potential energy
surface of a model of the active site of RNR with the bound
FMCDP inhibitor. Several inhibition pathways were explored
resorting to theoretical calculations. The obtained results were
then compared with available experimental data.

It was established that the major inhibition pathway evolves
protonation of fluoride by a cysteine with subsequent elimination
of fluoride and addition of the cysteine to the inhibitor. Earlier
mechanistic proposals preferred addition of a glutamate to the
inhibitor, instead of a cysteine. Such preference was corroborated
by the large decrease in alkylation of the inhibitor with the
E441Q mutant. However, theoretical results show that addition
of E441 is neither kinetically competitive nor thermodynamically
viable. Moreover, it was shown here that the E441 residue has
a fundamental role in the addition of the cysteine to the inhibitor,

thus explaining mutagenesis results. It is interesting to note that
the mechanism for fluoride elimination and subsequent thiolate
addition mimics the mechanism for 2′-hydroxyl elimination in
the substrate catalytic pathway, reinforcing the credibility of
the theoretical proposal, and showing that studies with inhibitors
can be very informative about the capabilities of the enzyme
machinery in the conversion of the natural substrate. The minor
inhibition pathway (the solution pathway) was also identified
as resulting from the generation of the 2′-methylene-3′-
ketodCDP intermediate. It was predicted before10,32 that this
intermediate would be formed and afterward leave the active
site, lose base and fluoride (detected in solution), rearrange to
a furanone derivative, and alkylate nonspecifically the enzyme.
However, in that mechanistic proposal, the major pathway
results from addition of E441 to intermediate8, which we
demonstrate not to be the case. The results obtained here show
also that E441 catalyzes both minor and major inhibition
pathways.
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