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Abstract

The O, cleavage by the iron dimer complex in RNR is experimentally found to be at least 400 times faster than the
one in MMO, in spite of very similar iron dimers. The origin of this difference is investigated using the hybrid density
functional method B3LYP with models containing about 60 atoms. The calculations support a suggestion that this
difference could be due to the presence of a second sphere tryptophan (Trp48) in RNR. © 2002 Elsevier Science B.V.

All rights reserved.

1. Introduction

Ribonucleotide reductase (RNR) and methane
monooxygenase (MMO) catalyze two quite dif-
ferent reactions. While RNR effects the conversion
of ribonucleotides (RNA building blocks) to de-
oxyribonucleotides (DNA building blocks), MMO
inserts one oxygen of dioxygen into a C—H bond of
methane to form methanol. In spite of this differ-
ence both enzymes use extremely similar diiron
complexes as cofactors. The iron dimer in the R2
protein of RNR, with the X-ray structure [1]
shown in Fig. 1, has one aspartate, three glutamate
and two histidine ligands. There are also a number
of oxygen derived ligands, p-oxo, hydroxide or
water, depending on oxidation states of the iron
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atoms. The main difference for MMO is that in-
stead of the aspartate there is another glutamate.
There may also be a difference in the number of
water ligands. Since both aspartate and glutamate
have carboxylate side-chains these two iron dimer
complexes should therefore be chemically very
similar. In the first phase of the mechanism of both
RNR and MMO, a dioxygen molecule is bound
and cleaved by the iron complex. Interestingly, the
rate of O-O bond cleavage is notably different in
these enzymes in spite of the large chemical simi-
larity of the iron complexes. The rate of cleavage
for MMO is about 1 s! [2], corresponding to a
barrier (from transition state theory) of 17 kcal/
mol, while for RNR it is at least 400 s~ [3], cor-
responding to a barrier of 14 kcal/mol. The subject
addressed in the present Letter is the origin of this
difference.

The present computational study of MMO and
RNR follows a similar strategy as similar previous
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Fig. 1. The region around the Fe(IILIII) dimer from the X-ray structure of the R2 protein of RNR [1].

studies [4,5]. The B3LYP method [6] is used with
medium size basis sets for the geometries and lar-
ger basis sets for the final energies. The initial
chemical model used for the iron dimer complexes
contains just the first shell ligands. The amino acid
ligands are described by their functional groups,
imidazoles for the histidines and formates for the
carboxylates. As will be shown below, an exten-
sion of these models became necessary, where
some second sphere amino acids are also included
and where the geometry optimization had to be
performed using a homogeneous dielectric me-
dium for the surrounding protein.

2. Computational details

The calculations were performed in three steps.
For each structure considered, a full geometry
optimization was performed using the hybrid
density functional B3LYP method [6]. In this first
step, standard double zeta basis sets were used for
all light elements. For iron a non-relativistic ef-
fective core potential (ECP) according to Hay and
Wadt [7] was used. The valence basis set used in

connection with this ECP, which is labeled /acvp in
the JAGUAR program [8], is essentially of double
zeta quality. The same basis set was used also for
the calculation of the Hessians, for the smaller
models where this step was not too time-consum-
ing. In order to keep the structures reasonably
close to the X-ray structures some peripheral at-
oms were locked in their positions as obtained
from the experimental structures. The atoms fro-
zen in this way were mostly hydrogen atoms re-
placing carbon atoms in the real structure. This
was done by placing these hydrogen atoms along
the C-C bond of the X-ray structure at a distance
of 1.10 A away from the carbon atoms included in
the model. A few calculations were made in order
to test the adequacy of this procedure by releasing
some of the constraints.

In the second step, the B3LYP energy was
evaluated at the optimized geometries using a
larger basis set, the lacv3p** basis set, which is of
triple zeta quality and uses a single set of polar-
ization functions on each atom.

In the third step, the surrounding protein was
treated with a self-consistent reaction field method,
using a Poisson—Boltzmann solver. The dielectric
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constant of the homogeneous dielectric medium
was set equal to four in line with previous mod-
eling of enzymes [9]. The probe radius was set to
1.40 A corresponding to the water molecule.
Normally, the dielectric effects can be added at the
end to the final energies computed as described
above. For some of the most important models of
the present study that procedure did not work,
since convergence to the wrong electronic state
was obtained if the reaction field was not included.
Therefore, in these cases the geometry had to be
performed including the reaction field. The large
basis set effects were still taken from the calcula-
tions without a dielectric surrounding. Further
details are given below. All the calculations were
carried out using the JAGUAR program [8§].

3. Results and disscusion

The present study of O-O bond cleavage in
MMO and RNR starts out from a previous study of
MMO [10], and the first part of the investigation
was to repeat the previous calculations using a
slightly different model, see Fig. 2. The only struc-
tural difference between the models is that there is a
different hydrogen-bonding between a glutamate
on one iron center and a water on the other center.
Instead of hydrogen bonding with the oxygen
closest to iron, the glutamate hydrogen-binds with
the outermost oxygen. Another difference is that in
the present study also the antiferromagnetic cou-
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Fig. 2. Previous and present model used to study O-O bond-
cleavage in RNR and MMO.

pling of the irons was investigated, since this is
easily achieved using the JAGUAR program.

In the first set of calculations done using the
model in Fig. 2, six positions were frozen from
their positions in the X-ray structure, one hydro-
gen for each amino acid ligand according to the
procedure described in Section 2. The irons were
antiferromagnetically coupled. This resulted in a
barrier of 15.0 kcal/mol, which is markedly lower
than the 20.4 kcal/mol found in the previous study.
The origin of this difference was investigated by
first releasing all the constraints from the X-ray
structure. This led to a gain of total energy of
about 12 kcal/mol, but did not change the barrier
significantly, only by 0.4 kcal/mol from 15.0 to
15.4 kcal/mol. There were no significant changes of
the geometries either. In the next step of the in-
vestigation, ferromagnetic coupling was used. This
led to a loss of total energy of about 4 kcal/mol,
but the effect on the barrier was again only mar-
ginal, from 15.0 to 15.1 kcal/mol. It is therefore
concluded that the main reason for the lowering of
the barrier in the present study is the different
hydrogen bonding used, even though the use of a
slightly different basis set could also contribute.

After this preliminary investigation, the rest of
the study is focused on the origin of the difference
in barrier heights between MMO and RNR. As
mentioned in Section 1, the main difference in the
first shell ligands between the iron dimer in MMO
and RNR is that there is a glutamate in MMO
where there is an aspartate in RNR. From the
experience gathered so far from modeling metallo-
enzymes [5], this difference in length of one of the
side chains should not lead to an electronic effect
that could explain the difference in barrier heights.
In particular, a careful investigation on manganese
catalase [11,12] showed that changing the model-
ing of glutamates, from formates to acetates, led to
only very small effects on the relative energies,
actually within the convergence thresholds used in
the investigation. The same result is found here,
and the barrier using the acetate modeling of
Asp84 differs from the formate one by only 0.1
kcal/mol. One more comment is needed in this
context. Seemingly in contrast to the above con-
clusion, it has been shown experimentally [13], that
if the aspartate to glutamate mutation is made in
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RNR, the rate actually goes down to become close
to the one in MMO. However, a much more likely
explanation for this than an electronic effect, is
that the mutated glutamate simply does not fit into
the protein framework of RNR. In any mutant,
induced protein strain must always be a possible
factor influencing the reactivity. The situation is
quite different for wild-type enzymes, where evo-
lution in principle can remove the strain. This is
supported by calculations [4,5,14], where compar-
isons between theoretically optimized and experi-
mental wild-type enzyme geometries of active sites
have so far shown excellent agreement without any
sign of protein strain. This does not necessarily
prove that there is no strain in MMO due to the
presence of the glutamate and a separate study of
this possibility would be of interest. Experimen-
tally, it would also be of interest to investigate the
corresponding glutamate to aspartate mutation in
MMO, which has not yet been done. A large
positive effect on the O-O bond cleavage rate from
this mutation would clearly demonstrate that
protein strain is indeed the origin of the difference
between RNR and MMO. From this point on, the
interest in the present study was instead centered
on the second sphere amino acids, where the
electronic differences are larger.

In order to find a possible candidate among the
second sphere amino acids for the lowering of the
0O-0 bond cleavage barrier in RNR, the experi-
mentally known details of the reaction between O,
and the iron dimer have to be recapitulated. The
first species observed after this reaction is a com-
pound denoted X [15], which has been spectro-
scopically characterized as an Fe,(IILLIV) complex
[16]. Since the reactant with a bound O, is an
Fe,(IILIIT) complex, this means that an outside
electron has been transferred to the iron dimer,
either directly before, during, or directly after the
O, activation. In contrast, for MMO the first
species observed is compound Q, which has been
assigned as an Fe,(IV,IV) complex [17,18]. There
are essentially two candidates for the source of the
electron in RNR, either Tyr122 or Trp48, see Fig.
1. Until recently, the only known amino acid
radical in this region of RNR was Tyr122, which
can actually be stable for hours [19]. However, the
Tyr122 radical is only observed together with an

Fe,(IILIIT) state of the dimer so there must be
another electron donor. Recently, Bollinger et al
[3] have very convincingly shown that this electron
donor is Trp48, and that this radical appears ear-
lier than the Tyrl22 radical under normal cir-
cumstances. The main candidate for the electron
donor in the O, reaction in RNR is thus Trp48.
This was not entirely unexpected [20], since Trp48
is a part of an amino acid His-Asp-Trp triad
found also in Cytochrome C peroxidase (CCP)
and in that case a tryptophan radical is observed in
the oxidized state [21]. The main scenario investi-
gated here is therefore that an electron comes in
from Trp48 to the iron dimer, either before or
during the O-O bond cleavage, and increases the
rate of this process for RNR. In MMO the try-
ptophan is not present and the O-O cleavage could
therefore be slower for this reason.

The simplest approach to test the possibility
that an outside electron would speed up the O-O
bond cleavage process is to add an electron to the
previous model in Fig. 2, without further exten-
sions. There is one major problem with this ap-
proach and this is that the cost for getting the
electron from the outside is not obtained. The
calculations on the negatively charged model of
Fig. 2, using antiferromagnetic coupling, led to a
barrier of only 7.6 kcal/mol and an exothermicity
of 26.7 kcal/mol. From these results it is clear that
a cost for obtaining the additional electron must
be involved. Otherwise, the rate would be too fast
and the exothermicity too high to be consistent
with experiments. Another point worth noting is
that the TS O-O bond distance is 1.79 A which is
shorter than the one for the neutral model of 2.05
A, as expected since the barrier is lower for the
negative model.

To reach further, the electron donor has to be
included in the model. This means that the model
has to be extended by including also Asp237 and
Trp48. For this model two solutions should be
compared, one where Trp48 is a non-radical and
one where it is a radical. For the latter case, three
spins should be coupled to a singlet, the two spins
on iron antiferromagnetically, and the one on
tryptophan. For these two solutions the O-O bond
distance was varied in steps, from reactants to
products. The maximum along this path is taken
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as an approximate transition state, since the sys-
tem is too big for a calculation of a Hessian. This
procedure has been tested in several cases and
found to be appropriate for systems like the pre-
sent one [22].

For the case of the non-radical Trp48 solution
the calculation of the reaction path was straight-
forward. Initially, eight hydrogen atoms were fro-
zen from the X-ray structure, one for each amino
acid residue, just as for the smaller model. These
C-H bonds replaced C-C bonds in the X-ray
structure. For most calculations performed the
number of frozen hydrogens were reduced to five
marked with X in Fig. 3. Finally, a few calculations
were done to investigate the effect of releasing the
histidines, where only three hydrogens were con-
sequently frozen.

A major problem occurred when the reaction
path was studied for the radical tryptophan. In
spite of many different attempts, starting with
different structures and wavefunctions, conver-
gence always led to the solution with a non-radical
tryptophan. The reason for this problem with the
model was concluded to be chemical and not a

technical one of providing the wrong starting
guess. One possibility was that the chemical defi-
ciency of the model used was that it did not
properly describe the relatively large charge sepa-
ration which should be present as the tryptophan
has donated an electron to the iron dimer. This
charge separation could be significantly stabilized
by including also the surrounding protein de-
scribed as a dielectric continuum. This assumption
turned out to be correct and when the geometry
optimization was redone in a dielectric continuum,
convergence to the proper radical solution could
successfully be obtained for the product of the O,
cleavage. Following this solution backwards for
shorter O-O distances finally led to an approxi-
mate transition state shown in Fig. 3. For much
shorter O-O distances convergence to the radical
solution still failed, since for these distances the
non-radical solution is much lower in energy even
in the dielectric continuum. However, this problem
does not matter for the present discussion.

The results from the calculations on the
mechanism for O-O bond cleavage can be sum-
marized in the following way. For the non-radical

Trp48
s=-1.0
Radical

Fig. 3. Approximate transition state structure for O-O bond cleavage in RNR. The optimization is performed with a homogeneous
dielectric surrounding with dielectric constant € = 4. Spins larger than 0.1 are given. Atoms marked X are frozen from the corre-

sponding X-ray positions [1].
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solution, optimized in a dielectric continuum with
five frozen hydrogen coordinates, the barrier is
17.7 kcal/mol. This value was obtained for an O-
O distance of 2.05 A, which is the same as the
one fully optimized at the transition state for the
smaller model. To be sure that this was actually a
transition state, the two oxygen distances to the
redox active iron were frozen from the small
model. Releasing the histidine positions, reduces
the barrier height by 1.4 kcal/mol, to 16.3 kcal/
mol. The first product of the reaction is, just as in
the previous study [10], an Fe,(II,LIV)O" solution
at an energy 9.6 kcal/mol higher than for the
reactant (five frozen hydrogens). This solution
was not followed further towards the Fe,(IV,IV)
solution which should eventually be formed at a
lower energy. The reactant for this non-radical
solution has iron spins of 4.14 and —4.16, which
changes to the transition state values 4.06 and
—-3.68.

The product radical solution is found to be
better than the non-radical solution by 4.8 kcal/
mol, which is thus in line with the experimental
observation that an Fe,(IILLIV) complex (com-
pound X) is the first observable product for RNR.
The result also supports the conclusion that an
electron should be transferred from Trp48 to the
iron dimer. This electron transfer should not occur
already for the reactant, since at that stage the
non-radical solution is lower in energy, but should
occur some time later during the O-O bond
cleavage.

The radical and non-radical solutions are
found to cross for an O-O distance slightly
shorter than 2.05 A, which is the transition state
distance for the non-radical solution. A crossing
at this distance means that the incoming electron
actually lowers the barrier. Even though the ac-
curacy of the present calculations is not high
enough to prove that the crossing occurs at this
precise distance, they support the suggestion that
the electron transfer from Trp48 could be re-
sponsible for the lower barrier in RNR compared
to MMO.

From the calculated values and the known
features of the reactions, an energy diagram for the
O; cleavage in RNR and MMO can be sketched as
in Fig. 4. This diagram was constructed in the

following way. The starting point is the peroxide
reactant, denoted P in the diagram, where the
energy can be set to zero. The energetic positions
of X and Q were set so that the O, reactions are a
few kcal/mol exothermic. The energies of these
states are rather uncertain, but do not matter
much for the mechanism. The position of the
RNR product is denoted X~ to mark that an
electron has been transferred to the iron dimer
from Trp48. The corresponding reactant P~ is
placed energetically to give the computed reaction
energy from the small negative model of —26.7
kcal/mol compared to X . The barrier on this
surface of 7.6 kcal/mol was also taken from the
small negative model. The barrier for the non-
radical solution was taken from the result using
the large model of 16.3 kcal/mol. The crossing
point between the curves was finally taken to occur
slightly before the transition state for the non-
radical solution, as found in the investigation of
the reaction path described above. The MMO

) 0,-cleavage in MMO and RNR

TS

P@
TS
| —
7 electron ' N MMO
transfer \\ K
RNR
P kY
—
. Q
‘—
X@

Fig. 4. Energy diagram comparing the O-O bond cleavage in
MMO and RNR.
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reaction would then simply follow the non-radical
solution since no electron enters from the outside.
The RNR reaction, on the other hand, starts out
along the same non-radical solution as for MMO,
but hits the crossing point to the radical solution
where the electron transfer occurs from Trp48.
From this point the RNR reaction follows the
radical solution and it will therefore have a slightly
lower barrier than MMO.

Since an electron transfer is implied for RNR it
is important that the reorganization energy is low
for this mechanism to be efficient. This means that
the geometric structures of the radical and non-
radical solutions should be very similar. A key
here is that the proton stays on tryptophan even
after the electron transfer, which is indeed found
to be the case in the present geometry optimization
including the dielectric continuum. In a test on the
separate His—Asp—Trp triad, the proton was found
to stay on tryptophan only if the dielectric effects
were included in the geometry optimization. The
ability of tryptophan to keep its proton also after
it is ionized makes it very suitable in electron
transfer situations like these. In contrast, a tyro-
sine will always lose its proton after it is ionized
and this therefore makes it less useful for fast
electron transfer. The origin of this difference be-
tween tyrosine and tryptophan is the presence of
the efficient N resonance in tryptophan which
actually leads to a radical with the highest spin
(about 0.50) on a carbon, the carbon closest to the
point marked X in Fig. 3.

The prediction that Trp48 is important for the
0O-0 bond cleavage in RNR can finally be com-
pared to experimental findings for the W48F
mutant [23]. In line with this prediction, the O-O
bond cleavage for the W48F is significantly
slower than for the wild-type enzyme, 6-10 s~!
compared to more than 400 s~'. However, a
rather surprising finding in this experiment is that
the peroxy-complex does not build up as it does
for the D84E mutant [13]. One possibility could
be that the W48F and D84E mutants also affect
the rate of formation of the peroxy-complex.
Other interpretations of this experiment are ob-
viously also possible, even those advocating no
importance for Trp48 in the O-O bond-cleaving
process.

4. Conclusions

The mechanism for O-O bond cleavage of
dioxygen in MMO and RNR has been compared
using the B3LYP method. The suggested mech-
anism for the O-O bond cleavage in RNR can
be described as a path following first a non-
radical tryptophan solution until an O-O dis-
tance of about 2.0 A. At this point there is a
crossing to another surface and an electron is
transferred from Trp48 to the iron dimer, lead-
ing to a cationic Trp48 radical and a negatively
charged iron dimer. This surface is then followed
to the product X, which is an Fe,(III,LIV) state.
For MMO, where there is no second sphere
tryptophan, the O-O bond cleavage is forced to
follow the initial potential surface where the
transition state is reached at a slightly higher
energy than the crossing point between the two
surfaces in RNR. This scenario is suggested to
explain the experimentally found difference in
rates between RNR and MMO, favoring RNR,
supporting previous proposals [3]. The product
Q for MMO is an Fe,(IV,IV) state. It should
finally be stressed that the present calculations
are not accurate enough to prove that the
mechanism is as suggested but they support this
possibility.
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