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Background: The hydroxylase component of soluble
methane monooxygenase (SMMO) contains a dinuclear
iron center responsible for the oxidation of methane to
methanol. As isolated, the center is in the oxidized,
diiron(I1I) state. The 2.2 A resolution X-ray structure of
the oxidized hydroxylase, H__, from Methylococcus capsulatus
(Bath) was previously determined at 4 °C. In this structure
the two iron atoms are bridged by a glutamate, a hydrox-
ide ion, and an acetate ion, and additionally coordinated to
two His residues, three Glu residues, and a water molecule.
Results: The 1.7 A resolution crystal structures of the
sMMO hydroxylase from Methylococcus capsulatus (Bath) in
both its oxidized diiron(III), H,,, and dithionite-treated,
reduced diiron(IT), H 4, oxidation states were determined at
~160 °C. The structure of the diiron center in H__ differs
from that previously reported at 2.2 A resolution and 4 °C.

Although the hydroxide bridge is retained, the bidentate,

bridging ligand assigned as acetate is replaced by a weakly
coordinating monoatomic water bridge. In the resulting
four-membered F'e_(O_H)Fe(OHZ) ring, the Fe'--Fe distance is

shortened from 3.4 Ato 3.1 A.In protomer A of H_j, the
hydroxide bridge is displaced by an oxygen atom of
Glu243, which undergoes a carboxylate shift from its termi-
nal monodentate binding mode in H_, to a mode in which
the carboxylate is both monoatomic bridging and bidentate
chelating. We therefore conclude that the center has been
reduced to the diiron(Il) oxidation state. Both iron atoms
are coordinated to five ligands and weakly to a sixth water
molecule in the resulting structure. The diiron center in
protomer B of H 4 has the same composition as those in
H_,. In both the oxidized and reduced structures, the diiron
core is connected through hydrogen bonds involving
exogenous species to Thr213 in the active site cavity.
Conclusions: The diiron center in H_, can change its
exogenous ligand coordination and geometry, a property
that could be important in the catalytic cycle of sMMO. In
H_.4, a carboxylate shift occurs, extruding hydroxide ion
and opening coordination sites for reaction with O, to
form the diiron(IIl) peroxo intermediate, H, oo Residue
Thr213 may function in catalysis.
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Introduction

Methane oxidation (equation 1) by the soluble methane
monooxygenase (SMMO) enzyme systems from methan-
otrophic bacteria occurs at a catalytic dinuclear iron
center located on the a subunit of the multisubunit

(a,B8,7Y,) hydroxylase protein [1-3].
CH, + NADH + H* + O, - CH;OH + NAD* + H,0 (Equation 1)

In the resting state of the isolated hydroxylase protein, the
diiron center is in the diferric, Fe(IIT)Fe(III), oxidation
level (H_). During the catalytic cycle, the center is
reduced to the diferrous, Fe(IT)Fe(I), state (H ) by two
electrons which are transferred to the hydroxylase from
NADH through the reductase (R, 38.6 kDa),

iron—sulfur flavoprotein. The electron transfer is regulated
by a third component, protein B (15.5 kDa), that has no
cofactors. H 4 then reacts with dioxygen in the presence
of protein B to form two intermediates sequentially.
These have been studied by stopped-flow optical ([4] and
K.E. Liu, A.M. Valentine, D. Wang, B.H. Huynh, D.E.
Edmondson, A., Salifoglou & SJ.L., unpublished data),

freeze-quench Mossbauer [5,6], and resonance Raman
[7] spectroscopy. The first 1ntermed1ate H peroxo® forms
with a rate constant of ~25 s and exhibits an isotope-
sensitive feature in the resonance Raman spectrum at
905 cm™!, which has been assigned as the O—O stretching
frequency of a diiron(IIl) peroxo unit [7]. It has been sug-
gested that the peroxo ligand coordinates to the iron
atoms in either the p-mlm! or nonplanar p-mn?
binding modes ([6,8] and K.E. Liu et al., unpublished
data). H peroxo is then converted to a second intermediate,
Q, Wthh forms with a rate constant of 0.5-1.0s71,
depending on the organism ([4-6] and K.E. Liu et al.,

unpublished data). Intermediate Q has optical features
with A ~350 and ~420 nm and unusual Méssbauer
parameters. In the final steps of the reaction cycle, Q
reacts with substrate to form product and regenerate H_,
The structure of Q and the mechanism by which it
hydroxylates substrate are presently unknown, but several
possibilities have been discussed elsewhere [1,3-6,8].

Detailed structural information about the diiron center
is essential to a complete understanding of the catalytic
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mechanism. Previously we reported the 2.2 A resolu-
tion 4 °C X-ray structure determination of H__ from
M. capsulatus (Bath) [9]. We have now extended the res-
olution limit of the hydroxylase crystals to better than
1.7 A by employing cryo-crystallographic methods.
This high resolution study has enabled us to provide
better metrical details of the active site structure. Here
we present the geometry of the diiron center in both
the oxidized and chemically reduced forms as revealed
by the 1.7 A resolution crystal structures. In H_ 4, one
of the glutamate ligands adopts an altered coordination
mode which, although known in diiron model com-
pounds, is unprecedented in biological diiron centers.
In the high resolution, frozen crystal structure of H_,,
the geometry of the dinuclear iron center changes from
that previously found in the 2.2 A resolution, 4 °C
determination, through a switch in the coordination
modes of the exogenous ligands with an attendant
reduction in Fe-Fe distance. These findings have
important implications both for our understanding of
the hydroxylation mechanism and for the preparation
of replicative models.

Results

Structure of H,

The structure of the dinuclear iron center in H_, as
revealed by the 1.7 A crystal structure determination is
shown in Figure 1. Metrical details of the coordination
geometry are presented in Table 1. Most features of the
diiron center are identical to what was previously
observed in the 2.2 A resolution, 4 °C structure analysis
[9]. Each iron atom is coordinated to the 8-nitrogen
atom of a histidine residue, His147 or His246, with
Fe-N distances of ~2.1 A. There is one semi-bridging
glutamic acid residue, Glu144, as in the 2.2 A structure,
with normal coordinating distances for Fel-O and
longer distances for Fe2—Q (Table 1). Fel is coordi-
nated to one monodentate carboxylate ligand, Glu114,
and Fe2 is ligated by two such monodentate carboxy-
lates, Glu209 and Glu243. Fel is also bonded to a ter-
minal water molecule, which is hydrogen bonded to the
uncoordinated or ‘dangling’ oxygen atoms of both
Glul14 and Glu243 (Fig.1 and Table 1). A Fourier map
at the diiron center in H__is shown in Figure 2. The
electron density for Glu243 is not as well defined as
that for the other carboxylate residues, suggesting that it
may be somewhat disordered. In particular, the uncoor-
dinated oxygen atom OE2 has a high B-value of
~30 A2 and may occupy more than one position, the
average of which is within hydrogen bonding distance
of the terminal water molecule.

Two exogenous bridging ligands, revealed in difference
Fourier electron density maps, also link the two iron
atoms. In Figure 2, the difference density for these
ligands and for the terminal water bound to Fel is
superimposed on the final 2F —F_ map. One of the
exogenous bridging ligands, assigned as hydroxide
rather than oxo in accord with the spectroscopic prop-~
erties of the oxidized and mixed valent M. capsulatus

Fig. 1. Structure of the dinuclear iron center in H,.(a) Overall
view. Open dashed lines indicate hydrogen bonds. The filled
dashed line indicates a weak interaction. (b) Expanded view of
the center showing an exogenous acetate ion in the active site
cavity and threonine residue Thr213. The acetate ion is hydrogen-
bonded both to the water bridge and to Thr213. Hydrogen bonds
involving the terminal water molecule are omitted.

(Bath) hydroxylases [10,11], was also present in the
2.2 A resolution structure. Although the Fel-pOH dis-
tance is ~0.3 A shorter than the Fe2-pOH bond
lengths in both protomers (Table 1), the observed bond
length asymmetry is not outside experimental error.
The second exogenous bridge, however, differs from
what was observed in the 2.2 A structure. Instead of
electron density ascribed to a bidentate, bridging
acetate ion from the crystallization buffer, the 1.7 A res-
olution structure reveals a monoatomic bridge, which
we assign as a weakly coordinated water molecule. The
average Fe~O distances for this bridging ligand of 2.5 A
in the A protomer and 2.4 A in the B protomer are
consistent with such an assignment. Each Fe atom is
therefore six-coordinate, the geometry of both Fe
atoms being approximately octahedral. Accompanying
this change in exogenous bridging ligand is a reduction
in the Fe-Fe distance from 3.4 A to 3.1 A. This result
is obtained in both halves of the dimer, the Fe:--Fe
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Table 1. Interatomic distances (A)2 in H_ P.
Atom Atom Distance (A)
Protomer A Protomer B Average
Fel Fe2 3.04 3.14 3.1
Fel Glu114 OE1 1.91 1.96 1.9
Fel His147 ND1 2.13 2.15 2.1
Fel Glu144 OE2 2.00 2.19 2.1
Fel pOH 1.78 1.62 1.7
Fel OH, 2.28 2.27 2.3
Fel pOH, 2.43 2.24 2.3
Fe2 Glu209 OE2 1.96 1.85 1.9
Fe2 His246 ND1 2.32 2.08 2.2
Fe2 Glu243 OE1 1.95 2.04 2.0
Fe2 Glut144 OE1 2.44 2.56 2.5
Fe2 rOH 1.94 2.02 2.0
Fe2 wOH, 2.58 2.51 2.5
OH, Glu114 OE2 2.92 2.65 2.8
OH, Glu243 OE1 2.74 3.16 3.0
OH, pOH 2.58 2.76 2.7
wOH, Ac O1 2.62 2.63 2.6
wOH, Ac O2 2.97 2.84 29
Ac O2 Thr213 OG1 3.11 2.91 3.0
afstimated standard deviations in distances are ~0.2 A.
bProtomers A and B are the two crystallographically independent
halves of the hydroxylase &, 8,7, dimer (see [9]).

distances being 3.14 A in the A protomer and 3.04 A in
the B protomer. In addition, the Fel-wOH-Fe2 bond
angle is reduced from 133° and 131° to 109° and 120°
for the A and B protomers, respectively.

The electron density previously assigned as an acetate
ion in the 4 °C, 2.2 A structure has not completely dis-
appeared, however. The Fourier maps revealed residual
density in the active site cavity, within hydrogen
bonding distance of the bridging water molecule, but
not coordinated to the iron atoms. This density is signif-
icantly larger than expected for a water molecule. We
therefore continue to assign it as an acetate ion,
although other possibilities exist [9], since 50 mM
NH,OAc was present in the crystallization buffers. The
electron density is not extremely well defined, however,
suggesting possible disorder. The two oxygen atoms of
the proposed acetate ion are within hydrogen bonding
distance of the bridging water ligand and OG1 oxygen
atom of Thr213 (Fig. 1b, Table 1), supporting the assign-
ment of the extra electron density as a carboxylate
species. The presence of this acetate ion retains the
overall charge neutrality of the active site.

Fig. 2. Stereo representation of the
final 2F ~F_ electron density at the
diiron center in H,. The 2F —F_map is
shown in blue and is contoured at the
root-mean square (rms) density. The
F,—F difference electron density map,
showing the hydroxo and water
bridges and the water molecule coor-
dinated to Fel, is superimposed in
green, and is contoured at three times
the rms density.

Structure of H o4

The structure of the chemically reduced hydroxylase
protein is very similar to that of H__ [9], except at the
diiron center in one of the two halves of the a,B,v,
dimer. In particular, the coordination of the diiron
center within the A protomer differs significantly from
that in H__, whereas the B protomer more closely
resembles the oxidized hydroxylase. This result strongly
suggests that, in the crystal, a change in oxidation state
resulting from the addition of dithionite and methyl
viologen occurs at the diiron center of the A protomer.
The structure of this center is shown in Figure 3, and
metrical information about both centers is provided in
Table 2. Before presenting the differences, we note that
the chemically reduced diiron center in protomer A of
H_.4 has many features in common with those in H__
and in protomer B of H ;. Each iron atom is coordi-
nated to the 3-N atom of a histidine ligand, and Glul44
remains semi-bridging. In addition, Fel and Fe2 are
each coordinated to one monodentate, terminal glu-
tamic acid residue, Fel to Glu114 and Fe2 to Glu209.
Despite these similarities, the coordination mode of
Glu243 has changed dramatically in protomer A of H 4
(Fig. 3). In H_ and protomer B of H__4, Glu243 binds
to Fe2 in a monodentate, terminal mode. In protomer A
of H, 4, however, this residue has become a bidentate,
chelating ligand to Fe2 as well as a monodentate bridg-
ing ligand. Although the Fourier map (Fig. 4) reveals
that, as in H__, the electron density is not as well defined
for this residue as for the other glutamates, the similar
thermal parameters for the two oxygen atoms, ~19 A2
for OE1 and ~17 A2 for OE2, are consistent with both
being coordinated to iron, and the average position for
OE2 is clearly different from that in H . In particular,
this oxygen atom, which was not coordinated in the
oxidized structure, now clearly bridges the two iron
atoms, the average Fe—OE2 distance being 2.2 A. The
distance for the nonbridging, coordinated oxygen atom,
Fe2-OE1,is 2.3 A, and the Fe'--Fe separation is 3.28 A.

Of the three exogenous ligands found in H_, two persist
in protomer A of H_, the terminal water molecule
coordinated to Fel, OH,(2), and the bridging water,
OH,(1), now bound only very weakly to Fe2. No elec-
tron density for the bridging hydroxide was present in
difference Fourier maps. The Fourier maps for the
diiron(Il) center are shown in Figure 4. Since it is known
from spectroscopic studies that the oxidized Fe(IIT)Fe(III)
and mixed valent Fe(II)Fe(IIT) hydroxylases both contain
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Fig. 3. Structure of the dinuclear iron center in H . (@) Overall
view, Open dashed lines indicate hydrogen bonds. Filled dashed
lines indicate weak interactions. The long Fel-OH,(2) and
Fe2-OH,(1) distances (Table 1) suggest little bonding interaction.
(b) Expanded view of the center showing a third water molecule
in the active site cavity and threonine residue Thr213. This water
molecule, labeled OH2(3), is hydrogen bonded both to the water
bridge and to Thr213.

a hydroxo bridge [10,11], we assign the species obtained
in protomer A of H_; to the fully reduced diiron(II)
state. Although OH,(2) occupies the same position as the
terminal water hgand in the oxidized structure, the
Fel-O distance is long, 2.6 A. This water molecule is
therefore very weakly bound. The second water mole-
cule, OH,(1), is situated in the space where the bridging
water molecule is located in the oxidized structure, but
coordinated mainly to Fel. The distances are Fel-O,
1.9 A, a value within error of that expected from model
chemistry [12] and Fe2-O, 2.7 A. We therefore consider
both iron atoms at the reduced center to be essentially
five-coordinate, each having a weakly interacting water
ligand interaction at the sixth, octahedral site. The geom-~
etry at Fe2 is more distorted owing to the bidentate
coordination mode of Glu243. The active site cavity in

protomer A of H 4 also contains a third water molecule,
evident in the difference Fourier map, in the position
that is occupied by an acetate ion in H__ (Fig. 1b). This
water molecule, labeled OH,(3), is hydrogen bonded to
OH,(1), thereby linking OH,(1) and Thr213 (Fig. 3b).

The diiron center in protomer B of the chemically reduced
hydroxylase is similar to the oxidized centers in H__ with
respect to ligand composition and coordination number.
All three exogenous ligands, the terminal water molecule
on Fel, the bridging hydroxide, and the bridging water
molecule, appeared in difference Fourier maps. In addition,
Glu243 remains a terminal, monodentate ligand to Fe2. A
poortly defined portion of electron density is also present in
the position occupied by the acetate ion in H_,. There is
one metrical difference between the diiron center in pro-
tomer B of the chemically reduced hydroxylase and the
oxidized hydroxylase, however (Tables 1 and 2), which
appears to be outside experimental error. The Fe--Fe dis-
tance is 3.43 A, instead of ~3.1 A. This increase is accompa-
nied by a lengthening of the Fel-O distance for the
bridging water molecule from 2.5 A to 2.7 A.

Discussion

The catalytic center of H,4

The molecular architecture of the catalytic center in
H_4 is of great interest since it is this form of the
enzyme that reacts with dioxygen. As indicated in
Figures 1 and 3, the diiron center in protomer A of H 4

Table 2. Interatomic distances (A)2 in H,b.

Atom Atom Distance (A)
Protomer A°  Protomer B4

Fel Fe2 3.28 3.43

Fel Glu114 OE1 1.90 1.93

Fel His147 ND1 2.39 2.3

Fel Glu144 OE2 2.15 2.00

Fel pOH N/A 1.56

Fel OH,(1)¢ 1.92 2.08

Fel OH,(2) 2.63 N/A

Fel wOH, N/A 2.67

Fel G|u243 OR2 2.10 N/A

Fe2 Glu209 Of2 227 1.86

Fe2 His246 ND1 1.94 2.07

Fe2 Glu243 OE2 2.33 1.97

Fe2 Glu243 OE1 2.33 N/A

Fe2 Glu144 OE1 2.39 2.26

Fe2 pOH N/A 2.23

Fe2 pOH, N/A 2.52

Fe2 OH,(1) 2.72 N/A

OH,(1)¢ Glu114 OE2 3.59 2.61

OH,{2) Glu114 OE2 2.60 N/A

OH,(1) OHZ( ) 2.62 N/A

OH,(3) Thr213 OG1 2.73 N/A

aFstimated standard deviations in distances are ~0.25 A.

bProtomers A and B are the two crystallographically indepenident

halves of the hydroxylase a,B,y, dimer (see [9]).

CChemlcally reduced diiron center.

dOxidized or partially reduced diiron center.
®For the B protomer, the water molecule labeled OH,(1)
corresponds to the water molecule labeled OH, in Table 1.
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Fig. 4. Stereo representation of the final
2F -F. electron density at the diiron
center in H4. The 2F ~F_ map is shown
in blue and is contoured at the rms
density. The F-F_ difference electron
density map, showing the two water
molecules coordinated to Fel, is super-
imposed in green, and is contoured at
three times the rms density.

differs significantly from that in H_, and in protomer B
of H ;. The hydroxide bridge has been displaced by an
oxygen atom of Glu243, which adopts an altered coor-
dination mode. For the reasons indicated above, we con-
clude that the dinuclear iron center in protomer A has
been reduced to the diiron(II) state. The similarity of the
diiron center in protomer B to that in crystals not
treated with chemical reductants suggests that it remains
at least partially oxidized. We considered the possibility
that a fraction of the diiron centers in protomer B may
have been reduced to the diiron(Il) state, leading to a
superposition of structures, which could account for the
longer Fe---Fe distance. The thermal parameters of the
Fe atoms in protomer B of H__, are very similar to those
in protomer A and the two centers in H__, however. In
each case, the B-values range from ~9—14 A2 for Fel
and from ~19-22 A2 for Fe2. This similarity makes it
seem less likely that the B protomer of H _; crystals
contains a mixture of oxidation states. Another possi-
bility is that the diiron center in protomer B has been
partially reduced to the mixed valent, Fe(II)Fe(III) state.
The hydroxo bridge and terminal water ligand are
retained in this state as demonstrated by ENDOR spec-

troscopic studies [10], and the Fe---Fe distance is known .

from EXAFS to be 3.4 A [11].

The geometries of the diiron(II) and diiron(III) centers
are superimposed in Figure 5. The structure of the
reduced center agrees reasonably well with the interpre-
tation of a magnetic circular dichroism (MCD) study of
M. trichosporium OB3b H,,, from which it was con-
cluded that two five-coordinate Fe atoms were present
having different geometries [13]. The coordination
geometries of the two Fe(II) atoms in the present struc-
ture determination clearly differ from one another, with

Fig. 5. Stereo superposition of the di-
nuclear iron centers in H,, and H 4. H
is shown in purple and H,q in light blue.

Fe2 being much more distorted. Although there are six
ligands at octahedral sites around each iron atom, only

five are at distances corresponding to normal
metal-ligand bonds. In the MCD study of the M. trichso-
porium OB3b hydroxylase, the two ferrous atoms were
ferromagnetically coupled with a J value of 0.3-0.5
cm™!, where # = -2] S,°S,, and the presence of a water
bridge was postulated. We do not see a normal water
bridge in the M. capsulatus (Bath) hydroxylase diiron(II)
center, only terminal water ligands on Fel, one of which
is weakly associated with Fe2. On the other hand, the
bridging oxygen atom of Glu243 can probably serve as
well as a bridging water ligand to mediate the magnetic
exchange interaction [14]. Since differences in the reac-
tion chemistry of the hydroxylases from the two organ-
isms have been observed [3], however, we cannot rule
out the possibility that H 4 from M. trichosporium OB3b
may contain a water bridge. Nevertheless, the present
H,, structure is fully consistent with all available data for
H 4 from both organisms, including the sign of the
exchange coupling constant [13,14].

The change in Glu243 coordination mode is a significant
difference between the H ; and H_, structures. Such an
alteration of carboxylate coordination in a dimetallic
center is not unprecedented, and illustrates a phenome-
non known as the ‘carboxylate shift’ [15]. Carboxylate
shifts describe structural variations in the binding of
RCO," fragments to polymetallic centers which were
first observed for several crystallographically charact-
erized model compounds and postulated to occur in
metalloproteins. From an analysis of compounds having
monodentate bridging carboxylate ligands, it was possible
to classify them according to the degree of interaction
between the nonbridging, or ‘dangling’, oxygen atom
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and one of the bridged metal atoms [15]. One such
diiron(Il) compound, [Fe,(O,CH),(BIPhMe),] [16],
contains a monodentate bridging formate which
becomes a monodentate terminal ligand upon oxidation
to the diiron(III) state (Fig. 6a). This chemistry is very
similar to what happens in H_4, although the dangling
oxygen atom of the formate in the diiron(II) complex is
not coordinated to Fe2, the Fe—O distance being 2.79 A.
The Glu243 carboxylate binding mode in H 4 has pre-~
viously been encountered in proteins, specifically, at the
Mn(IDCa(ll) dimetallic center of concanavalin A [17].

A carboxvylate shift also occurs upon oxidation of the R2
protein of ribonucleotide reductase. In this protein, reac-
tion of dioxygen with the diiron(Il) center generates a
tyrosyl radical essential for enzyme activity [18,19], and
both the diiron(Il) and diiron(III) forms have been crys-
tallographically characterized [20-22]. In the reduced R2
protein, Glu238 bridges the two Fe atoms (Fig. 6b) [21],
but unlike Glu243 in H,_4, this carboxylate ligand is
bidentate, rather than monodentate, and does not form a
chelate to Fe2. Consequently, the Fe--Fe distance of
3.8 A in reduced R2 is significantly longer than the
3.28 A Fe--Fe distance in H_ 4. Moreover, the reduced
R2 protein contains no exogenous ligands in the vicinity
of the two Fe atoms, which are therefore four-coordinate
instead of five-coordinate as in H_ 4. Upon oxidation to
the diiron(III) form, Glu238 becomes a monodentate
terminal ligand, similar to Glu243 in H_,

The distinctive geometries of the reduced hydroxylase
and R2 protein reveal how carboxylate shifts can alter
the coordination sphere of diiron centers in what are

otherwise very similar protein domains [9]. In the com-
plete sMMO system, the hydroxylase is reduced to the
diiron(Il) state by R in the presence of protein B, a
transformation we have effected chemically in the crys-
tals. When all three sMMO components are present,
interactions between proteins in the complex might
facilitate reduction of H_, by promoting the carboxylate
shift of Glu243. This possibility is supported by the
observation that, in the presence of substrate, protein B,
and R, the reduction potential of H_, becomes consid-
erably more positive [23]. Thus the carboxylate shift, and
concomitant hydroxide ion extrusion and weakening of
two Fe—O(water) bonds, could provide the thermo-
dynamic driving force to raise the reduction potential in
a manner analogous to the alteration of the potential in
cytochrome P-450 by thiolate binding and a spin state
change [24]. The values of the reduction potentials of
mononuclear Fe(IIl) model compounds become more
positive with more nitrogen and fewer oxygen donor
ligands {25]. In the complete sMMO system, therefore,
protein B binding may facilitate loss of oxygen donor
ligands, like the hydroxo and water bridges, raising the
N:O ratios and increasing the reduction potentials.
Direct evidence that protein B alters the coordination of
the diiron center comes from its ability to affect the
EPR and MCD spectra of the hydroxylase [13,26].

In the MCD study of the M. trichosporium OB3b
hydroxylase [13], protein B appeared to perturb only
one of the Fe atoms. As reported previously [9], two of
the iron-binding helices, E and E of H_, from M. capsu-
latus (Bath) lie exposed on the walls of a canyon at the
center of the protein, where protein B was postulated to

H o H
(@) (.\N /\C:::(.) %F/H 0=<
Nl O\ ne o
o>h‘lI hel b — N \Fe/“"N
2,
1 \‘O\c,o N v _d \ND Fig. 6. Reactions of diiron{ll) centers
°"'C\H O O ) % with dioxygen. (a) Reaction of
T \?/ [Fe(O,CH),(BIPhMe),] with dioxygen
H H [16]. Note the carboxylate shift of
b .0 Glu 238 one of the formate ligands. The
Gz ligand BIPhMe, bis(1-methylimidazol-
o oY 0 2-yl)phenylmethoxymethane, is repre-
ampu AL G 30 o nspsa AP O %o ° sented by N N_ (b) Reaction of the
\ Fez 2y > SR Fe) reduced, diiron(ll)  ribonucleotide
/\o 7\ 204 reductase R2 tein. Gl i id
His 118 His 241 protein. Glutamic aci

residue Glu238 changes from a biden-
tate, bridging ligand to a monodentate,

N terminal ligand upon oxidation. (c)
H
Postulated structural changes accom-
(© Glu24s panying the conversion of H,4 to

H in the reaction with dioxygen.

o Gl o o peroxo o
Glulu\( —o o Glum\( \ o T*?e carbox'ylatte) shift lssnalogglﬁ to
OH, ] 0 that occurring between an .
N4 ‘g‘m, L I ‘re ﬁ“m Although thegperoxide bridge is drawn
His 14 N’k‘b olk’\N His 246 His 14 v \o\ﬂ// ’\ 246 in the p-n':q! binding mode, several
7\[\ y l’ \> 0 Sy other possibilities exist as delineated
N’ Cluism ( \ N G;C“ & \ elsewhere ([3] and K.E. Liu et al,
H ": N unpublished data). Weakly coordinat-

ing water interactions are not shown
(compare Fig. 3a).
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bind [9]. These two helices provide the iron-coordinat-
ing residues His246, Glu243, and Glu209, all of which
coordinate to Fe2. We therefore propose that the Fe
atom affected by protein B is Fe2 and that the ability of
this component to alter the coordination modes of
Glu243 in H 4 and H_, may be transmitted through
helices E and E Co-crystal structures of protein B com-
plexed with the hydroxylase in both redox states are
needed to investigate these hypotheses and to evaluate
the possibility that yet another active site structure
might occur in these complexes.

Differences between the frozen and 4 °C structures of H,,
The oxidized hydroxylase structure presented here
differs from the previously reported [9] 2.2 A, 4 °C
structure in two respects. First, the bidentate bridging
acetate ion has been replaced by a monodentate water
bridge and second, the Fe-Fe distance has changed
from 3.4 A to 3.1 A. We have assigned the monodentate
ligand that replaces the acetate bridge as a water mole-
cule because the Fe—O distances are too long for
hydroxide coordination. Although to our knowledge
there are no (p-aqua)diiron(IIT) complexes, there are
several hydroxo-bridged diiron(Ill) compounds in
which the average Fe—~OH bond length is 1.96 A [27].
The long 2.5 A Fe—O distance and presence of the
nearby acetate ion in H__ presumably raise the pK,
value of the bridging water molecule.

The substitution of a monoatomic bridge for the acetate
bridge was unexpected. The crystal used for the struc-
ture determination was grown under exactly the same
conditions, which included 50 mM NH4OACu in the
crystallization buffer, as crystals used in the 2.2 A struc-
ture determination. Thus, the crystallization conditions
per se probably do not determine the bridge geometry
at the active site. An alternative explanation is that the
addition of 20 % glycerol as a cryosolvent in the syn-
thetic mother liquor affected the diiron center, even
though the crystal was exposed to this solution for less
than 1 min, Finally, the loss of the bridging acetate ion
could be a consequence of the temperature change.
Perhaps one type of coordination is favored at 4 °C
whereas 2 second type of coordination occurs as the
temperature is lowered to —160 °C.

Although it is possible that in vivo the hydroxylase con-
tains an exogenous carboxylate such as formate in the
active site, the new structure offers some insight into the
nature of the resting H__ in the absence of acetate-
containing buffers. With the assignment of the new
monoatomic bridging ligand as a water molecule and the
extra electron density in the hydrophobic cavity as a
noncoordinated acetate ion, the active site charge
remains neutral. The active sites of the ribonucleotide
reductase R2 protein in all of its characterized forms are
also neutral [21], suggesting that charge neutrality may be
a significant feature of these catalytic diiron cores. We
propose that, when no acetate has been introduced, the
structure of H_, will contain two monoatomic bridges,

either one hydroxide ion and one water molecule or two
hydroxide ions. The latter. would maintain charge neu-
trality, as would one methoxide and one hydroxide
bridge, a likely pair during catalytic turnover. In H_4, the
active site is also neutral since the acetate ion and
hydroxide ion are displaced.

The new Fe---Fe distance of 3.1 A in H_, differs signifi-
cantly from the 3.4 A value observed in the 2.2 A, 4 °C
structure. We are confident that this new Fe---Fe distance
of 3.1 A is real and cannot be attributed to experimental
error. The Fe---Fe distances in the two protomers are
3.04 A and 3.14 A, averaging to ~3.1 A, and this agree-
ment supports the conclusion that the difference
between 3.1 A and 3.4 A is greater than experimental
error, Furthermore, the shorter Fe---Fe distance is consis-
tent with the occurrence of two monodentate bridges
and the resulting four-membered Fe(OH)Fe(OH,) ring.
The present structure determination is not the first indi-
cation of such a short Fe:Fe distance in H__. The Fe'--Fe
distance obtained from an analysis of EXAFS spectro-
scopic data for the M. capsulatus (Bath) hydroxylase was
very dependent on the specific model compounds used
to determine fitting parameters [11]. Two Fe'-Fe dis-
tances of 3.0 A and 3.4 A were obtained for samples of
the oxidized and mixed valent hydroxylase depending on
the choice of these parameters. A short Fe---Fe distance
of 3.05 A was also obtained from an analysis of EXAFS
data on the oxidized sMMO hydroxylase from
Methylobacterium CRL-26 [28].

The EXAFS results raise another issue that must be
addressed in analyzing the X-ray structure of the oxi-
dized hydroxylase. In the EXAFS investigations of the M.
capsulatus (Bath) hydroxylase, many of the oxidized
hydroxylase samples were photoreduced to the mixed
valent, Fe(II)Fe(IIl) state in the synchrotron-generated

"X-ray beam [11,29]. Since the X-ray diffraction data

were also collected with synchrotron radiation, it is pos-
sible that photoreduction of the diiron center might have
occcured in crystals of H_ . We believe that the iron
centers in the crystals of H , used for data collection
remained oxidized for two reasons. No trend in Fe—O or
Fe—N distances is apparent that would differentiate Fe(II)
and Fe(lll). In addition, a preliminary single-crystal
EXAFS control experiment revealed no shift in the Fe
K-edge, indicating that no photoreduction occurred (H.
Bufford, A.C.R., B. Hedman, S.J.L. & K.O. Hodgson,
unpublished results).

Mechanistic implications

The details of the present two new structure determina-
tions of the diiron center in the sMMO hydroxylase
help to sharpen our understanding of the reaction cycle
postulated [1,3,8] for the hydroxylation mechanism. In
the first step of this cycle, H_ is converted by the reduc-
tase and in the presence of protein B to H ;. In the next
step, H 4 reacts with dioxygen to form a diiron(III)
peroxo intermediate ([7] and K.E. Liu et al., unpublished
data). The crystal structure suggests where the Fe—O
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bonds in this peroxo species may form, namely, at the
positions trans to the N atoms, as indicated in Fig. 6c. In
the third step, HpemXo is converted to an intermediate
designated Q, which reacts with substrate to form
product. The same sites where iron(IlI)-peroxide bonds
in Hp .., may form also demarcate a likely position for
the oxidized product alcohol to coordinate before proto-
nation and release from the catalytic center. The struc-
ture of H_  supports this hypothesis, since the site in
H, .4 occupied only by the water molecule coordinated
to Fel corresponds to the position of the acetate bridge
in the 2.2 A, 4 °C structure as well as the water bridge in
the frozen crystal structure presented here. Methoxide
ion may occupy this site during the catalytic cycle. The
fact that the dinuclear iron center can breathe, the
Fe--Fe distance changing by ~0.3 A depending on the
nature of exogenous ligand bridge, is also consistent with
the suggestion that a bridging peroxide might occupy
this site in Hroxor

The presence of electron density, tentatively assigned as a
non-coordinated acetate ion in H_, and a noncoordi-
nated water molecule in H_, in the active site cavity
provides additional information of possible relevance to
the catalytic mechanism. The putative acetate ion and
water molecule are located between the labile site on the
diiron center and residue Thr213 and form hydrogen
bonds to this residue and to a coordinated water mole-
cule in both the oxidized and reduced structures (Figs. 1
and 3).The positioning of these species in the active site
cavity indicates how protons might be shuttled to the
diiron center during the reaction cycle. The threonine
residue has been compared [9] to a conserved threonine
residue in cytochrome P450,,,, Which has been sug-
gested by site-directed mutagenesis experiments [30] and
molecular dynamics simulations [31] to supply protons in
the formation of intermediates and products during
the catalytic cycle. When Thr252 is mutated to a non-
hydrogen bonding residue, the reaction is uncoupled,
affording hydrogen peroxide and water rather than
product alcohol. Since Thr213 is hydrogen bonded
through an acetate ion (H_ ) or a water molecule (H, ;)
to the postulated site of chemical reactivity, it too may
function as a proton donor in the hydroxylation mecha-
nism. Alternatively, Thr213 may be involved not only in
proton transfer, but also in triggering changes in the
active site caused by the binding of protein B. Since
Thr213 is housed on the E helix which is located in the
proposed binding domain for protein B [9], this compo-
nent may affect the diiron center by perturbing the
hydrogen bonding network involving Thr213.

Thr213 is one of only two protonated amino acid
residues in the active site cavity, the other being Cys151.
The sulthydryl atom of Cys151 is located 7 A from Fel,
and occupies the same position that the functionally
important tyrosyl radical does in the R2 protein. The
remainder of residues in the active site cavity are
hydrophobic, comprising Ile217, I1e239, Phe236,
Leul10, Phe188, Ala117, Phe192, Leu204, and Gly208.

In H_,, these residues form a pocket around the acetate
ion, as shown in Figure 7, keeping it proximal to the
diiron center. In particular, residues Phe188 and Phe192
serve to ‘clamp’ the acetate ion into the active site, and
may play a similar role in facilitating CH, and O,
binding. The hydroxylase oxidizes a wide variety of
hydrocarbon substrates [32,33], and these phenylalanine
residues may undergo conformational changes in order
to accommodate substrates of varying shapes and sizes.

In conclusion, the structures reported here should help
us to understand the mechanism of hydroxylation by
the sMMO hydroxylase. In the diiron(II) center,
residue Glu243 undergoes a carboxylate shift, resulting
in a new coordination mode not previously observed
in biological diiron centers. The flexibility of this car-
boxylate ligand seems to be important both for the
formation of the diiron(Il) center and probably for
species active in the catalytic cycle. The structure of the
diiron(II) center further reveals open coordination sites
and sites containing readily displaced water molecules,
which are available to bind dioxygen in the formation
of the peroxo intermediate. The diiron(III) center in
the frozen crystal has undergone a significant
rearrangement from what was previously observed at
4 °C, delineating likely sites of intermediate and
product binding as well as the flexibility of the center.
This flexibility, which depends on the type of exoge-
nous ligand bridge, may be an important feature for
the coordination changes that must occur during the
reaction cycle. Finally, an acetate ion and a water mole-
cule, located in the active site cavities of H_ _and H_4,
respectively, demonstrate how the substrate can be held
in place for oxidation, and delineate a possible proton
relay or hydrogen bonding trigger path from Thr213 to
the dinuclear iron centers.

Cys 151
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& ‘ ::Ph'eyl‘?2

Phe 188
Phe 236

.
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Fig. 7. Space-filling representation of the active site cavity in H,
showing some of the hydrophobic residues as well as Thr213.
The acetate ion, shown in magenta (oxygen atom) and gray
(carbon atom), interacts with Thr213. Residues Phe188 and
Phe192 may anchor the acetate ion and other exogenous ligands
in place.
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Significance

Methane oxidation by the sMMO system occurs at
a catalytic dinuclear iron center in the 251 kDa
hydroxylase enzyme. As isolated, the center is in
the diiron(IIl) state (H_,) and is reduced by two
electrons during the first step in the catalytic cycle
to the diiron(Il) state (H_,). This fully reduced
species then reacts with dioxygen to form two
intermediates, a diiron(III) peroxo (Hpemxo) and a
second species, designated Q, of unknown compo-
sition. Q reacts with substrate, methane, to form
product, methanol. A comprehensive understand-
ing of methane oxidation by sMMO is of impor-
tance for several reasons, including the potential
use of the chemistry employed by methanotrophic
bacteria in the bioremediation of contaminated
drinking water and oil spills, and the development
of methods to use natural supplies of methane gas
more efficiently.

Here we present detailed high resolution struc-
tures of the sMMO hydroxylase from M. capsulatus
(Bath) in its diiron(III) and diiron(II) oxidation
states. Data for both structures were collected at
-160 °C. In the H__ structure presented here, a
bridging acetate ligand seen in the 4 °C structure
reported previously [9] is replaced by a
monoatomic water bridge, and the Fe-:-Fe dis-
tance decreases from 3.4 A to 3.1A. In the
diiron(II) center of H_ 4, one of the iron ligands,
Glu243, shifts from the monodentate, terminal
binding mode to Fe2 seen in H, to a mode in
which it serves as a bidentate, chelating ligand to
Fe2 as well as a monodentate bridging ligand
between Fel and Fe2. The structures delineate
possible sites for Fe-O bond formationin H
and Q, and suggest possible roles for Thr2l3 in
proton transfer in the active site cavity.

Materials and methods

Crystal preparation

Crystals of the hydroxylase were prepared as previously
described from solutions containing 25 mM Li,SO,, 50 mM
NH,OAc, and 5 % polyethylene glycol 4 000 in 25 mM 3-
[N-morpholino]propanesulfonic acid (MOPS) buffer, pH 7.0
[34]. Prior to flash-freezing, crystals were transferred briefly to
a synthetic solution with the same composition as the crystal-
lization mother liquor, but with a higher polyethylene glycol
concentration of 20 %. In addition, 20 % glycerol was added
to the solution as a cryosolvent. Crystals were mounted on
loops prepared from synthetic fibers and flash frozen at
—160 °C by using a Precision Cryogenic Systems, Inc. cry-
ocooling system. Crystals to be reduced to the diiron(II) oxi-
dation state were transferred to a degassed synthetic mother
liquor containing 20 % glycerol and equilibrated in an argon
filled glove box for ~1 h. Chemical reduction was carried out
in the glove box by the addition of 6 mM sodium dithionite
and 5 mM methyl viologen, followed by a 75 min incubation.
Crystals were then mounted on loops directly from the reduc-
ing solution and flash-frozen as described above. Frozen crys-

tals were preserved in liquid nitrogen and transported to the
Photon Factory in Tsukuba, Japan and to Stanford
Synchrotron Radiation Laboratory (SSRL), Palo Alto, CA for
data collection.

Data collection and refinement

At the Photon Factory, a frozen native crystal was mounted,
and a high resolution data set was collected by using a modi-
fied Weissenberg camera with imaging plates and an Oxford
cryocooling system. The Rym for the data set is 0.039 to
1.7 A resolution, and the data are 77 % complete at 1.7 A res-
olution. Upon freezing, the unit cell dimensions contracted
from the 4 °C values of 62.6 x 110.1 x 333.5 A [34] to 61.7 x
109.6 x 330.2 A.The structure was refined by using X-PLOR
[35] with the 2.2 A, 4 °C structure [9] as a starting model, and
the program O [36] was used for all model building. The final
R-value is 0.183 to 1.7 A resolution, and the model contains
the same amino acid residues as the 2.2 A resolution model in
addition to 1487 water molecules. The root-mean square
(rms) deviations from ideal geometry are 0.010 A for bond
distances and 1.51° for bond angles, and > 99 % of the amino
acid residues fall within allowed regions of a Ramachandran
plot [37]. The average error of the atomic coordinates in the
refined model was estimated by a Luzzati plot [38] to be
~0.20 A. Details of the overall structure at 1.7 A resolution
will be presented elsewhere.

A high resolution data set was collected on a frozen reduced
crystal at SSRL beamline 7-1 by using a Mar research
imaging plate detector (diameter 300 mm) equipped with a
2theta vertical lift and a modified Siemens LT1 cryocooling
system.The R for the data set is 0.070 to 1.7 A resolution.
The data are 85 % complete to 2.3 A, and 30 % complete
between 2.3 and 1.7 A. The lack of completeness at higher
resolution is not due to weaker diffraction (the R, in the
1.7 A resolution shell is 0.086), but to an imperfect data col-
lection strategy with the 2theta lift. The structure was refined
by using X-PLOR [35] with the 1.7 A frozen native struc-
ture as a starting model. The final R-value is 0.198 to 1.7 A
resolution, with the inclusion of 986 water molecules, and the
rms deviations are 0.012 A from ideal bond distances and
1.57° from ideal bond angles, with > 99 % of the amino acid
residues falling within allowed regions of a Ramachandran
plot. According to a Luzzati plot, the error in the refined
coordinates is ~0.25 A.
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