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ABSTRACT: The active center of Chlamydia trachomatis (Ct) ribonucleotide reductase (RNR) has been
studied using B3LYP hybrid density functional theory. Class Ic Ct RNR lacks the radical-bearing tyrosine
that is crucial for activity in conventional class I (subclass a and b) RNR. Instead of the Fe(III)Fe(III)Tyr(rad)
active state in conventional class I, Ct RNR has Mn(IV)Fe(III) at the metal center of subunit II. Based on
calculated (H+, e-)-binding energies for Ct R2, iron-substituted Ct R2, and R2 from Escherichia coli
(Ec), an explanation is proposed for why the enzyme needs this novel metal center. Mn(IV) is shown to
be an equally strong oxidant as the tyrosyl radical in Ec R2. Fe(IV), however, is a much too strong
oxidant and would therefore not be possible in the active cofactor. The structure of the catalytic center of
the active state, such as protonation state and position of Mn, is discussed. Ct R2 has a different ligand
structure than conventional class I R2 with a fourth Glu (like MMO) instead of three Glu and one Asp.
Calculations indicate that, in the presence of Tyr, Glu at this position is less flexible than Asp, whereas
with Phe both Glu and Asp are equally flexible. This may be a reason why conventional class I RNR has
an Asp, while Ct R2, lacking the tyrosine, has a Glu.

Ribonucleotide reductase (RNR)1 catalyzes the reduction
of ribonucleotides to deoxyribonucleotides, the building
blocks for DNA synthesis (Figure 1) (1). There are three
classes of RNR characterized depending on their radical
cofactors. Conventional class I (subclass a and b) RNR,
present in, e.g., eukaryotes, consists of two subunits, R1 and
R2. Reductive cleavage of molecular oxygen at a diiron metal
center in R2 generates a stable tyrosyl radical. Upon substrate
binding and subunit docking the radical is transferred to a
cysteine in R1 more than 30 Å away via coupled proton-
electron transfer through a hydrogen-bonded network (2-4).
The cysteinyl radical formed initiates the substrate reaction
by abstracting a hydrogen atom from the substrate 3′-carbon.
After substrate reduction the radical is transferred back to
the tyrosine in R2. One oxygen cleavage is enough to drive
many substrate reaction cycles. The difference in proton-
coupled redox potential between the tyrosine in R2 and the
cysteine in R1 is crucial for activity. If it is too small, the
radical cannot be transferred from R2 to R1, and if it is too
large, it cannot be transferred back from R1 to R2.

At the location of the tyrosine that is essential in
conventional class I RNR, the primary sequence of class Ic
R2 from the human pathogen Chlamydia trachomatis (Ct)
has a phenylalanine (5). The recently published X-ray crystal
structure confirms that the phenylalanine is positioned at the
position of the crucial tyrosine (6) (Figure 2). The Ct R2
active site structure also differs from conventional class I
R2 in the first shell coordination sphere of the metal center.
In Ct R2 the metal center is coordinated by four glutamates,
in contrast to three glutamates and one aspartate in Escheri-
chia coli (Ec) R2. The aspartate is conserved in R2 proteins
of other species and is a difference between RNR and other
diiron carboxylate proteins, such as methane monooxygenase
(MMO) which has four glutamates (8).

Biochemical studies of Ct R2 showed no evidence of a
tyrosyl radical, consistent with the sequence studies and
crystal structure (9, 10). The activity of Ct RNR was instead
explained by an Fe(III)Fe(IV) state acting as the radical
generating cofactor. This state has the same oxidation state
as compound X in conventional class I R2 (11, 12), which
has not yet been structurally determined. Compound X,
formed directly after the oxygen cleavage at the diiron site,
is responsible for generating the active state with the tyrosyl
radical. ENDOR, EXAFS, Mössbauer, EPR, and MCD
spectra have been interpreted to suggest different conforma-
tions, i.e., bis-µ-oxo-Fe(III)Fe(IV) (13) or µ-oxo-µ-hydroxo-
Fe(III)Fe(IV) (14). If the radical generating cofactor in Ct
R2 is a stable Fe(III)Fe(IV) state, this could indicate a role
of compound X in conventional class I RNR in the catalytic
reaction beyond generation of the tyrosyl radical. Ct R2 could
also be a useful system for studying compound X.
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In 2007 Bollinger et al. showed, by enzyme activity
measurements and spectroscopic methods, that the Ct R2
active radical generating cofactor instead has a mixed
Mn(IV)Fe(III) metal center (15), later confirmed by Gräslund
et al. (16) The activity observed earlier with an Fe(III)Fe(IV)
cofactor was suggested to result from a Mn(IV)Fe(III)
contaminant.

Bollinger et al. made several experiments to show that
Mn(IV)Fe(III) is the Ct R2 active state. His6-affinity-tagged
forms of Ct R2 were studied and showed no correlation
between catalytic activity and iron content. When adding 2
equiv of Fe(II) to metal-depleted R2, the activity was not
detectably increased. In contrast, addition of both Fe(II) and
Mn(II) activated the metal-depleted R2 with a factor 50. A
Mn(II):Fe(II) ratio of unity gave maximal activation, and a
total of 2 equiv of metals was enough to give 85% of
maximal activity. In analogy with conventional class I RNR,
Ct R2 with Mn(II)Fe(II) may react with molecular oxygen
to form a radical generating active form. Indeed, in O2-free
solution no activity was shown, but when the RNR reaction
solution to which the Mn(II)Fe(II)-R2 solution was added
contained O2, or when the metal center was exposed to O2

prior to addition to the assay solution, activity was observed.
The active MnFe form showed no electron paramagnetic

resonance (EPR) signal, but the Mössbauer parameters estab-
lished that the reaction with O2 converts the iron site to Fe(III).
The Mössbauer spectra showed that the complex has a
paramagnetic ground state with integer total spin. EPR spectra
of the complex additionally reduced by dithionite indicated a
MnFe cluster with Stotal ) 1/2. The Mössbauer spectra of this
reduced form showed that the iron site is still Fe(III), and hence
only Mn is reduced. The reduced Mn site has to have an even
number of electrons to give Stotal ) 1/2 together with Fe(III), so
the only reasonable possibility is Mn(III). The active state would
thus be Mn(IV)Fe(III), with antiferromagnetic coupling between
Mn S ) 3/2 and Fe S ) 5/2 (17).

Treatment with the substrate analogue 2′-azido-2′-deoxy-
adenosine 5′-diphosphate (N3-ADP), known to irreversibly
reduce the tyrosyl radical in conventional class I RNR,
confirmed the conclusion that Mn(IV)Fe(III) is the active
radical cofactor. As predicted, treatment of Ct RNR with
N3-ADP gave rise to an EPR signal indicating an irreversible
conversion of the EPR-silent Mn(IV)Fe(III) to the EPR-active
Mn(III)Fe(III). Substitution of the inactivator with the natural
substrate did not give rise to the same signal. Moreover,
treatment of the Fe(III)Fe(IV) complex with N3-ADP did
not accelerate the decay of this complex, meaning that the
iron-substituted cluster was incompetent of radical initiation.

A possible reason for why the bacteria has developed this
novel active site has been suggested by Högbom et al. to be
as an adaption to the host’s immune system (6). The stable
tyrosyl radical appears to be a target for nitric oxide (NO)
produced by the immune system. The independence of the
radical in Ct RNR may make the pathogen more resistant to

NO. The hypothesis has been evaluated by examining the
reactivities of the MnFe cluster toward hydrogen peroxide
(18). By sequence analysis, R2 proteins with a phenylalanine
instead of the radical harboring tyrosine have been identified
in ∼30 other organisms (19). Some of these are pathogens,
for example, Mycobacterium boVis, Tropheryma whipplei,
and Mycobacterium tuberculosis. The class Ic RNR of
pathogens could be a suitable drug target, especially since
antibiotic resistance is an increasing public health problem.

In this work, density functional theory (DFT) is used to
study the active center in C. trachomatis R2. Results are
presented that suggest an explanation for why the enzyme
needs the manganese at the metal center instead of a second
iron. Calculated (H+, e-)-binding energies give a rationaliza-
tion for the finding of Bollinger et al. that the iron-substituted
enzyme is inactive (15).

COMPUTATIONAL METHODS

Quantum chemical calculations were performed using
unrestricted density functional theory (DFT). All calculations
weredoneusing theB3LYPhybriddensity functional (20-24).
Geometries were fully optimized at the UB3LYP/LACVP
level using Jaguar 5.5 (25). The LACVP basis set as
implemented in Jaguar is a standard double � basis set with
an effective core potential (ECP) on the metals (26). Accurate
energies were calculated in the optimized structures using
UB3LYP/cc-pVTZ(-f), a triple � basis set with polarization
functions on all atoms but not including f functions (27-29).
The metals were treated with a triple � basis set, LACV3P+,
with diffuse functions. Electrostatic solvation effects from
the surrounding protein were evaluated with a self-consistent
reaction field method, using a Poisson-Boltzmann solver
as implemented in Jaguar (30, 31). The dielectric constant
was set equal to 4.0 in line with previous modelings of
enzymes (32). The probe radius was chosen to be 1.40 Å,
corresponding to the water molecule. Solvation effects were
calculated from the optimized structures using Jaguar 7.0
(33) and LACVP*, a double � basis set with polarization
functions on all atoms except hydrogen. Some structures were
also optimized at the UB3LYP/LACVP* level to obtain
accurate distances to compare with experiments.

Based on benchmark tests of the B3LYP functional, an
accuracy of 3-5 kcal mol-1 can be expected for computed
relative energies of transition metal containing systems (34, 35).
There have been indications that the B3LYP* functional, which
uses 15% Hartree-Fock exchange instead of 20% as in B3LYP,
reproduces results for transition metals better (36, 37). Therefore,
all energies discussed below have been evaluated also at a
B3LYP* level of theory in order to make a comparison.

RESULTS AND DISCUSSION

In this section the calculated results will be presented and
discussed. In the first part the structure of the metal center,
e.g., the position of the manganese and the protonation state,
will be discussed. In the second part (H+, e-)-binding
energies will be presented, and conclusions on why the
manganese is important in Ct R2 will be drawn. Ligand
structure and possible roles of the glutamate instead of the
aspartate will be discussed in the last part.

Models. A model of the active site in Ct R2 was
constructed based on the X-ray crystal structure (PDB code

FIGURE 1: The substrate reaction catalyzed by RNR.
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1SYY) (6) (Figure 3). The structure probably contains two
irons in the diferric state. In order to compare with
conventional class I R2, corresponding studies were made
on a model based on the X-ray structure of the Ec R2 in its
met (oxidized) state (PDB code 1MXR) (7). The metals, first
shell ligands, and phenylalanine/tyrosine were included in
the model. To reproduce the protein strain and positioning
of the amino acids included, three coordinates are frozen on
each amino acid, the R-carbon and two hydrogen atoms along
the backbone. Calculations were made on the iron-substituted
Ct R2, the Ct F127Y variant, and the Ec Y122F variant R2,
the Ct E89D variant, and the Ec D84E variant R2, as well
as on the native structures.

Metal Center. The available Ct R2 crystal structure is in
the diferric state (6). In order to study the active center, a
model of the active Mn(IV)Fe(III) state must be constructed.
The structures discussed below are similar to the structures
proposed for compound X in Ec R2 (13, 14). They have a
diamond core structure with two O(H) bridges and one
terminal water or hydroxide.

The first question to be answered is in which metal site
the manganese is positioned. Calculations show that the
neutral µ-oxo-µ-hydroxo structure with the manganese in the
position closest to the phenylalanine (position 1) is 1.2 kcal
mol-1 lower in energy than the corresponding one with
manganese in the other metal site (Figure 4). The same is
true for the negatively charged bis-µ-oxo structure (model
without phenylalanine, 1.1 kcal mol-1). The small energy

difference makes the assignment of position 1 for Mn rather
uncertain. From arguments about the proximity of position
1 to the electron transfer chain and the observed change
exclusively of the oxidation state of MnIV in the activated
state, Mn in position 1 is consistent with experiments, as
concluded by Roth et al. (38) However, for a complete
picture, some of the calculations below were also made on
a model with Mn in position 2. The difference in energetics
between having a higher oxidation state on Fe instead of
Mn is larger, 14.4 kcal mol-1, showing that Mn(IV)Fe(III)
is much more stable than Mn(III)Fe(IV), consistent with
experiments (15, 17). In Ec R2 with two irons the µ-oxo-
µ-hydroxo structure with Fe(IV) in position 1 is 0.6 kcal
mol-1 lower in energy than with Fe(IV) in position 2.
However, the energy difference calculated here is too small
to draw any firm conclusions. Experimental work has
suggested that the ferryl iron is instead in position 2 in
compound X (39-41). Since the energy difference is so
small, the conclusions drawn below are not affected by the
position of Fe(IV).

Another important question concerning the structure of the
metal center is the protonation state of the bridge. The Ct
R2 bis-µ-oxo-Mn(IV)Fe(III) and µ-oxo-µ-hydroxo-Mn-
(IV)Fe(III) structures with terminal water bound to the metal
in position 1 and a bridging carboxylate are therefore
compared. A hydroxo bridge by oxygen b (Ob in Figure 4),
on the opposite side to the histidine ligands, is 8.7 kcal mol-1

more favorable than a hydroxo bridge by Oa (calculated for

FIGURE 2: X-ray active site structures for Ct R2 (A) and Ec R2 met (7) (B). Ct R2 has a phenylalanine at the position of the tyrosine in Ec
R2. The first shell ligand structure involves four glutamates in Ct R2 in contrast to three glutamates and one aspartate in Ec R2. Glu89 is
in an up position in Ct R2, hydrogen bonding to the terminal water of the closest metal. The corresponding Asp84 in Ec R2 is in a down
conformation, hydrogen bonding to the terminal water on the opposite metal.

FIGURE 3: A model of the active site made from coordinates from the crystal structure. One of the iron centers in the crystal structure is
replaced by manganese. Atoms marked with red are frozen in the calculations.
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a model without the phenylalanine). Calculated distances in
the two structures are compared to EXAFS measurements
of a Mn(IV)-Fe(III) distance of 2.75 Å and shortest Mn-O
distance of 1.65 Å (42) (Figure 5). The calculated metal-metal
distances are 2.97 Å for the µ-oxo-µ-hydroxo-Mn(IV)Fe(III)
structure and 2.77 Å for the bis-µ-oxo-Mn(IV)Fe(III) struc-
ture. The shortest calculated Mn-O distances are 1.71 and
1.74 Å for the µ-oxo-µ-hydroxo-Mn(IV)Fe(III) and bis-µ-
oxo-Mn(IV)Fe(III), respectively. The same trend with a
shorter metal(IV)-Ooxo distance in the µ-oxo-µ-hydroxo
structure has been observed for compound X, where Mitic
et al. calculated the Fe(IV)-Ooxo distances to 1.70 Å for the
µ-oxo-µ-hydroxo-Fe(III)Fe(IV) structure and 1.73 Å for
the bis-µ-oxo-Fe(III)Fe(IV) structure (14). B3LYP with the
present basis sets is known to overestimate metal-metal
distances in this type of systems (43). With this in mind,
the structure in best agreement with the experiments is the
µ-oxo-µ-hydroxo-Mn(IV)Fe(III). In an EXAFS and compu-
tational study published at the stage of revision, Bollinger
et al. also preferred a µ-oxo-µ-hydroxo structure (44). In
addition, optimization of the minus one charged system
shows that the µ-oxo-µ-hydroxo-Mn(IV)Fe(III) with a ter-
minal hydroxide is energetically lower, 3.5 kcal mol-1, than
the bis-µ-oxo-Mn(IV)Fe(III) with a terminal water. This is
an additional argument why the active state structure should
have a hydroxo bridge.

Proton affinities were calculated for the Ct R2 active state
and Ec R2 met (oxidized) state, shown in Table 1. Note that

relative proton affinities are reasonable, while absolute values
lack meaning in the protein environment. The Ec R2 met
state is known to have a µ-oxo-Fe(III)Fe(III)-(H2O)2-
structure; i.e., the hydroxo bridge is protonated, forming a
terminal water (7, 45). The proton affinity of adding a proton
to the terminal hydroxide of the negatively charged Ct R2
Mn(IV)Fe(III) state is only 0.4 kcal mol-1 lower than that
of adding a proton to the hydroxo bridge of the negatively
charged Ec R2 met state. The pKa value for the bridging
water in the Ec R2 met state is thus the same as for the
terminal water in the Ct R2 active state. Since the bridging
group in the Ec R2 met state is a water, the terminal group
in the Ct R2 active state should also be a water, forming a
neutral active state structure with one µ-oxo bridge, one
µ-hydroxo bridge, and one terminal water.

Based on the discussion above, the Ct R2 active state
structure that was most extensively studied in this work is
the µ-oxo-µ-hydroxo-Mn(IV)Fe(III)-H2O; however, calcula-
tions were also made for the µ-oxo-µ-hydroxo-Mn(IV)Fe(III)-
OH structure.

(H+, e-)-Binding Energies. When the radical is transferred
from subunit R2 to R1, there are two possibilities for the
radical initiating step. Either an electron and a proton are
added to the R2 active state structure or only an electron is
added. On the basis of previous studies the proton is assumed

FIGURE 4: Metal center in Ct R2. The most energetically favorable active state has Mn(IV) in position 1.

FIGURE 5: Calculated distances, in Å, for the bis-µ-oxo-bridged and
µ-oxo-µ-hydroxo-bridged structures in the active Mn(IV)Fe(III)
state.

Table 1: Proton Affinities of the Ct R2 Active State and Ec R2 Met
Statea

proton
affinities

(kcal mol-1)

Ec met
state

[µ-oxo-µ-hydroxo-Fe(III)Fe(III)-H2O/Tyr]- + H+ f
[µ-oxo-Fe(III)Fe(III)-(H2O)2/Tyr]0

306.0

Ct active
state

[µ-oxo-µ-hydroxo-Mn(IV)Fe(III)-OH/Phe]- + H+ f
[µ-oxo-µ-hydroxo-Mn(IV)Fe(III)-H2O/Phe]0

305.6

a Note that only relative proton affinities should be used. Ec R2 met
is known to have two terminal waters.
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to be taken initially from the bulk and the electron from
Trp48 (46). The second case when only the electron enters
the active site from outside will be discussed in a later
paragraph. In the first case, the proton and electron are added
to the tyrosyl radical in Ec R2. The product should be similar
to the met state crystal structure, which suggests a mono-
µ-oxo-bridged Fe(III)Fe(III) structure with a terminal water
on Fe2, one on Fe1, and neutral Tyr122 (7). The active state
was assumed to have the same structure as the met state but
with a tyrosyl radical. In Ct R2 the proton and electron are
added to the Mn(IV)Fe(III) metal center forming a Mn-
(III)Fe(III) state. The crystallographically observed Ct R2
state was initially suggested to have a bis-µ-hydroxo-bridged
Fe(III)Fe(III) structure (6). With Mn instead of one of the
irons, the calculations indicate that the corresponding Mn-
(III)Fe(III) state with a bis-µ-hydroxo-bridged structure and
one terminal water is energetically 2.6 kcal mol-1 more
unstable than with a mono-µ-oxo-bridged structure and two
terminal waters. Again, the accuracy of the calculation is
hardly enough for a firm prediction.

As mentioned in the introduction, the difference in proton-
coupled redox potential between the active state in R2 and
the cysteine in R1 is crucial for activity. This difference must
be carefully tuned to allow for the radical transfer to be
reversible. The assumption is that the redox potential of the
catalytically active cysteine in R1 is the same in Ct as in
Ec. The redox potential of the R2 active states should then
also be the same. In Ec R2 the radical generating cofactor is
the tyrosine radical, Tyr122(rad), whereas in Ct R2 it is the
Mn(IV)Fe(III) metal center. (H+, e-)-binding energies for
the radical generating cofactors in Ec, native Ct, and iron-
substituted Ct R2 were compared. (H+, e-)-binding energies
are calculated by taking the difference in energy of the
complex when adding a proton and an electron minus the
energy of a hydrogen atom in gas phase. The (H+, e-)-
binding energies should differ from the proton-coupled redox
potentials mainly by a constant. For example, if the calculated
(H+, e-)-binding energies are the same for two systems, their
redox potentials should also be the same. The calculated (H+,
e-)-binding energy is 92.8 kcal mol-1 for the active Ct R2
Mn(IV)Fe(III) state, where the proton binds to the hydroxo
bridge of the metal center and the electron reduces Mn(IV)
to Mn(III) (Figure 6). Indeed, the corresponding (H+, e-)-
binding energy for the Ec R2 active form, where the
hydrogen atom is added to the tyrosyl radical, is 91.4 kcal
mol-1, a very similar value. The calculated redox potential
difference between Ct R2 Mn(IV)Fe(III) and the Ec R2
tyrosyl radical is thus 0.06 V. The difference is almost the
same if Mn is in position 2. The (H+, e-)-binding energy is
then 94.0 kcal mol-1. The corresponding (H+, e-)-binding
energy for the iron-substituted Ct R2 active state is higher,
105.0 kcal mol-1. Hence, the Fe(III)Fe(IV) metal center has
a higher calculated redox potential by 0.53 V and is therefore
a substantially stronger oxidant than the Mn(IV)Fe(III) metal
center.

Also, (H+, e-)-binding energies for the minus one charged
µ-oxo-µ-hydroxo systems with a terminal hydroxide were
calculated (Figure 6). The proton is added to the terminal
hydroxide, forming terminal water, and the electron reduces
Mn(IV) or Fe(IV). The (H+, e-)-binding energies are 92.1
and 103.9 kcal mol-1 for the active state in Ct and iron-
substituted Ct R2, respectively. The difference between the

binding energies of Ct and iron-substituted Ct R2 is 11.8
kcal mol-1 compared to 12.2 kcal mol-1 for the protonated
system. The difference between the (H+, e-)-binding energies
of the negatively charged Ct R2 active state and the Ec R2
active state is 0.7 kcal mol-1 compared to 1.4 kcal mol-1

for the neutral Ct R2 active state. Hence, the same conclu-
sions can be drawn as for the protonated systems.

To further compare the oxidative strength of Mn(IV) and
Tyr(rad), the Ct F127Y variant R2 was studied. The energy
differences between the active Tyr(rad) state and a preceding
Fe(III)Fe(IV) state, and corresponding Mn(IV)Fe(III) state
in Ct F127Y R2, were calculated. In Ec R2 the hydrogen
atom transfer from Tyr122 to the metal center to produce
the active state with Tyr122(rad) is exothermic with 13.3
kcal mol-1 (0.58 V) (Figure 7). In Ct F127Y R2 with
Mn(IV)Fe(III) the corresponding transfer is almost isothermic
with an endothermicity of only 0.2 kcal mol-1 (0.01 V).

FIGURE 6: (H+, e-)-binding energies for the radical generating states
in Ct, iron-substituted Ct, and Ec R2.
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Hence, in Ct F127Y R2, Mn(IV) is an equally strong oxidant
as a tyrosyl radical in the place of Phe127.

The conclusion that can be drawn from the calculated
results above is that Mn is needed to lower the proton-
coupled redox potential. In Ec R2, the proton-coupled
electron transfer from Tyr122 to the metal center of
compound X to produce the active state with Tyr122(rad)
reduces the proton-coupled redox potential with 0.58 V. In
the absence of Tyr a less strong oxidant than Fe(III)Fe(IV)
is needed. Ct R2 is active with Mn at the metal center, and
the proton-coupled redox potential of the iron-substituted
Fe(III)Fe(IV) center is 0.53 V higher for the neutral system.
The conclusion can be drawn that the iron-substituted Ct R2
would have a too strong proton-coupled redox potential and
most probably therefore not be active. The Fe(III)Fe(IV)
metal center is such a strong oxidant that it would probably
abstract an electron from the surrounding, leading to a
shortcut and an inactivation of the enzyme. In principle, the
results cannot exclude that Fe(III)Fe(IV) is potent of driving
one single reaction cycle, since Fe(III)Fe(IV) is potent of
driving the radical transfer from R2 to R1. However, the
transfer in the reverse direction should not be possible since
the metal center has a too high redox potential compared to
the one of the catalytic cysteine in R1. Therefore, no second
substrate reaction cycle should be possible. In addition,
Bollinger et al. have showed that the iron-substituted complex
is not even active one cycle with the substrate analogue N3-
ADP (15). Hence, because of their different redox potentials
it is not possible to substitute Mn with Fe in Ct RNR.

The same conclusions are also valid for the redox
potentials, when only an outside electron is added to the
active state but no outside proton. In Ec R2 the proton could
be taken from the terminal water on Fe1 and transferred to
Tyr122. The complex is thereafter rearranged to the lowest
state with terminal water and a hydroxo bridge. In Ct R2

the calculated (e-)-binding energy is the difference between
the energy of the neutral µ-oxo-µ-hydroxo-Mn(IV)Fe(III)-
H2O and the one electron reduced µ-oxo-µ-hydroxo-Mn-
(III)Fe(III)-H2O. In Ec R2 the calculated (e-)-binding energy
is the difference between the energy of the µ-oxo-Fe-
(III)Fe(III)-(H2O)2/Tyr(rad) and the µ-oxo-µ-hydroxo-Fe-
(III)Fe(III)-H2O/Tyr. The (e-)-binding energies are 101.5,
100.5, and 111.5 kcal mol-1 for the active state in Ct, Ec,
and iron-substituted Ct R2, respectively. The difference
between the binding energies of the active state of Ct and
Ec R2 is now 1.0 kcal mol-1 compared to 1.4 kcal mol-1

for the (H+, e-)-binding energies of the neutral system above.
The difference between Ct and iron-substituted Ct R2 is 10.0
kcal mol-1 compared to 12.2 kcal mol-1.

The active state metal complex in R2 is probably a neutral
µ-oxo-µ-hydroxo-Mn(IV)Fe(III) with terminal water. Cal-
culations show that Mn(IV) is an equally strong oxidant as
the Tyr122(rad) in Ec R2 and that Fe(IV) is a too strong
oxidant. However, even if the system is negatively charged,
the same conclusions are valid. The most relevant property
is the proton-coupled redox potential, which is related to the
(H+, e-)-binding energy. However, the same qualitative
conclusions can be drawn from the (e-)-binding energies.

15% Hartree-Fock Exchange. The binding energies
discussed above were also evaluated using the B3LYP*
functional. The results are consistent with the above results
and experiments. The difference between the (H+, e-)-
binding energy for the Ec R2 and neutral Ct R2 is -3.3 kcal
mol-1 with B3LYP* compared to 1.4 kcal mol-1 with
B3LYP. The corresponding difference between iron-substi-
tuted Ct R2 and Ec R2 is 8.9 kcal mol-1 with B3LYP*
compared to 13.6 kcal mol-1 with B3LYP. The difference
between the (H+, e-)-binding energy of Ct and iron-
substituted Ct R2 is still as large, 12.2 kcal mol-1 both with
B3LYP* and B3LYP. So, knowing from experiments that

FIGURE 7: Comparison of oxidative strength of Mn(IV) and Tyr(rad). Energy difference between the active Tyr(rad) state and a preceding
Fe(III)Fe(IV) state and corresponding in Ct F127Y R2.
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the enzyme is active with Mn, the conclusion why it will
not be active with Fe is still valid for B3LYP* with the same
certainty.

Glutamate Versus Aspartate. As mentioned in the intro-
duction, the active site of Ct R2 has a different ligand
structure than the one of Ec R2. Asp84 that is conserved in
RNR from different species is in Ct R2 replaced by Glu89.
This motif with four coordinating glutamates is the same as
in MMO. In order to try to explain the role of this fourth
glutamate in Ct R2, the two different positions of the Glu/
Asp in the product metal(III)metal(III) state, the up position
as in the Ct R2 structure and the down position as in the Ec
R2 structure (Figure 2), were studied for different Ct and
Ec R2 variants. In all variational studies the R-carbon and
two hydrogen atoms along the backbone are frozen as for
the native amino acid. To change Asp84 to Glu in Ec R2
for example, a CH2 link is added between the R- and
�-carbon. The assumption is thus that the backbone position
is not affected by the variation. In nature the R-carbons have
some flexibility, not accounted for in the calculations. This
may affect the conclusions somewhat. Asp84 in Ec RNR
has been suggested to be involved in proton-coupled electron
transfer between Tyr122 and the diiron complex (46). The
flexibility of Asp84 is thus important, and the energy for
the reactant up and product down position should ideally be
similar. Indeed, the calculated energy differences between
the up and down position are within a couple of kilocalories
per mole for most structures studied (Table 2). In particular,
note that the Ct E89D variant R2 has exactly the same energy
difference between the up and down conformation as the
native Ct R2 structure. This indicates that the enzyme could
work as well with Asp89, at least in terms of this aspect,
and shows no different role of Glu than Asp for this particular
transfer.

The only exceptions are the Ct F127Y variant, the iron-
substituted Ct F127Y variant, and the Ec D84E variant
R2. The energy differences between the up and down
structure for these compounds are all around 8 kcal mol-1.
In particular, the energy difference for the Ec D84E variant
R2 is 8.3 kcal mol-1. According to the results, in the
presence of Tyr there is a difference in strain between

having Glu or Asp at this position in the active center,
due to the additional carbon link in Glu. The hydrogen
bond from Tyr122 to the carboxylate group of Glu84 in
the down position in Ec D84E R2 is 0.10Å longer than
the corresponding from Tyr122 to Asp84 in Ec R2 (Figure
8). This stretch does not give a large energy difference
by itself but indicates a difference in strain. The Fe1 site
in the Ec D84E R2 up structure has an octahedral
coordination. Fe1 in the corresponding native Ec R2
structure has a nonoctahedral coordination with an angle
of 142° between Wat1-Fe1-Glu115, and Wat2 is bound
to Fe2. Asp is shorter than Glu and may not be able to
reach in between Tyr122 and Wat1 to form the octahedral
structure, possibly destabilizing the up structure and
thereby decreasing the energy difference between the up
and down structure. It should be noted that the distances
in the structures only show minor effects of a switch
between Asp and Glu, and energy calculations are
therefore essential. The crystal structure of the diferric
Ec D84E R2 (PDB code 1PIU) has Glu84 in an up position
(47), as the Ct R2 crystal structure (6), and in contrast to
the Ec R2 met structure (7). The finding that the down
position is energetically less stable than the up position for
the Ec D84E R2 variant is hence in agreement with the
crystal structure. The large energy differences between the
up and down conformations of all variants with Glu and Tyr
indicate that this is a nonoptimal combination that decreases
the flexibility of the amino acid. This may be a reason why
Ec RNR contains an Asp instead of the Glu that is conserved
in MMO. Ct RNR lacks the tyrosine, and therefore a switch
to aspartate is not necessary. Assuming that Ct RNR evolved
from Ec RNR evolutionarily, this cannot explain why there
is a fourth glutamate in Ct R2. However, the results may
give an indication to why Ec R2 has an aspartate in contrast
to other diiron carboxylate proteins. If on the other hand Ct
RNR evolved before or simultaneously to Ec RNR from a
common MMO-like ancestor, the results above may explain
why Glu was exchanged for Asp in Ec R2 but not in Ct R2.
To further investigate the role of Glu89 in Ct R2 and Asp84
in Ec R2, calculations should be made also on the oxygen
cleaving reaction of both enzymes and all relevant variants.

Another possible role for Glu89 in Ct R2 is to increase
the binding energy of Mn at the active site. Calculations were
made on the product Mn(III)Fe(III) state. The energy
differences between the Ct R2 product structures with Mn
and with Fe were calculated. These differences were then
compared to the corresponding ones for the Ct E89D R2
product structures. The calculations showed no difference
in binding energy of Mn relative to Fe depending on Glu or
Asp. However, the metals bind in the +II oxidation state,
and the same calculations should be made for the reduced
Mn(II)Fe(II) state before oxygen binding.

Jahn-Teller Axis for Mn(III). In the product Mn(III)Fe(III)
state of Ct R2, Glu89 is in an up position, according to the
crystal structure. However, a structure resembling the Ec R2
met structure, with Glu89 in a down position, has the same
energy (0.6 kcal mol-1 energy difference, Table 2). Because
of the similarity to the Ec R2 met state, the structure with
Glu89 in the down position may be important. The position
of Wat2 in the two structures can be explained by their
different Jahn-Teller axes (Figure 9). Mn(III) with high spin
has four unpaired d-electrons. With an octahedral conforma-

Table 2: Energy Differences between the Two Conformations of
Glu89/Asp84 in the Product Metal(III)Metal(III) Structure for Different
Variantsa

amino acid

species metals 89/84 127/122 E down rel up (kcal mol-1)

Product Metal(III)Metal(III) State

Ct MnFe Glu Phe +0.6
Ct FeFe Glu Phe -1.1
Ct F127Y MnFe Glu Tyr +8.8
Ct F127Y FeFe Glu Tyr +8.2
Ct E89D MnFe Asp Phe +0.6
Ct E89D FeFe Asp Phe -1.6
Ec FeFe Asp Tyr +0.7
Ec MnFe Asp Tyr +3.3
Ec Y122F FeFe Asp Phe +1.5
Ec Y122F MnFe Asp Phe +3.3
Ec D84E FeFe Glu Tyr +8.3

Active State with Tyr(rad)

Ec FeFe Asp Tyr -2.4
Ec D84E FeFe Glu Tyr -0.1

a The flexibility of Glu89/Asp84 may be involved in proton transfer.
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tion as in R2 there are degenerate states, which distort and
gain energy by the Jahn-Teller effect, and Mn(III) has a
profound Jahn-Teller axis. When Glu89 is in an up position,
it accepts a hydrogen bond from the terminal water on the
manganese (Wat1 in Figure 9A). The water gets a slightly
negative hydroxo group character, making the bond to the
metal strong and therefore short, 2.03 Å. The Jahn-Teller
axis is therefore along the second water (Wat2), the metal,
and His123. The Mn-Wat2 distance is 2.50 Å, and the
Mn-His123 bond is long, 2.25 Å. In the up structure the
two waters are therefore coordinated to opposite metals. If
Glu89 is flipped down to accept a hydrogen bond from Wat2,
the situation is changed (Figure 9B). Wat2 now gets a
negative hydroxo group character, and the bond to Mn is
short and strong, 2.07 Å. The Jahn-Teller axis is now instead
the Wat1-Mn-Glu120 axis. The Wat1-Mn bond is 2.27
Å, and the distance between Mn and the coordinating oxygen

of Glu120 is 2.14 Å compared to 1.98 Å for the up
conformation. In the down conformation both terminal waters
are thus coordinated to the same metal.

CONCLUSIONS

Experimental groups have shown that C. trachomatis R2
lacks the tyrosine crucial for activity in conventional RNR
and instead has Mn(IV) at the active center. The main
purpose of the present study is to explain why this novel
form of R2 needs manganese and why it would not also work
with iron. DFT calculations show that Mn is needed because
of its lower redox potential. Fe(IV) has a too high redox
potential and would therefore generate an inactive Ct R2
protein. The Mn(IV)Fe(III) active center is an equally strong
oxidant as the active state in E. coli R2 with a tyrosyl radical.
When forming the active state in Ec R2 from a preceding

FIGURE 8: Structures and energy differences for the met structures with Asp84 in its up or down position for Ec native and D84E variant
R2. All distances are in Å.

FIGURE 9: Jahn-Teller axis, marked in red, for the Ct R2 product Mn(III)Fe(III) state with Glu89 in the up position (A) and with Glu89
in the down position (B). All distances are in Å.
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compound X with oxidation state Fe(III)Fe(IV), the redox
potential of the active center is lowered. In the absence of
the tyrosine, a less strong oxidant is needed. The calculations
also show that Mn(IV) is equally strong as a tyrosyl radical
in the Ct F127Y variant R2, further supporting the conclusion.

In addition to the absence of the normally conserved
radical harboring Tyr and the presence of Mn in the active
center, Ct R2 also has a slightly different first shell ligand
structure with Glu89 instead of Asp84 in Ec R2. Calculations
show a difference in flexibility of Glu and Asp in the
presence of Tyr. The results indicate that Glu is less flexible
than Asp in combination with Tyr. In Ec R2, Asp84 is
assumed to be involved in proton-coupled electron transfer.
The flexibility of the amino acid is therefore important. A
difference between Glu and Asp may thus explain why there
is an aspartate in Ec R2, in contrast to, e.g., MMO. Ct R2
and Ec R2 may have evolved simultaneously from a common
ancestor. Since Ct R2 lacks the tyrosine, an aspartate is not
necessary for good flexibility, but glutamate works as well.
In Ec R2, on the other hand, the presence of Tyr122 makes
the flexibility of a glutamate at this position poor, and an
ancestral bacterium with a mutant R2 with Asp84 could have
gained a selective advantage.

The calculations on Ct R2 performed in this study have
shed some light on the properties and function of this novel
active site but have also given insight into some questions
still not solved for Ec R2.
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6. Högbom, M., Stenmark, P., Voevodskaya, N., McClarty, G.,
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