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X-ray Crystal Structure of Alcohol Products Bound In the present work, we crystallized MMOH froM. capsu-
at the Active Site of Soluble Methane latus (Bath) in the orthorhombic crystal form having unit cell
Monooxygenase Hydroxylase dimensionsa = 72 A, b = 172 A, andc = 222 A by a

modificatiort* of the procedure previously reporte@he crystals
were then soaked in stabilizing cryosolutions containing the
mother liquor with 10% PEG 8000, 20% glycerol, and either 1.0
M methanol or 0.9 M ethanol. X-ray diffraction data were
collected at 100 K on beamline 9-1 at the Stanford Synchrotron
Radiation Laboratory. The X-ray data were scaled and merged
using the HKL suite of progranmi$,and structures were refined
Receied August 25, 2000  using CNS!®!" Interactive model building was done with ‘©.
The structures of the methanol- and ethanol-containing MMOH
Methane monooxygenases oxidize methane to methanol inresemble closely that of native, oxidized MMOH. Significant
bacteria that consume GHas their sole source of carbon and differences occur only at the active site in one of the two
energy* The soluble methane monooxygenase (MMO) from the protomers of the dimeric enzyme and for the conformations of
methanotrophic bacteriuMethylococcus capsulatBath) com- selected surface residues, which were less well defined in the
prises three protein components. Carboxylate-bridged dinuclearalcohol-treated protein structures. Changes at the active site in
iron centers, housed at active sites in the dimeric 251-kDa the methanol-soaked crystals appeared as distinct difference
hydroxylase (MMOH) enzyme, activate dioxygen for subsequent Fourier electron density at a position bridging the two iron atoms
oxidation of methané? The structure of MMOH is known in in one protomer (Figure 1b), the same site occupied by bridging
two crystal forms from two organisri$ in both its oxidized and water in the low temperatuid. capsulatugBath) structuré.The
reduced stateSSeveral solvent-occupied coordination positions  difference electron density between the iron atoms in the ethanol-
at the active site are available for substrate or product binding, treated crystals was correspondingly larger (Figure 1c).
but to date no geometric information exists for such bound  we considered the possibility that the electron density attributed
molecules. We report here X-ray crystal structures of MMOH  to methanol and ethanol might be an alternative arrangement of
from M. capsulatus(Bath) with methanol or ethanol bound at  solvent at the active site. Modeling water in place of methanol
the dinuclear iron center. resulted in unreasonably long £© bonds of 2.6 and 2.7 A and
MMOH has been extensively studied by various spectroscopic |eft residual electron density in difference Fourier maps. Modeling
techniques, many of which have been used to probe the bindingof a single water molecule in the bridging position of the ethanol
of small molecule substrates, inhibitors, and products at the active structure also failed to account for all of the observed electron
site. The binding of phenol, the product of benzene hydroxylation density, and introduction of two water molecules led to a refined
by the enzyme, to the oxidized diiron(lll) center was identified separation of 2.3 A, clearly too close to be realistic. Moreover,
on the basis of spectroscopic dét&vidence fortrans-1,2- when methanol or ethanol were introduced, they both refined to
dichloroethylene and tetrachloroethylene binding to the diiron(ll) reasonable positions with respect to the iron atoms, the electron
center in reduced MMOH in the presence of the coupling protein density was adequately accounted for, and Bhéactors were
B was obtained by variable temperature/variable field circular good.B-values of~45 and~47 A2 for the methanol and ethanol,
dichroism and magnetic circular dichroism spectroscdplgctron respectively, were in accord with tivalues of 46-48 A2 for
nuclear double resonance (ENDOR) spectroscopic evidence alsahe carboxylate moieties of Glu209 and Glu243. Ordered water
demonstrated that DMSO, acetate, and methanol bind to themolecules in the active site of the native, oxidized structure had
mixed-valent Fe(ll)Fe(lll) form of MMOH?1 ENDOR spec-  B-values of 36-45 A2.14 Figure 2 gives the geometries of alcohol
troscopy revealed that the mixed-valent diiron center can simul- binding at the active sit.
taneously accommodate DMSO, methanol, and a water molecule  The observation of bound product in only one of the two
in addition to amino acid side-chain ligands that are always protomers in the MMOH dimer is consistent with prior results
present. The only spectroscopic evidence for methanol and ethanoFrom EPR experiments on the cryoreduced enz{fidethanol
binding to theoxidizeddiiron(lll) center comes from EPR spectra  hinds to all diiron(lll) centers, but in two major forms that are
of protein that was reduced byirradiation at 77 K to produce  distinguished by EPR in the frozen, one-electron reduced MMOH.
mixed-valent Fe(ll)Fe(lll) centers that maintained the geometry The absence of methanol in one of the protomers as revealed by
of the diiron(lll) state*>** Dramatic perturbations in the EPR  the present X-ray diffraction work may reflect restricted access
spectra upon addition of methanol and ethanol strongly indicate in the crystalline state or that methanol in one of the protomers

ligation of the alcohols to the diiron(lll) active site, a conclusion s petter ordered. Multiple populations of the diiron centers in
supported for ethanol by ENDOR spectroscépy.
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Figure 2. (A) Refined MMOH active site structure from the methanol-
soaked crystals. Distances are labeled in A. Dashed lines represent
hydrogen bonds between Glul14 and the terminal water molecule (2.6

c A) and between Glu243 and theOH (2.6 A). The Fe-Fe distance is

Glu209 3.0 A. (B) Refined MMOH active-site structure from the ethanol-soaked

. crystals. Distances are labeled in A. The dashed lines represent hydrogen
bonds from Glu114 to the terminal water molecule (2.5 A) and Glu243
to theu-OH (2.8 A), as well as the weak interaction between the oxygen
atom of ethanol and Fe2 (2.6 A). The-F&e distance is 3.1 A.

In contrast, the ethanol-binding mode is asymmetric and
resembles that of a terminal water molecule found in previous
high-resolution structures of reduced MMGHhe observed bond

Figure 1. Stereoview of the active site of MMOH in the (a) native,  Gistance of 2.2 A to Fel is in agreement with values for iron
oxidized (see ref 14), (b) methanol-soaked or (c) ethanol-soaked structures, S . .
Electron density for the bridging species is depicted from boff2#| coordination complexes that have terminal ethanol ligands,

— |Fol| map (blue, 1.2 contour) and anFo| — |Fe] map (orange, d although an ethoxide ligand would provide charge neutrality and
contour in a and b, @ contour in c). The electron density in-a is cannot be ruled out.
assigned respectively as hydroxide (with a tightly associated water The observed binding sites for the alcohols in these structure
r_nolecul_e), methoxide,. and ethanpl. The maps were calc_ulat.ed from_thedeterminations suggest that this position may be the point of
g?siglrtegl?:: mggzg&’:’;g‘st&e nﬁsg\?eccljes'l'?lgc\bji?\:\lﬂg t;‘sv\fr?‘t)r:g'ﬂngiloencfo‘is't'o” product release in the catalytic mechanism. They further reinforce
: : a finding of the DFT calculations that there is a strong preference
for water to remain bound as a terminal ligand to Fel throughout
the catalytic cyclé? In both of the present structures this water
is clearly defined and hydrogen-bonded to Glul14 (Figure 2).
Finally, the discovery of a bridging methanol is consistent with
hydroxylation of methane by the gi{foxo)diiron(IV) intermediate

Glul44 §

MMOH have also been observed in "kbauer and X-ray
absorption spectroscopic experimeftd, and X-ray crystal-
lographic differences between the active sites in the two protomers
of MMOH were reported previously.

Comparison of the methanol- and ethanol-binding modes . . S . .
reveals one notable difference. Whereas ethanol binds stronglyQ n th_e catalytic cycle at a bridging oxo group, with th'.s atom
to Fel and weakly to Fe2, methanol occupies a bridging position P8cOmMing the methanol oxygen atom. This conclusion was
symmetrically disposed between the two iron atoms. The 2.1 A reqched by_ recent DFT model studies of the methane hydroxy-
distances from each iron to the bridging oxygen atom and the lation reactiorf*
symmetric nature of the bridge suggest that the ligand is
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