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The substrate mechanism of class III anaerobic ribonucleotide reductase has been studied using quantum
chemical methods. The study is based on the previously suggested mechanism for the aerobic class I enzyme,
together with the recently determined X-ray structure of the anaerobic enzyme. The initial steps are similar
in the mechanisms of these enzymes, but for the suggested rate-limiting steps there are key differences. In
the class I enzyme, the 3′-keto group of the substrate is protonated in a step involving formation of a sulfur-
sulfur bond between two cysteines. One of these cysteines is not present in the anaerobic enzyme. Instead,
carbon dioxide is formed in this step from formate, which is present as a cofactor. In line with previous
suggestions from experimental observations, the formate first forms a formyl radical. The next step, where
the formyl radical protonates the 3′-keto group of the substrate, is suggested to be rate limiting with a calculated
total barrier of 19.9 kcal/mol, in reasonable agreement with the experimental rate-limiting barrier of 17 kcal/
mol. Zero-point and entropy effects are found to be quite significant in lowering the barrier. The mechanism
for the entire cycle is discussed in relation to known experimental facts.

I. Introduction

Ribonucleotide reductase (RNR) enzymes catalyze the reduc-
tion of ribonucleotides to deoxyribonucleotides that are needed
for DNA synthesis and repair in all living cells. There are three
classes of RNR, differing in protein structure but with the
common property that they function via a free radical
mechanism,1-4 although they differ in the way the free radical
is generated. Another common property is that redox-active
metals are involved in the free radical generation. Class I RNR
requires iron and oxygen for its tyrosyl radical generation. It is
coded for bynrdABgenes inEscherichia coliand has anR2â2

structure in which the largerR2 protein has the active sites, and
sites for allosteric regulation and the smallerâ2 protein has the
iron/tyrosyl radical sites. Class II RNR has adenosylcobalamin
as its radical generator and functions independently of oxygen.
The anaerobic class III enzyme is destroyed by oxygen and an
iron-sulfur cluster is required for the generation of its glycyl
radical. The class III RNR enzymes consist of two proteins,
NrdD and NrdG. The larger NrdD is the reductase where
catalysis and allosteric regulation take place, whereas the smaller
NrdG, the activase, contains an Fe4S4 cluster involved in glycyl
radical generation together with the cofactor S-adenosyl
methionine.5-8 Formate is another cofactor needed for enzyme
activity in theE. colienzyme,9 as well as in the T4 bacteriophage
enzyme.10 The glycine residue where the radical resides is
located in the reductase.

All higher organisms have class I RNRs, whereas bacteria
may have genes for any of the classes, sometimes for more than
one. Class III RNRs are found in certain strictly or facultatively
anaerobic bacteria under anaerobic conditions. A crystal struc-
ture of mutant NrdD reductase from bacteriophage T4 has been

published.11 Comparing it with the structure of the class IR2

protein fromE. coli,12 similar folds have been observed. The
glycine radical residue is located close to the active site in NrdD.

For class I RNRs, detailed models of its reaction mechanism
have been proposed13-19 (Figure 1), whereas less is known about
the class III mechanism. Three cysteine residues close to the
active site are essential for the class I enzyme activity:20,21

Cys439 (E. coli numbering) proposed to form a thiyl radical
which initially abstracts a hydrogen from the substrate, and
Cys225 and Cys462, which deliver two reducing equivalents
to the substrate. Only two of these are conserved in class III:
Cys290 and Cys79 (bacteriophage T4 numbering), correspond-
ing to Cys439 and Cys225, respectively. Cys462 is replaced
by and corresponds to Asn311 in the class III enzyme. Cys79
and Cys290 have been shown to be necessary for catalysis of
the class III enzyme.10,22 Two additional residues proposed to
be important for the catalytic mechanism in the class I RNR
are missing in class III: Glu441 and Asn437, which are replaced
by Met288 and Ser292 in class III, respectively. Clearly the
catalytic mechanisms in the two classes have to differ at some
point.23

A catalytic mechanism for the class III enzyme has been
suggested23 in which formate is the precursor of‚CO2

-. This
radical should serve as a reductant for the intermediate 3′-keto
group formed on the substrate (Figure 2). The present study
uses quantum chemical methods to probe the energetics of a
feasible reaction mechanism for the class III RNRs. The
mechanism is based on the known requirement for formate and
the production of carbon dioxide in the reaction.9 In essence it
agrees with the structure-based mechanism discussed in ref 23.

II. Computational Details

All calculations were done using the GAUSSIAN 98 pro-
gram.24 The hybrid B3LYP functional25,26was used in the DFT
calculations, as it is documented to perform well on systems of
the present type.17 The first step was to obtain optimized
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geometries, using the 6-311G(d,p) basis set, which is a triple-ú
basis set with d and p polarization functions. The relatively large
basis set used should guarantee that also third row atoms such
as sulfur, which is present in the calculations, are properly
treated. In general, reaction energies are shown to be quite
insensitive to the accuracy of the geometries,27 implying that
the choice of basis set is in fact more than adequate for geometry
optimization purposes in the present system.

To obtain the zero-point vibrational energies, as well as
temperature-dependent enthalpy and entropy effects (in future
referenced as thermal effects), frequency calculations were
performed at the optimized geometries using the same basis
set. The frequency calculations also confirmed that the optimized
geometries obtained have the desired properties (i.e., an energy
minimum with no negative second derivatives, or in the case
of a transition state, only one negative second derivative). The
solvent effects on the energies at the optimized geometries were
obtained by using the conductor-like solvation model COS-
MO,28,29also with the 6-311G(d,p) basis set. This is a continuum
model, in which a cavity around the system of interest is

surrounded by a polarizable continuum. In the present study, a
dielectric constant of 4 was used, but a value of 80 was also
used for the rate-limiting step for comparative purposes. Explicit
geometry optimizations in the presence of solvent were not
considered to be essential for the present system.30

To saturate the basis set effects on the energies, single-point
calculations were performed at the optimized geometry using
the 6-311+G(2d,2p) basis set. This triple-ú basis set adds diffuse
functions as well as two sets of polarization functions on all of
the atoms. The spin and charge distributions reported are also
given for these big basis set calculations, using the Mulliken
population analysis. In general, the energy values discussed
below include all of the effects described above. The exceptions
are some model calculations done for comparative reasons on
alternative structures, for which the energy values mentioned
do not include dielectric and thermal effects, since the discus-
sions there are very qualitative anyway.

To test the accuracy of the B3LYP method for the present
systems, a few calculations were done at a higher level for the
overall reaction energy of the reductive half-reaction. The

Figure 1. Previously suggested reaction mechanism for class I RNR.4,17,18
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method used for these tests was the G2MS method,31 which is
similar to the original G2MP2 method32 except that somewhat
smaller basis sets are used, the 6-31G* basis for the CCSD(T)
calculations33 and the 6-311+G(2df,2p) basis for the MP2
calculations. B3LYP geometries as described above were used,
and the critical C-H bond energy of formic acid and the S-H
bond energy in SH(CH3) (as a model for cysteine) were
investigated. The G2MS C-H bond energy of formic acid is
0.4 kcal/mol stronger than the one obtained at the B3LYP level.
A similar trend is seen for the S-H bond energy of cysteine,
which is 0.7 kcal/mol stronger at the G2MS level. The con-
clusion is that the B3LYP method does extremely well for both
of these energies, and the B3LYP results for the model reactions
discussed below should therefore be reasonably accurate.

III. Results and Discussion

The previously proposed mechanism for aerobic RNR,17,18

see Figure 1, constitutes the starting point for the present
investigation of the anaerobic mechanism. The aerobic mech-
anism is a modification after theoretical studies of the one
proposed by Stubbe et al. based on experimental results.4 It starts

where the (E. coli) Cys439 radical has been created, and the
anaerobic mechanism therefore starts where the analogous (T4)
Cys290 radical has been created. The processes leading to the
formation of these radicals are substantially different in the two
enzymes (cf. refs 1-4) and will not be discussed further here.
The first steps, leading from the Cys290 radical to the formation
of the 3′-keto group at the ribose ring, are suggested here to be
very similar to the aerobic mechanism. The main differences
should be that the role of Glu441 in the aerobicE. coli enzyme
is taken by solvent formate and that asparagine corresponding
to Asn437 is missing in the anaerobic enzyme. These steps will
therefore be slightly modified as discussed further in subsection
d. An overview of the mechanism for the anaerobic enzyme
presented here is shown in Figure 2 with the numbering of the
involved residues. The point where the anaerobic and aerobic
mechanisms start to deviate substantially is when the stable
nonradical 3′-keto form of the ribose ring has been formed after
step 3 in Figure 1 and Figure 2. At this stage, the Cys79 radical
should also have been created.

At the point where the Cys79 radical and the keto group have
been created it is suggested that the formate comes into the

Figure 2. Proposed reaction mechanism for class III RNR (this study).
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reaction as a hydrogen donor, here modeled as formic acid. The
formic acid is also proposed to have another function, as
discussed later. The choice of formic acid rather than formate
as a model is made here mainly because both a proton and a
formate are needed in the mechanism at some stage. It should
be added that this is a requirement in all mechanisms suggested
so far, including the structure-based mechanism of Eklund and
Fontecave23 and the one in Figure 1. The question is only where
this required proton should be placed. Since it is also required
that it is easily accessible by the 3′-keto group and the formate
is in this region, the proton is simply placed there in the present
model.

a. Creation of a Formyl Radical.The calculated energetics
for the creation of the formyl radical is shown as the initial
step in Figure 3. In this step the Cys79 radical abstracts the
C-bound hydrogen from formic acid, leading to a formyl radical
intermediate (step 4, Figure 2). This step has a calculated
reaction barrier and endothermicity of 14.2 and 9.7 kcal/mol,
respectively. Figure 4 shows the TS1 structure, with important
bond lengths and spin distributions displayed. By modeling in
a ribose group into the crystal structure of class III RNR11 so
that it corresponds to the aerobic case, it can be seen that the
Cys79 residue is not far away from the 2′ site of the ribose
ring. Assuming that the small formic acid (or formate) can move
freely in the region, the different groups might very well orient
themselves relative to each other in the fashion described by
the figure. The crystal structure of class III RNR does therefore
not contradict the transition structure here obtained.

The energetics of the creation of the formyl radical is probably
the most important result of the present study. The creation of
a formyl radical has been suggested before for this step,23 but
the question remained as to how this radical could exist in the
protein without causing significant damage. One answer to this
question is that the formyl radical exists only at a high energy
of 9.7 kcal/mol (Figure 3). This means that for the formyl radical
to create any damage it needs to be involved in a reaction with
an exothermicity of at least 10 kcal/mol. Only hydrogen
abstractions from the amino acids tyrosine, tryptophane, cys-
teine, and glycine fall into this category. The closest residue of
this type is Cys79, which, if it reacted with the formyl radical,
only would go back to the start of this step. Tyr581 and Tyr441
are also relatively close. However, in order for the formyl radical
to reach one of these tyrosines, the hydrogen bond of the formyl
radical OH to the substrate 3′-O (see Figure 2 after step 4) would
need to be broken. This hydrogen bond is calculated to be

surprisingly strong with 10.5 kcal/mol. If this energy is added
to the energy of the formyl radical of 9.7 kcal/mol, an absolute
lower limit for the barrier of 20 kcal/mol can be estimated for
the reaction with Tyr581 or Tyr441. Normally, also the reaction
by itself would lead to an additional barrier; in the case of
tyrosine, the cleavage of the O-H bond. The same type of
barrier would appear for any reaction where the formyl radical
would migrate away from the active site. The unusually strong
hydrogen bond of the formyl radical OH should therefore be
enough to hold the radical in place during the reaction and
prevent it from straying away, until the second step of the
reaction is finished. It should again be noted that the strong
hydrogen bond to the formyl radical found depends on the use
of a formic acid model. What would happen in the case of a
negatively charged formate anion model is less clear. However,
in this case also, the negative charge should lead to strong
hydrogen bonds and strongly limit the motional flexibility of
the radical.

The different energy contributions for the present mechanism
are shown in Table 1. As can be seen there, the zero-point
vibrational energy effect is fairly large, lowering the barrier with
3.5 kcal/mol, which is expected for a hydrogen atom transfer
step. A large deuterium kinetic isotope effect is also expected.
The thermal effects, on the other hand, raise the barrier by 0.9
kcal/mol but, as it turns out, this is the only point where they
work against the reaction. At the intermediate state, all of the
spins reside on the formyl radical (Figure 5). The thermal effects
for the creation of the product radical are substantial, lowering
the energy of this state by 2.6 kcal/mol. The thermal effects
can therefore be regarded as one of the main forces driving this

Figure 3. Energy diagram for the steps studied here in the reaction
mechanism of class III RNR.

Figure 4. Optimized transition state (TS1) for formation of the formyl
radical.
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reaction forward, as can be expected considering that a nearly
free carbon dioxide is formed at the end, affecting the entropy
of the system. Solvent effects are still negligible so far in the
reaction.

b. Hydrogen Abstraction by Deoxyribose-3′-O. In the step
after the formyl radical has been created, the 3′-keto-deoxyribose
ring is suggested to abstract the O-bound hydrogen atom from
the formyl radical (step 5, Figure 2). This step involves a barrier
of 10.2 kcal/mol, which gives a total barrier of 19.9 kcal/mol
relative to the resting state with the Cys79 radical (Figure 3
and Table 1). Figure 6 shows the structure and spin distribution
for TS2. This barrier would indicate a rate of only 10-3 s-1,
which is slower than the measured rate of the substrate reaction
of 3 s-1,3 but not outside reasonable error limits for a reaction
of this type. The experimental rate corresponds to a rate-limiting
barrier of about 17 kcal/mol, which indicates an error in the
calculated value of 2.9 kcal/mol. The difficulty to reach an

accurate value for this barrier is clear when the different
contributions, shown in Table 1, are analyzed. Quite remarkably,
the barrier height computed from the B3LYP energies alone is
as high as 27.7 kcal/mol. For the smaller basis set used in the
geometry optimization the barrier is even higher with 28.4 kcal/
mol, as much as 11.4 kcal/mol higher than the upper limit given
by experiments of 17 kcal/mol. At this stage of the calculations,
the conclusion was therefore that this mechanism is most
probably not the correct one. However, when the zero-point
vibrational effects were calculated and found to decrease the
barrier by as much as 4.9 kcal/mol, the barrier of 22.8 kcal/
mol can no longer be entirely ruled out. The zero-point
vibrational energy effect compared to the formyl radical is
somewhat smaller with 3.0 kcal/mol. Adding also the remaining
effects leads to an additional decrease of the barrier. The
calculated thermal effects using an harmonic Hessian lower the
barrier by 1.1 to 21.7 kcal/mol, which could be an underestimate
of the actual thermal effect, see below. Addition of the dielectric
effects of-1.8 kcal/mol leads to the final best estimate of 19.9
kcal/mol. These effects taken together, all of them favoring the
reaction, thus help lowering the barrier by a substantial amount
of 7.8 kcal/mol. The final deviation to experiments of 2.9 kcal/
mol is quite reasonable using the B3LYP method. The available
experience so far on enzymes using this method is that estimated
energy barriers tend to be slightly too high.34

A few calculations were done to study the sensitivity of the
barrier to the model used. First, the choice of dielectric constant
is somewhat arbitrary and leads to some uncertainty. If water
can easily access the active site, a dielectric constant higher
than 4 could be expected. As an extreme, a dielectric constant
of 80 was used leading to a lowering of the barrier by 3.2 kcal/

Figure 5. Optimized structure for the intermediate formyl radical state.

TABLE 1: Energies for the Different Points along the
Reaction Path (Figure 3) for the Formation of the Formyl
Radical and of Carbon Dioxide

reactant TS1 intermediate TS2 product

A B3LYP energy 0.00 16.98 14.51 27.65 1.52
B solvation energy -0.26 -0.25 -1.81 0.77
C zero point energy -3.49 -1.93 -4.89 -1.91

A+B+C 0.00 13.23 12.33 20.94 0.38
D entropy 1.01 -3.45 -1.42 -3.16
E thermal enthalpy -0.09 0.81 0.35 0.24

A+B+C+D+E 0.00 14.16 9.69 19.87-2.54

Figure 6. Optimized transition state (TS2) for formation of carbon
dioxide from the formyl radical.
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mol, which is 1.7 times more than when a dielectric constant
of 4 is used, indicating a small but non-negligible dependence
on the value of the dielectric constant. Another possible source
for lowering the barrier further could come from the presence
of Asn311, a residue that is known to be conserved in all class
III RNR species11 close to Cys79. In the previous study of
aerobic RNR,17 the presence of an asparagine (at an another
place) was shown to lower the computed barrier for one step
by as much as 4.6 kcal/mol. A model calculation was therefore
performed, where an asparagine was included at the position
of Asn311 in anaerobic RNR, modeled by CHONH2 hydrogen
bonded to the Cys79 radical. However, it turns out that this
hydrogen bond becomes only about 0.5 kcal/mol stronger once
the cysteine radical abstracts a hydrogen atom. The intermediate
state will then be lowered by the same amount with respect to
the starting point, and with that the following states as well
(including TS2). The role of water molecules at the active site
has also been investigated. Adding a water molecule between
the formyl radical and 3′-O of the substrate will give it a role
in the hydrogen atom transfer. Small model calculations of this
effect indicate a lowering of the barrier by about 1 kcal/mol. In
trying to lower the barrier, a concerted mechanism was also
sought where both hydrogen atoms leave the formic acid
simultaneously without any intermediate state being formed. The
conclusion drawn after an extensive search is that such a
concerted transition state does not exist. In all of these attempts,
the transition state geometry optimizations always ended up in
TS1, TS2, reactant, or product. The graph in Figure 3 also shows
that the intermediate state is a distinct one between the two
transition states, 4.5 kcal/mol below TS1, further strengthening
the conclusion that no concerted transition state is to be found.
In summary, it is clear that many factors even if they are all
quite small, could contribute to a lowering of the barrier for
this step and further improve the agreement with experiments.

Another question for this reaction step concerns whether the
formyl radical remains in its trans position with respect to the
now missing hydrogen, or flips over to the cis position when it
turns into a radical. The trans formic acid is 4.8 kcal/mol lower
in energy than its corresponding cis form, whereas the cis formyl
radical is calculated to be 1.2 kcal/mol more favorable in energy
than the trans formyl radical. However, small model calculations
including only the ribose ring and the formyl radical indicate
that the hydrogen abstraction transition state (corresponding to
TS2) for the cis structure is about 1.5 kcal/mol above the one
for the trans structure (TS2) in energy. It is therefore concluded
that the formyl radical reaction will have to pass over transition
state TS2 with the formyl radical in its trans conformation, even
though the isolated formyl radical is more stable in its cis
conformation.

A few words should be mentioned about the search for TS2
because it was not trivial. To approach the transition state from
the reactant formic acid side, the 3′-O-H distance was frozen
at different values during the geometry optimizations, while all
other geometrical parameters were allowed to relax. The
potential energy plotted against the 3′-O-H distance, shows
that the energy surface is steadily uphill with decreasing
distance, ending in a sudden drop in energy when the formyl
radical turns into carbon dioxide. In this region, the step size
has to be very small or the transition state will be missed. The
same happens when the transition state is approached from the
product side. If the geometry for the Hessian evaluation was
chosen only slightly away from the final correct geometry, the
transition state optimization would fall back into either reactant

or product, which happened in several early attempts. Because
the sudden drop in energy along the reaction path could be
explained by an early proton transfer during this step, followed
by an electron transfer somewhat later, a partial charge
separation at TS2 is thus plausible, even though the net result
of the entire step is a transfer of a hydrogen atom. From the
dielectric effect of-1.6 kcal/mol on TS2 with respect to the
intermediate state (see Table 1), some charge separation can be
noted. However, the Mulliken populations at the final transition
state indicate that the accepting oxygen together with the
transferring proton get an increase in charge of only 0.08
compared to the starting structure. The reaction mechanism is
still probably best described as hydrogen atom transfer.

c. Formation of Carbon Dioxide. The final part of the step
where formic acid (or formate) reacts with the substrate is the
formation of carbon dioxide (step 5, Figure 2). The product state
is calculated to be 22.4 kcal/mol below TS2 (Figure 3), making
the whole reaction exothermic by 2.5 kcal/mol. Thermal effects
are expected to be quite large since a nearly free carbon dioxide
is produced. Even though these effects were computed to be
substantial, favoring the forward reaction by 2.9 kcal/mol, this
is smaller than expected. Not enough information is available
about the accuracy of thermal effects calculated by the use of
harmonic Hessians, but from the present results it appears that
they may be slightly underestimated. Actual thermal effects
larger than the calculated ones would also contribute to lowering
the barrier height, see above.

A point of technical importance is worth making in connec-
tion with the formation of carbon dioxide. DFT calculations
are usually quite insensitive to the basis set size,34 and
qualitatively reasonable results are generally found at the
double-ú level. Since the initial calculations in the investigation
of a new mechanism are often made at this level, it is tempting
to draw conclusions at this stage of the calculations. However,
this will not work in the present case. At the double-ú level,
the sum of the C-H bond strength of formic acid and the O-H
bond strength of the formyl radical is found to be as much as
11.6 kcal/mol too strong compared to the final basis set results.
This leads to a final endothermicity of the formation of carbon
dioxide of almost 10 kcal/mol compared to the final basis set
result of an exothermic reaction by 2.5 kcal/mol. A large part
of this problem stems from the requirement for polarization
functions to describe the two double bonds of carbon dioxide.
Nevertheless, on the other hand, the geometries obtained at the
double-ú level are sufficiently accurate. Large basis sets for the
geometries were used anyway to be on the safe side.

d. The Entire Substrate Mechanism for Anaerobic RNR.
As indicated above, the reaction between the formic acid and
the ribose ring is the only part of the substrate mechanism which
is expected to deviate substantially from the mechanism of
aerobic RNR. To obtain a suggestion for the entire substrate
mechanism, all that needs to be done is essentially to patch this
part into the previously suggested mechanism for aerobic RNR,
see Figure 1. The total reaction mechanism for anaerobic RNR,
from the deoxyribose ring to the ribose ring, is described in
Figure 2, where previous works on the aerobic enzyme17,18have
been linked with the present study. There are some slight
differences in the studies worth mentioning. Previous studies
used a double-ú basis set for geometry optimizations (except
for the sulfur atom) and frequency calculations, and the solvent
effect was calculated with the SCI-PCM method.35 The
frequency calculations were done at the HF level with the zero-
point vibrational energies scaled by 0.9 as usual. The thermal
and solvent effects were all found to be small and less accurate,

6450 J. Phys. Chem. B, Vol. 105, No. 27, 2001 Cho et al.



and the reported values were without these effects included.
These small variations, however, should not change the general
picture of the reaction mechanism. The possible energetic
deviations should not be larger than a couple of kcal/mol. An
another difference between the aerobic and anaerobic enzymes
is structural. In class III RNR, any equivalents of class I RNR
Glu441 and Asn437 are missing. In the case of Glu441, the
previous studies had used formic acid as a model for the
glutamic acid. In class III RNR, there are real formic acids (or
formate) in the enzyme. The role of the formate is therefore
proposed to be 2-fold in class III RNR: it replaces the function
of Glu441 as a hydrogen bonding partner in the substrate and
it acts as a hydrogen donor for the reaction. This makes the
part of the results found for class I RNR regarding Glu441
equally valid for the class III system with formic acid. The lack
of Asn437 has consequences already studied previously.17 It
raises the barrier of the first step in the reaction compared to
class I RNR, around 8.2 kcal/mol compared to 7.2 kcal/mol,
with an endothermicity of 3.7 kcal/mol compared to 2.2 kcal/
mol. The next step, where a water molecule leaves the substrate,
is slightly more affected by the lack of Asn437: a barrier of
4.9 kcal/mol compared to 0.3 kcal/mol and an exothermicity of
11.0 kcal/mol compared to 10.7 kcal/mol. However, this should
have no consequence for the entire reaction rate because the
resulting barriers for these steps are still lower than the rate-
limiting barrier of 19.9 kcal/mol.

The present mechanism is consistent with the work of
Andersson et al.,10 in which they showed by site-directed
mutagenesis that Cys79 and Cys290 are essential for the reaction
mechanism. Also, a study by Mulliez et al.,9 in which they
replaced the C-bound hydrogen in formate with tritium, is
consistent with the present mechanism. They found that tritium
eventually ends up in water and not in the substrate. In the
current mechanism, the C-bound hydrogen ends up in the protein
at Cys79. The agreement between experiments and theory
depends on the rate of proton exchange between Cys79 and
water and requires that this is faster than the rate-limiting step
of the substrate reactions. If the rate of proton exchange for
Cys79 were slower than the rate limiting step, tritium would
be found in the substrate after a few turnovers. The exchange
rate for protons between water and the cysteine side chain has
been studied experimentally for the isolated cysteine amino
acid,36 and a rate of 1400 s-1 was found, substantially faster
than the rate-limiting step of anaerobic RNR. However, the same
process was also recently studied theoretically, and the rate was

found to be strongly dependent on the number of water
molecules that can directly access the cysteine.30 It is not obvious
from the structure of class III RNR how many water molecules
can effectively interact with Cys79, but formic acid could also
take the role of water in this process. It is clear nevertheless
that the rate of proton exchange for Cys79 is likely to be
substantially faster than the rate-limiting step of the substrate
reactions. Therefore, the present study agrees with the tritium
experiment that tritium should be found in water and not in the
substrate. Also, the carbon itself in formate has been labeled
with 14C,9 and it is found to end up in carbon dioxide, as it
does in the current mechanism.

As discussed in the beginning of this section, the proton
required to protonate the 3′-keto group of the substrate is in the
present model placed at the formate to make a formic acid. To
investigate if the proton could possibly enter at a later stage in
the mechanism, a few additional calculations were performed.
In the first of these, it was studied whether the presence of the
proton is necessary in the first step in Figure 3. This does not
appear to be the case. For a model without this proton, which
is thus negatively charged, the endothermicity of the first step
becomes 7.6 kcal/mol, which is actually somewhat lower than
with the proton present. The barrier appears also to be somewhat
lower without the proton. Because the first step is not rate-
limiting, the consequence of the presence of the proton here is,
at most, marginal. However, in the second rate-limiting step in
Figure 3, the presence of the proton is very important.
Calculations without the proton gave a strongly endothermic
reaction for the second step of 13.0 kcal/mol, in contrast to the
case with the proton present, which is exothermic by 12.2 kcal/
mol, as described above. The conclusion is therefore that the
proton must enter the 3′-keto group regionbeforethe second
rate-limiting step. Precisely how this occurs is one of the major
remaining questions in the mechanism of anaerobic RNR, and
should be adressed in future studies.

IV. Conclusions

A mechanism for the substrate reactions in class III RNR
has been suggested based on B3LYP calculations. This mech-
anism is based on the recently published alanine mutant structure
of RNR for bacteriophage T411 and is consistent with this
structure. The mechanism differs from the previous one for
aerobic class I RNR,17,18only in the steps where carbon dioxide
is formed from solvent formate. This part replaces the part in
the aerobic mechanism where an S-S bond is formed between
two cysteines. The formation of carbon dioxide is suggested to
go over a formyl radical, as has also been proposed recently on
the basis of structural information.23 An important question in
this context is how a formyl radical can exist in the enzyme
without causing damage. This question is partly answered by
the calculations, which show that the formyl radical exists only
in an unstable state almost 10 kcal/mol above the stable Cys79
radical. This means that the formyl radical can only possibly
cause damage if it is involved in reactions with exothermicities
higher than 10 kcal/mol. From the X-ray structure it appears
clear that no reaction of this type is possible that would be
harmful for the enzyme. The Cys79 radical could, of course,
be formed, but this is obviously harmless since it must appear
anyway. Formation of the Tyr441 or Tyr581 radicals may also
be possible but there is no reason why these radicals should be
harmful. As a further protection of the formyl radical, it is
strongly hydrogen bonded by about 10 kcal/mol. This bond has
to be broken if the radical should migrate away to an another
region, and this would place it at an energy about 20 kcal/mol

Figure 7. The suggested reaction mechanism for anaerobic class III
RNR.
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above the Cys79 radical if this hydrogen bond is not replaced
by an equally strong bond. In that case there would still be a
barrier of 20 kcal/mol for it to reach this other position, which
should also prevent harmful reactions because the rate-limiting
barrier for the substrate reactions is only 17 kcal/mol.

When the formyl radical has been created, it is suggested to
lose its remaining hydrogen to the substrate and carbon dioxide
will be formed. There are many effects which all contribute to
lowering the barrier for the formation of carbon dioxide, which
is proposed to be the rate-limiting step of the entire substrate
reaction. The main factor lowering the barrier is the decrease
of zero-point vibrational energy by as much as 4.9 kcal/mol.
Entropy and other thermal effects obviously also favor this
reaction since the carbon dioxide product is nearly free. The
dielectric effects finally give a small contribution decreasing
the barrier. The final barrier of 19.9 kcal/mol is in reasonably
good agreement with the experimental rate-limiting barrier of
17 kcal/mol, considering the normal errors for the B3LYP
method.

The presently suggested mechanism is consistent with
experimental findings.9,10 For example, Cys79 and Cys290 are
known to be essential for the reaction mechanism. In the present
mechanism, Cys290 starts the whole reaction by abstracting the
3′-O hydrogen, and Cys79 is involved in creating the formyl
radical. Also, tritium from labeled formate is found experimen-
tally in the solvent and not in the substrate. As can be seen in
Figure 2, the tritium would here first go to Cys79 and later
exchange with the solvent, at an estimated rate which is
considerably faster than the rate-limiting step of the reaction.
The 14C from labeled formate is found in the product carbon
dioxide, which is also consistent with the present mechanism.
The mechanism suggested here for anaerobic RNR may also
be of relevance for the catalytic mechanism of the enzyme
pyruvate formate lyase (PFL), which is structurally similar to
the RNR structures.37,38Also PFL carries a glycyl radical,39 but
in this case formate is a product of the catalytic reaction which
rearranges pyruvate. In summary, the present energetics and
other agreement with experiments indicate that the suggested
mechanism is a feasible one. However, it should be made clear
that this does not prove that the mechanism is the right one.
Future work may still show that other mechanisms are even
more favorable.
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