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Abstract: The oxidation of methane to methanol is performed at carboxylate-bridged dinuclear iron centers in
the soluble methane monooxygenase hydroxylase (MMOH). Previous structural studies of MMOH, and the
related R2 subunit of ribonucleotide reductase, have demonstrated the occurrence of carboxylate shifts involving
glutamate residues that ligate the catalytic iron atoms. These shifts are thought to have important mechanistic
implications. Recent kinetic and theoretical studies have also emphasized the importance of hydrogen bonding
and pH effects at the active site. We report here crystal structures of MMOHNtethylococcus capsulatus

(Bath) in the diiron(ll), diiron(lll), and mixed-valent Fe(ll)Fe(lll) oxidation states, and at pH values of 6.2,
7.0, and 8.5. These structures were investigated in an effort to delineate the range of possible motions at the
MMOH active site and to identify hydrogen-bonding interactions that may be important in understanding
catalysis by the enzyme. Our results present the first view of the diiron center in the mixed-valent state, and
they indicate an increased lability for ferrous ions in the enzyme. Alternate conformations of Asn214 near the
active site according to redox state and a distortion in one oftthelices adjacent to the metal center in the
diiron(ll) state have also been identified. These changes alter the surface of the protein in the vicinity of the
catalytic core and may have implications for small-molecule accessibility to the active site and for protein
component interactions in the methane monooxygenase system. Collectively, these results help to explain
previous spectroscopic observations and provide new insight into catalysis by the enzyme.

Introduction

Proteins containing carboxylate-bridged dinuclear iron centers
are members of a select class of metalloenzymes capable of
activating dioxygen for subsequent oxidation chemistry. The
best-studied members of this group of enzymes are the soluble
methane monooxygenase hydroxylase (MMOH), which oxidizes
methane to methanol, the R2 subunit of class | ribonucleotide
reductases (RNR-R2), which generates a tyrosyl radical essential
for the reduction of ribonucleotides to deoxyribonucleotides in
DNA biosynthesis, and the stearoyl acyl carrier protAi®
desaturaseA9-ACP), which introduces a double bond into
saturated fatty acids:® Whereas the chemistry performed by
these enzymes and their overall structures differ markedly, their
active sites are strikingly simild® Each diiron center is located The oxygen-rich coordination environment in MMOH, as well
in a 4-helix pundle oix-helipes (Figure 1) cqntained withina o< 'in RNR-R2 andA9-ACP, is thought to be importémt for
larger protein structure. Ligands are provided by the 2-fold ¢ tormation of high-valent iron intermediates in the catalytic
repeat of a motif containing a single aspartic or glutamic acid ¢y e of these enzymes. Spectroscopic evidence exists for the
on one h_elix followed by a glutamic acid gnd a_histidi_ne formation of a diiron(IV) intermediate in MMOH; ! and an
arranged in an EX—X—H sequence on the neighboring helix. g yFe(1v) intermediate has been demonstrated in RNRZR2.

The remainder of the coordination sphere is filled by solvent- Ag.acp may also form a high-valent intermediate in its catalytic
derived oxo, hydroxo, or aqua ligands. This structural assembly

has been nicely reduced to a minimalist set of key relations in  (6) Lombardi, A.; Summa, C. M.; Geremia, S.; Randaccio, L.; Pavone,

Figure 1. Four-helix bundle containing two repeats of a BAEEXXH
amino acid motif that serve as ligands for dinuclear iron active sites.
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Figure 2. Dinuclear iron active sites i. capsulatugBath) MMOH from previously published structures (see refs 32 and 33). Amino acid
ligands are labeled and the FEe separations are given. The carboxylate shifts in Glu243 are apparent.

cycle!® Moreover, spectroscopic results indicate that there are system from Methylosinus trichosporiumOB3b2°3° Each
many similarities between the reaction cycle intermediates of MMOH structure has been solved in two crystal forf#3tand

these enzymes. For example, the diiron(ll) forms of MMOH,
A9-ACP, and D84E RNR-R2 react with dioxygen to form
diiron(lll) peroxo intermediates that display very similar
Mdossbauer parametetd?14.15n addition, the diiron(IV) inter-

mediate Q in MMOH can be reduced by one electron at 77 K
to yield an Fe(lll)Fe(lV) species that closely resembles the

Fe(lll)Fe(lV) intermediate X of RNR-R2® Despite these

crystals of one form of MMOH from th&l. capsulatugBath)
system have been investigated in both the oxidized and reduced
states’? A third variation of theM. capsulatugBath) MMOH
structure was observed in crystals soaked in a 10% DMSO
solution prior to data collectiof® A comparison of the dinuclear
iron active sites in all of the known structures from the two
organisms reveals alternate orientations for several side chains

similarities, there are chemical differences among the systems,at the active site, including Leu110, Asn214, and Glu243, which
and a major goal in this field is to determine how the protein serves as a ligand to iron (Figure 2)A range of Fe-Fe

controls reactivity at the active site.

separations from 3.0 to 3.7 A is also apparent.

In the soluble methane monooxygenase system (SMMO) from  The shifts observed in the conformation of Glu243 are

the methanotrophic bacteriuktethylococcus capsulat{Bath),

illustrative of a concept known as the carboxylate shift, a

MMOH acts in concert with two other proteins, a reductase phenomenon that takes advantage of the multiple possibilities

(MMOR) and a coupling protein (MMOB), to catalyze the

for carboxylate ligation to dimetallic cente¥sCarboxylate shifts

oxidation of methane to methanol. MMOH is a large, 251-kDa jn the active site of MMOH are thought to be important in

protein that exists as amyf2y, homodimer. The catalytically

controlling the number of open coordination sites and in

active, carboxylate-bridged dinuclear iron centers are housedaccommodating a range of F&e distances during catalysis.

in the oo subunits. The reductase uses its FAD andSke

Similar carboxylate shifts have also been observed in the RNR-

cofactors to shuttle electrons from NADH to the dinuclear iron R2 active site when comparing oxidized and reduced structures

active site!”.18 MMOB alters reduction potentials at the diiron

of the native and D84E mutasrifsand in the reduced, azide-

center, aids in substrate access to the active site, and couplepound F208A/Y122F mutaif.Recent density functional theory

the system to perform monooxygenase chemi$tr3f Efficient
catalysis requires all three components.

The structures of MMOH and MMOB are known for both
the M. capsulatugBath) systerff-?6and the other well-studied
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(18) Lund, J.; Woodland, M. P.; Dalton, I&ur. J. Biochem1985 147,
297—-305.

(19) Paulsen, K. E.; Liu, Y.; Fox, B. G.; Lipscomb, J. D.;"Nuk, E.;
Stankovich, M. T.Biochemistryl994 33, 713-722.

(20) Liu, K. E.; Lippard, S. JJ. Biol. Chem1991, 266, 12836-12839,
24859.

(21) Liu, Y.; Nesheim, J. C.; Lee, S.-K.; Lipscomb, J.DBiol. Chem.
1995 270, 24662-24665.

(22) Davydov, R.; Valentine, A. M.; Komar-Panicucci, S.; Hoffman, B.
M.; Lippard, S. JBiochemistryl999 38, 4188-4197.

(23) Pulver, S. C.; Froland, W. A.; Lipscomb, J. D.; Solomon, El.I.
Am. Chem. Sod 997, 119 387-395.

(24) Green, J.; Dalton, Hl. Biol. Chem.1985 260, 15795-15801.
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(DFT) calculations on the MMOH active site also support the
conclusion that carboxylate shifts are important for cataRfsis.
In addition, the DFT calculations emphasize the role of the
carboxylate oxygen atoms in forming important hydrogen bonds
to mediate close oxygeroxygen contacts in the oxygen-rich
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coordination sphere of MMOH and, by implication, related the mediators phenazine methosulfate, methylene blue, and potassium
diiron enzymes. Since all of the reactions catalyzed by this indigotetrasulfonate at a 2Q@M concentration, and the protein was
family of enzymes require the efficient handling of protons, reduced by addition of dithionite as described previ_oﬂféTMne sample
identification of the means by which they do so is of consider- was equilibrated for 45 mln.at°43 and then brought into the anaerqblc .
able importance. Experimental results from pH studies of the chamber where the dithionite and mediators were removed by dialysis

L o . in deaerated 25 mM MOPS, pH 7.0, buffer. Reduced MMOH was
MM.OH_r.eactlon lllustrate the sensitivity of the reactions to the prepared in a similar fashion, except that a stoichiometric amount of
availability of protons®®

" ) ) methyl viologen was used in place of the other mediators. The methyl
In an effort to define further the range of motions possible viologen and dithionite were similarly removed by dialysis under
for glutamate ligands at the MMOH active site, to delineate anaerobic conditions. Stock solutions of 30% PEG 8000 and 2.0 M

the positions of important hydrogen-bonding partners, and to CaCk for use in crystallization trials were made anaerobic by placing
gain insight into how the protein structure promotesHChond a weighed qua_ntity of the solid compound _in a glass bottle, which was
activation in this enzyme, we determined crystal structures of then sealed with a rubber septum. The air was removed by repeated
crystal form Il MMOH in the oxidized (lg), mixed-valent vacuum and back-filling with argon. An appropriate amount of
(Hmy), and reduced () states, as well as at pH values of 6.2 degassed, distilled, deionized water (Millipore) was then added to these
: A -~ samples in the anaerobic chamber to create the stock solution. The 1.0
7.0, and 8.5. The mixed-valent Fe(l)Fe(lll) "J?”d redgced M MOPS, pH 7.0, stock solution was made in air and degassed with
Fe(IFe(ll) forms were prepared both by soaking oxidized H,0-saturated argon.
crystals in the appropriate mediator solutions as well as by . - . .
- . . Crystal Soaking. Oxidized crystals were brought into the anaerobic
growing crystals of MMOH under anaerobic conditions. The

. . . . chamber and placed in 500 of a cryosolution (25% glycerol, 10%
results provide novel views of the active-site structure and allow pgg 8000, 50 mm MOPS, pH 7.0, 200 mM CalCtontaining 200

us to identify additional hydrogen-bonding interactions that may ,,m phenazine methosulfate, methylene blue, and potassium indigotet-
be important during catalysis. The new findings are interpreted rasulfonate. The mediators were reduced by addition @if 4f ~0.5
in light of previous spectroscopic results with MMOH, and in M dithionite, and crystals were soaked in this solution to convert them

comparison to other diiron-containing enzymes. to the mixed-valent state. They were then packed in capillary tubes
with excess solution, sealed, and transported to the Stanford Synchrotron
Experimental Section Radiation Laboratory (SSRL). To mount the crystals, the capillaries
. . o ) were opened, and the crystals were quickly transferred to rayon loops
Protein Isolation and Purification. MMOH was isolated fronmM. and flash-frozen in the nitrogen stream-at65 °C. The cryosolution

capsulatus(Bath) cells grown by fermentation in 15 L batches, and ysed for transporting and mounting the crystals contained the mediators
purified as described previousl§ Protein purity was established by tg ensure that the protein stayed in the desired redox state and did not
denaturing polyacrylamide gel electrophoresis. Purified MMOH was  gyidize back to the diiron(lll) form. The solution maintained a yellow
exchanged into 25 mNN-morpholinopropane sulfonic acid (MOPS),  ¢olor throughout transport and mounting, indicating that it did not
pH 7.0, containing 5% (v/v) glycerol and concentrated=60 uM reoxidize. The total soaking time was 19 h. The preparation of reduced
(Centriprep or Centricon, Amicon) for subsequent use in crystallization crystals by soaking followed a similar protocol, except that the
trials. The sp_ecific acti_vity and iron content of MMOH were in the cryosolution contained 2Q@M of methyl viologen reduced by addition
ranges described previousky!>43 of 4 uL of ~0.5 M dithionite. The crystals were soaked foh in this
Protein Crystallization. MMOH crystals in space group2:2:2; solution and then flash-frozen in a cold nitrogen stream at MIT. The
having unit cell dimensiona = 72 A, b = 172 A, andc = 222 A frozen crystals were shipped to the Structural Biology Center (SBC)
were grown at room temperature by a modification of the published at the Advanced Photon Source at Argonne National Laboratories.
conditions® The asymmetric unit houses one complete MMOH dimer. 1 ooy states of the crystals were assigned on the basis of the
The well solutions of the hanging drop crystallization trays contained known behavior of MMOH treated with solutions of dithionite and the
6% (w/w) poly(ethylene glycol). (PEG). 8000, 50 mM MOPS’ pH 7.0, mediators listed above. All of the crystal manipulations for reduced
200 mM CaCj, and 0.01% sodium azide. Drops consisted p.3of states of the enzyme were performed under anaerobic conditions, and

ao omM '\ng()Hi_1'?/flz_ty0fp550(0;/o§oa(t)léra;%% 1,'1\2)-&%:Sgediaic7aoci(iégl the soaking experiments contained mediators, the visible colors of which
20), and 1.5.L o y ! m » PR 7D, could be used to verify the reduced nature of the solution. An attempt

0 . : k : ( _
”?M CaCband O'QZA) sodium azide. T.O ensure the f°fma“°’_‘ oflarge, 15 optain a single crystal EPR spectrum of the mixed-valent crystals
single crystals s_wtable for data collection, the drops were_mlcroseededwas not successful. Combinations of X-ray absorption spectroscopic
after 2 days. Microseed stock was prepared by harvesting all of the and X-ray diffraction experiments are planned as an independent

crystals out of one drop from a previous plate into a stabilizing buffer o »\,re o oxidation state. The observed active site structural rear-
consisting of 10% PEG 8000, 50 mM MOP.S‘ pH 7.0, a_nd 220 mM rangements (see Results), especially those of the reduced state which
CaCh. The crystals were yv_ashed by successive transfer_lnto three 500are analogous to previous structural results with MMOH and with

uL volumes of the stabilizing buffer and then crushed in 1.0 mL of 1 ts of RNR-R2, argue in favor of the assigned redox state changes.

stabilizing buffer in a 2.0 mL glass homogenizer. A-i@ilution of . ) .
this “seed stock” was made, and QiZ of this solution was used to To investigate the effects of pH, oxidized crystals were harvested
seed the new trays. Large si’ngle crystals (03.3 x 0.4 mm) suitable and transferred into 500L of a stabilizing solution containing either
for data collection .appear‘ed inZ days ' ' 0.1 M PIPES, pH 6.2, or 0.1 M Tris, pH 8.5, in place of MOPS, pH
MMOH in the mixed-valent Fe(IlFe(lll) and reduced diron() states % After tsr?akm% °‘.’tem'9ht’ Ehe crystals were then mounted and flash-
was crystallized by using the same conditions in &G4anaerobic rozenin the cg nl.roger? stream. )
chamber (Coy). To prepare mixed-valent MMOH, a t&5sample of Data Collection. Diffraction data were collected either at SSRL on
200 uM protein was made anaerobic byl5 cycles of vacuum beamline 9-1, or on beamline 19-ID of the SBC at the Advanced Photon
evacuation followed by back-filling with argon. This solution contained Source of Argonne National Laboratories. At SSRL, diffraction data
were collected at-165 °C and recorded on a Mar 345 imaging plate
(39) Lee, S.-K.; Lipscomb, J. CBiochemistry1999 38, 4423-4432. detector. The diffraction data from the SBC were collected on an
(40) Dewitt, J. G.; Bentsen, J. G.; Rosenzweig, A. C.; Hedman, B.; Ejectronic Computing Technologies:33 CCD detector from crystals

Green, J.; Pilkington, S.; Papaefthymiou, G. C.; Dalton, H.; Hodgson, K. . : .
O.: Lippard, S. JJ. Am. Chem. Sod991 113 92199235, frozen at 100 K. All data were indexed and scaled using the HKL suite

(41) Willems, J.-P.; Valentine, A. M.; Gurbiel, R.; Lippard, S. J.; ©Of programs® Data collection statistics appear in Table 1.
Hoffman, B. M.J. Am. Chem. S0d.998 120, 9410-9416.

(42) Valentine, A. M.; LeTadic-Biadatti, M.-H.; Toy, P. H.; Newcomb, (44) DeRose, V. J.; Liu, K. E.; Kurtz, D. M., Jr.; Hoffman, B. M.;
M.; Lippard, S. JJ. Biol. Chem.1999 274, 10771-10776. Lippard, S. JJ. Am. Chem. Sod993 115 6440-6441.

(43) Coufal, D. E.; Tavares, P.; Pereira, A. S.; Hyunh, B. H.; Lippard, (45) Otwinowski, Z.; Minor, W.Methods Enzymol1997, 276 307—
S. J.Biochemistry1l999 38, 4504-4513. 326.
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Table 1. Data Collection Statistics

Hox Hm-soak Hn-grown Hersoak Hecgrown Hoe.2 Hphs.s

X-ray source SSRL SSRL SSRL SBC/APS SSRL SSRL SSRL
wavelength (A) 0.980 0.970 1.08 1.033 0.980 0.980 1.08
temperture (K) 98 108 98 100 93 98 98
space group P2:2121 P2:2,2, P2:212:1 P2:2121 P2,2:2¢ P2,2:2¢ P212:21
cell dimension%

a(h) 71.4 71.4 71.4 71.3 71.2 71.4 70.9

b (A) 172.0 171.9 171.7 171.7 171.6 172.1 171.5

c(A) 221.4 2215 2215 221.6 220.5 221.4 221.7
resolution (A) 30-1.96 30-2.15 50-2.07 30-2.15 50-2.40 30-2.03 30-2.38
total observations 1,641,424 1,442,213 1,736,424 2,132,118 907,358 1,834,988 820,337
unique reflections 194,787 148,446 165,782 145,320 104,366 175,589 103,150
Reym (%0)P¢ 6.7 (36.2) 6.2 (36.0) 8.2 (45.1) 5.1(24.1) 9.0 (47.0) 6.0 (34.9) 8.4 (50.3)
lo(1)e 17.3 (4.0) 19.3 (4.7) 13.7 (3.0) 21.3(3.8) 12.5(2.0) 18.9 (4.7) 11.6 (2.4)
completeness (%) 99.5 (96.7) 99.8 (99.4) 99.5 (98.8) 98.1 (92.2) 97.9 (97.3) 99.5 (98.3) 91.5(80.2)

2The asymmetric unit comprises one full MMOH diméNalues in parentheses are for the highest resolution siélg, = =|I — V=,
wherel is the observed intensity anillis the average intensity over all observations of symmetry-related reflections.

Table 2. Data Refinement Statistics

Hox Hmy-soak Hn,-grown Heasoak Heargrown Hhre 2 Hprs.s

resolution range (A) 3061.96 30-2.15 30-2.07 30-2.15 30-2.40 30-2.03 30-2.38
no. reflections used 182,142 141,121 155,856 138,571 95,134 163,784 91,661
Rerysf 0.200 0.192 0.193 0.189 0.218 0.196 0.223
Ryed 0.234 0.229 0.230 0.230 0.253 0.228 0.256
No. of protein atoms 17,502 17,497 17,509 17,509 17.478 17,511 17,494
No. of water molecules 1341 1161 1343 1232 527 1262 474
rms deviations

bond lengths (A) 0.005 0.005 0.005 0.006 0.007 0.005 0.007

bond angles (deg) 1.16 1.15 1.16 1.16 1.23 1.17 1.23
meanB-value (&) (all atoms) 30.4 34.4 30.2 33.0 44.6 32.2 43.9
Luzzati coord. error (A) (overall) 0.29 0.24 0.23 0.24 0.32 0.24 0.34
PDB code 1Fz1 1Fz2 1FZ0 1FYZ 1FZ5 1FZ3 1Fz4

2 Reryst = =|Fobs — Feald/ZFobs WhereFqnsandFqqc are the observed and calculated structure factor amplitudes, respectiRglywas calculated
from a randomly chosen subset of 3.5% of the reflections.

Data Refinement.Refinement of all structures was performed with ~ density near the active sites. Throughout the refinements, the entire
CNS#6 Manual rebuilding and structure manipulations were done in  MMOH protein was refined as a single entity. Non-crystallographic
0.7 Initial phases obtained from the oxidized MMOH crystal form Il symmetry (NCS) restraints were not applied in order to obtain two
structure with all solvent removed were used as a starting model for independent views of the dinuclear iron active sites, except in the case

rigid body refinement in CN$! The Reyst and Riee factors would
typically drop to~26% after this stepRqee Was calculated from a test
set of 3.5% of the reflectior’§.For refinements of mixed-valent and
reduced MMOH, Glu243 was assigned as an Ala residue in the initial
model to prevent bias in the positioning of its carboxylate side chain.
Rigid body refinement was followed by group8efactor refinement.

of the two lower-resolution structures, MMOH grown from reduced
enzyme and MMOH soaked at pH 8.5. In these two structures, weak
NCS restraints were applied between protomers during positional but
not duringB-factor refinement. The amino acids at the active site were
not included in the NCS restraints. This refinement protocol resulted
in cleaner electron density maps, a lower valué&gg, and a smaller

The models were then checked, and any necessary adjustments werseparation betwedR andRqee The accuracy of the protein model was
made manually. Simulated-annealing refinements (3000 K) to remove assessed by using PROCHEEKThe calculated Luzzati coordinate
previous model bias and individu@-factor refinements were then  errors for each structure and the refinement statistics appear in Table
performed. After an additional manual inspection and rebuilding stage, 2.

the models were subjected to a round of positional and individual

B-factor refinement followed by an automated peak-picking routine to Results

locate putative water molecules. Only peak3.0 ¢ in the difference )

Fourier maps located between 2.5 and 3.3 A from the protein backbone ~Novel Aspects of the Overall Structure.In comparison to

and havingB-factors <60 A2 were written to a file. These peaks were the previous structures of MMOH frofd. capsulatugBath),

then inspected manually in O, and any peaks not having correspondingthe current series of structures has the same largéiglical
electron density in th¢2|Fond — |Fead| maps (1o contour) or lacking azB2y2 fold with overall dimensions of 60« 100 x 120 A

any obvious hydrogen-bonding partners were deleted. The models were(Figure 3). Additional amino acids at the termini of each subunit
subjected to additional cycles of positional and individ8afactor were identified, however, allowing the assignment of one
refinement followed by water picking in an iterative fashion. Typically additional key element of secondary structure. Residues Arg162
4-5 rounds were required to account for the water peaks. Once athrough GIn167 in the-subunits form g-strand that interacts

complete model was obtained, a final round of refinements was run, ,. - . . .
and the active sites were examined. Simulated annealing difference(In an antiparallel fashion) with residues Glu440 through Leu436

omit maps were calculated, as necessary, to check features of electrof the a-subunit to form g3-sheet. This secondary structural
feature between subunits is the only one of its type, other than

the numerous helixhelix packing interactions found throughout
the protein. The completg-subunit sequence and residues
Asnl17 through the C-terminal Asn527 of thesubunit were

(46) Bringer, A. T.; Adams, P. D.; Clore, G. M.; DeLano, W. L.; Gros,
P.; Grosse-Kunstleve, R. W.; Jiang, J.-S.; Kuszewski, J.; Nilges, M.; Pannu,
N. S.; Read, R. J.; Rice, L. M.; Simonson, T.; Warren, G.Acta
Crystallogr. D1998 54, 905-921.

(47) Jones, T. A.; Zou, J.-Y.; Cowan, S. W.; Kjeldgaard, Kcta
Crystallogr. A1991 47, 110-119.

(48) Bringer, A. T.Nature 1992 355 472-475.

(49) Laskowski, R. A.; MacArthur, M. W.; Moss, D. S.; Thornton, J.
M. J. Appl. Crystallogr.1993 26, 283-291.
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protomer 1

Glu243

H,O0 formate

Figure 3. Structure of MMOH from M. capsulatus(Bath). The
o-subunits are depicted in blue, thesubunits in green, and the
y-subunits in orange. The iron atoms and calcium atoms appear as red
and cyan spheres, respectively. The ngstrand is apparent at the
interface of theo- andy-subunits.

also observed. No electron density was visible for the 16
N-terminal a.-subunit amino acids.

Significant electron density in the difference Fourier maps
appeared adjacent to surface carboxylate oxygen atoms. Four
such features were observed and modeled as hydrated calcium
ions, on the basis of the fact that 200 MM Ca@és present in
the crystallization buffer. All four sites aid in stabilizing the
packing of symmetry-related molecules in the crystal. Views
of these interactions are presented in Figure S1 (Supporting
Information).

Oxidized Active-Site Structure. The active-site structures
in the 1.96 A resolution map of oxidized MMOH are depicted
schematically in Figure 4. Since the two halves of the dimer
are not related by crystallographic symmetry, there are two
|ndepende_nt_V|ews of the strgcture. The tV\_’O halves Of_ the dimer Figure 4. Active-site structure in each protomer of the oxidized
are very S_'m'lar’ hO_We_VE'r' with the exception c_)f certain surface MmMOoH structure. Distances (A) are as labeled. Dashed lines indicate
residues involved in intermolecular packing interactions, and hydrogen bonding or weakly bonding interactions. The Fe distances
the geometries of the crystallographically independent diiron are 3.2 A in both protomers, and the distance from the Glu243 to the
centers in these protomers are internally consistent. Glul44-OH moiety is 2.4 and 2.5 A in protomefisand 2, respectively.
supplies a semi-bridging carboxylate group linking the iron »
atoms with a tighter bond to Fel than to Fe2, as seen in previous Thr213"
structure determinatiorf8:32 The Fe-His bonds are all 2.2 A,
but the two imidazole rings are not coplanar. Instead they are
canted relative to one another at a dihedral angle ¢f 19
Residues Glul14, Glu209, and Glu243 all contribute mono-
dentate carboxylate groups. The terminal water molecule bound
weakly to Fel is held in place by a hydrogen bond to the
dangling oxygen atom of Glul14. Electron density consistent
with a monodentate bridge proximal to the His residues was
modeled as a hydroxide ion. This assignment was the same as =
that in all previous MMOH structure determinations and is Figure 5. Stereoview of the observed feature of electron density located
consistent with spectroscopic studies of the enzWéThe between the two iron atoms in one protomer of the oxidized structure.
second oxygen atom of Glu243 forms a tight hydrogen bond to Electron density from a _simulated_annealing omit di_fference map (3
this «-OH~ group, fixing the carboxylate in place and rendering ;:_ontour) surrounds the Il_gand assigned as formate in the center of the
it unable to form the hydrogen bond to the terminal water '9ure and electron density from2Fod — [Fead| map (I) surrounds

. Py . the remainder of the structure. The iron atoms are depicted by large
molecule on Eel observed previousty: ,Th's .fea.ture ,'S the black spheres and the terminally bound water molecule by a small black
first notable difference between the active site in this crystal sphere.
form and that in crystal form | and in thil. trichosporium
OB3b MMOH structure. the Thr213 residue poised at the top of the active site cavity

The second notable difference involves the nature of the (Figure 5). Au-OH™ group and a water molecule, or two water
bridging species located distal to the two histidines. In the molecules, were introduced to model this electron density in
previous structures, this bridging position was occupied either both protomers. In one protomer, their refined positions placed
by acetate,u-OH,, or u-OH™.27:2932 The electron density  one of them bridging the two iron atoms at distances of 2.7
observed in the present structure cannot be adequately explainednd 2.8 A, with the second hydrogen-bonded to the first at a
by any of these chemical entities. We observe a feature thatdistance of 2.5 A (Figure 6). The two atoms hBdalues of
extends outward from the diiron center and bends upward toward36 and 45 &, respectively. The observed distances from the
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Figure 6. The hydrogen-bonding network involving ordered solvent Glula4

in the cavity of the oxidized active site in one protomer. The iron atoms

are depicted as black spheres, and distances (A) are as labeled. The

distance from the Thr213 hydroxyl group to the closest water molecule protomer 2
is 4.1 A

bridging species to the two iron atoms suggested an assignment
as a water molecule rather than a second hydroxide, although
we do not rule out the possibility of a weakly coordinatefDyt
ion3° The hydrogen oxide ion, 4D,~, has been demonstrated
to be important in the hydrolytic chemistry of classical
coordination compounds, and diffraction experiments reveal that
this ion is characterized by a very short2.5 A) oxygen-
oxygen atom separatich; >

Placing two water molecules into similar positions in the other O
protomer did not adequately account for all of the observed Glul44
electron density. Since the assignment of two waters did not Figure 7. Active-site structure in each protomer of the mixed-valent
here, as above, provide charge neutrality for a diiron(lll) active MMOH structure grown anaerobically. Distances (&) are as labeled.
site, we also attempted to model chloride, azide, ethylene glycol, Dashed lines indicate hydrogen bonding or weakly bonding interactions.
and formate at this position. Refinement of a chloride ion gave The Fe-Fe distances are 3.4 A in both protomers. The distance from
B-factors>65 A2 for the well-defined electron density feature Fe2to the water molecule distal to the histidine residues is 3.0 and 3.2
and left residual density, and the linear azide ion did not fit the ﬁ‘] i”fplrIOto_mer51 alndz(, reSpethijve'y- ngtLS routgh'y ;;éa:e"ira'}wnh

v nd: th th ies were eliminat ipilithe following angles (averaged over both protome —Fe
{os, Ethylone.glycol proved (0 be 100 farge 1o fi the densiy E243 128, -OH-Fe2-£209 116, O Fe-H2 94, £243-
. 7 Fe2-E209 107, E243-Fe2 98, and E209-Fe2-H246 109.

but suggested that a bent, three-atom species (excluding
hydrogen atoms) could work. Formate was then modeled, and
it refined well, giving iron-oxygen bond lengths of 2.4 and
2.5 A for Fel and Fe2, respectively. TBevalues were in the
range 39-48 A2, comparable to those of the water molecules
in the other protomer. Despite the fact that no formate was added
to our crystallization buffers, we consider this assignment to
be as likely as the two-water molecule (0g®3~ ion) model
in the other protomer. Formate is an intermediate in the
biosynthetic pathway of methanotrophic bacteria and could
potentially be present in the enzyme as isol&fedle stress,
however, that we do not as yet have any formal proof that
formate can bind to the MMOH active sites.

The hydrogen bond network extending outward from the
histidine residues is identical to that observed in previous

residues near the active site that have been observed to adopt
altered conformations, Leu110 and Asn214, have well-defined
electron density>34Leul110 is in its most common rotameric
form, and Asn214 is oriented to point outward from the MMOH
surface, away from the active site.

Mixed-Valent Active-Site Structure. Structures of MMOH
were determined from crystals grown anaerobically from mixed-
valent protein as well as from crystals made mixed-valent by
soaking in solutions containing dithionite and mediators. Slight
differences were observed for the active sites in mixed-valent
MMOH crystals generated by the two methods. The active sites
from material grown anaerobically from mixed-valent protein
are depicted schematically in Figure 7. Whereas the coordination

structures. This network is extensive and provides a well-defined sphe_r & around Fel_ closely resembles that in t_he O).('d'Z.Gd state,
Fe2 is markedly different. The changes are identical in each

pathway leading to the MMOH surface. The residues involved - .
in it are conserved in all methane monooxygenases toIuene("rySt"""Ograph'c"jllly independent protom%\r. The+Fe separa-

§ tion has increased from 3.2 to 3.4 and Fe2 is now
monooxygenases, alkene monooxygenases, and phenol hy- ; . N ~
droxylase$® A similar hydrogen bond network in RNR-R2 is 4-coordinate, with Glu209, Glu243, His246 and theH .
essential for electron transfer in that enzy¥e&lwo other serving as the four ligands bonded in a tetrahedral fashion. This

change is effected by a 1.0 A movement of Fe2 relative to its

gg% ﬁgdog, M.;KBir'\?o, A'Stréjc;t{ I?\longinglk?w, GDS, é—AZS- Chem. S position in the oxidized state. Consequently, although Glul44
u-Darl, K.; Raymond, K. N.; Freyberg, D. &. Am. em. S0cC.

1979 101 3688-3689 maintains its same orientation, the distance from its oxygen atom
(52) Abu-Dari, K.; Freyberg, D. P.; Raymond, K. Morg. Chem1979 to Fe2 is~3.5 A. The dangling oxygen atoms of both Glu144
18, 2427-2433.
(53) Bino, A.; Gibson, D.J. Am. Chem. S0d.981, 103 6741-6742. (56) Coufal, D. E.; Blazyk, J. L.; Whittington, D. A.; Wu, W. W.;
(54) Bino, A.; Gibson, DJ. Am. Chem. Sod.982 104, 4383-4388. Rosenzweig, A. C.; Lippard, S. Bur. J. Biochem200Q 267, 2174-2185.
(55) Colby, J.; Dalton, H.; Whittenbury, RAnnu. Re. Microbiol. 1979 (57) Stubbe, J.; Riggs-Gelasco,Rends Biochem. Sc1998§ 23, 438-

33, 481-517. 443.
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protomer 1

Glul14 H,0 u243
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. . . . Glul44
Figure 8. The hydrogen-bonding network involving ordered solvent

in the cavity of the mixed-valent active site.
protomer 2
and Glu243 are at hydrogen-bonding distances tqutaH .
Additionally, there is no density consistent with a larger,
bridging anion, and the water molecule that linked the two iron
atoms in protomeR is now clearly associated with Fel, at a
distance of 2.5 A. The distance between this water and Fe2 is
now ~3.1 A. Assignment of this feature as water provides
charge neutrality for an Fe(ll)Fe(lll) active site, assuming that
the bridging hydroxide is maintained. The observed bond
distances, combined with results from ENDOR spectroscopy
and the observed coupling constants derived from EPR experi-
ments, favor the assignment of the bridging species with
short Fe-O distances as hydroxid&#4 The active-site cavity

O
Glul44
- . Figure 9. Active-site structure in each protomer of the mixed-valent
no longer displays the larger feature of electron density de MMOH structure generated by crystal soaking. Distances (&) are as

p'Cte_d 'r_] Figure _5’ SUppF’”'”g Its ass'gnme_”t as _an anion |apeled. Dashed lines indicate hydrogen bonding or weakly bonding
that is displaced in the mixed-valent active site. This overall jyteractions. The FeFe distances are 3.4 and 3.3 A in protomérs

rearrangement is reminiscent of the changes observed inand2, respectively. In protomet, the second oxygen atom of Glu243
the diiron center after soaking in 10% DMSO, except that is bonded to Fe2 at a distance of 2.4 A, making it bidentate chelating.
Fe2 was 6-coordinate in that structure due to bidentate chela-The distances from Fe2 to the water molecule distal to the histidine
tion by Glu243 and the presence of an additional water residues is 3.2 and 2.9 A in protomersnd2, respectively.
molecule3?

In addition to the change in Fe2 ligation, new hydrogen- 9rown anaerobically resulted in more realistic bonding distances
bonding interactions are also observed in these active sitesbetween Fe2 and Glu243 for the first protomer, but residual
(Figure 8). Electron density consistent with an ordered water €lectron density appeared in the difference Fourier maps between
molecule appears in the cavity within hydrogen-bonding distance Fe2 and Glul44. A 2.9 A distance between Glu243 and Fe2
of the backbone carbonyl of Leu110 and the dangling oxygen Was maintained in the second protomer, with Fe2 being closer
atom of Glul14. The presence of this water molecule neces-t0 Glul44 than in the first protomer. This result suggests that
sitates that Leu110 adopt its most common rotamer, analogousthese crystals contain mixtures of oxidized and mixed-valent
to what is seen in the oxidized structure but in contrast to the hydroxylase, a likely scenario given that, even in solution, it is
results in crystal form $! In addition, owing to the movement  difficult to convert all of the protein to the mixed-valent
of Fe2 and the subsequent adjustment in the Glu243 side chainstate!®?°
the oxygen atom that binds Fe2 is now also within hydrogen-  The active-site cavities in the mixed-valent, soaked structures
bonding distance of Asn214, which shifts rotamers to point have electron density consistent with the previously identified
inward toward the active-site cavity. Since Asn214 serves as water molecule that hydrogen bonds to Glu114 and the carbonyl
one of the barriers blocking direct access to the active-site cavity oxygen atom of Leul10. There is no evidence for additional
from the protein surface, this change results in altered acces-ordered solvent in the active-site cavity or for the larger feature
sibility to the active site. of density assigned as formate in the oxidized structure. The

In contrast to the changes observed at the active sites oforientation of Asn214 is the same as in the oxidized structure,
crystals grown anaerobically from mixed-valent protein, oxi- Protruding out into the solvent, although its density is poorly
dized crystals soaked in solutions containing mixed-valent defined, suggesting that it adopts more than one conformation.
mediators and dithionite exhibit fewer changes by comparison Reduced Active-Site Structure.As with the mixed-valent
to the oxidized structure. The active sites from these crystals enzyme, structures were determined for MMOH crystals soaked
are depicted schematically in Figure 9. Bonds between the ironin solutions of methyl viologen and dithionite to form the
atoms and Glu209, His246, and theOH™ moiety are main- diiron(ll) center, as well as for crystals grown from diiron(ll)
tained. Glu243 appears to shift its position to accommodate theprotein under anaerobic conditions. Once again, there were
altered position of Fe2, but its movement relative to its position differences in the active sites of the protein prepared by the
in the oxidized structure is less than inyHcrystallized from two methods. The active sites from the structure soaked in the
solution. The movement of Glu243 results in distances 2?18 reducing solution are depicted schematically in Figure 10.
A between its oxygen atom and Fe2. Attempts to fix the position Contrary to what was observed in crystal fori#? hoth active
of the iron atoms at the 3.4 A separation observed in the crystalssites in these structures appear to have been reduced. This
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protomer 1 Leu237

Glu240
e Leu244

lle239

Asn249

Figure 11. Observed differences in amino acid orientations on helix
F in the reduced state (blue) relative to the oxidized state (gray). The
iron atoms appear as red spheres.

hydrogen-bonded to the backbone of Leul110 force it to adopt
its most common rotamer, identical to what was observed in
the oxidized and mixed-valent active sites. In addition, the side
chain of Asn214 has rotated inward toward the diiron center in
both protomers, with its O atom lining the edge of the active-
site cavity, as was noted previously in crystals of fordf I.
Finally, the water molecule that binds to the dangling oxygen
atom of Glu209 in the reduced crystals of form | is not observed
in this structure’®

Shifting Glu243 to a bidentate chelating, monodentate bridg-
ing mode between the two iron atoms changes the orientation
Figure 10. Active-site structure in each protomer of the reduced of th? central part of helix F (for nomencla_lturez,7see ref 27). In
MMOH structure generated by crystal soaking. Distances (A) are as addition to the presence.of @turn in helix E "f‘” C?f the,
labeled. Dashed lines indicate hydrogen bonding or weakly bonding MMOH structures show distorted hydrogen bonding in helix F
interactions. The FeFe distances are 3.3 A in each protomer. in the vicinity of the dinuclear iron active site. Whereas
hydrogen bonds are typically observed between residwzesl

structure displays the previously identified carboxylate shift of N + 4 in ana-helix, in the reduced structure the backbone
Glu243 from a monodentate terminal to a bidentate chelating hydrogen bonds between Leu24Ala248 and Arg245Asn249
mode to Fe2 and monodentate bridging between the iron are broken. This change has the effect of altering the positioning
atoms®2 Such an orientation mirrors that observed in the reduced Of Leu244 on the solvent-exposed surface of helix F (Figure
structure of MMOH crystal form 1, as well as in the reduced 11)- Arg245 is also shifted, but its guanidinium group maintains
D84E and reduced, azide-soaked F208A/Y122F mutant RNR-an orientation that preserves the His24&spl43-Arg245
R2 structure8.37 The u-OH~ moiety is now gone, and a single hydrogen-bonding network extending outward from the active
water molecule is located in the bridging position distal to the Site. TI.‘II.S altered qonformatlon of the F helix is not observed in
histidines. This ligand composition provides charge neutrality the oxidized or mixed-valent structures.

for the diiron(ll) center. In contrast to its position in the  The structure of the active sites in the crystals grown from
diiron(lll) enzyme, Glul44 bridges the iron atoms more diiron(ll) protein under anaerobic conditions is markedly
symmetrically in each of the protomers. There are some different from those in the crystals soaked in reductants. These
differences between the active sites in each protomer, howeveractive sites appear to have lost Fe2, leaving only a single iron
Two water molecules bind to Fel at distances of 2.4 and 2.5 A &tom in the active site (Figure 12). This observation suggests
in one protomer. This same active site has electron densitythat the iron atoms are more labile in the Fe(ll) state and that
consistent with two water molecules in the active-site cavity, F€1 binds more tightly than Fe2. The preferential loss of Fe2
one hydrogen-bonded to the backbone carbonyl of Leu110 and'S consistent with it being more mobile, as reflected by its higher
to one O atom of Glu114, as in the mixed-valent structure, and @verageB-values relative to those of Fel an% by its altered
the second hydrogen-bonded to the first and to the water location in the DMSO-soaked MMOH crystafs2*This result
molecule in the bridging position between the two iron atoms. 1S I direct contrast to the relative lability of the iron atoms in
These water molecules have-values of 44 and 52 A E. coliand mouse RNR-R2, in which Fe2 binds more tight§?
respectively. The active site in the other protomer has only the The absence of Fe2 results in an altered conformation of Glu144,
first water molecule hydrogen-bonded to the Leu110 carbonyl causing the carboxylate moiety to rotate slightly and to become
oxygen atom and to Glull4. There is no other identifiable & monodentate terminal ligand to Fel. His1l47 maintains its
electron density present in the active-site cavity. Also, the water Ofiéntation, but Glul14 alters its conformation slightly in one
molecule that bridges the two irons is located 2.6 and 2.7 A protomer. The terminal water molecule is no longer observed
away from Fel and Fe2, respectively, placing it in the same ©N Fel. This arrangement results in only three observable ligands

position as that observed for the bridging water molecule in ~ (58) Kauppi, B.; Nielsen, B. B.; Ramaswamy, S.; Kjoller Larsen, .;
this protomer in the oxidized structure. At these distances, it is Thelander, M.; Thelander, L.; Eklund, H. Mol. Biol. 1996 262, 706~

; ; ; ; 720.
effectively not coordinated, suggesting that it serves as a (59) Bollinger, J. M., Jr.: Chen. S.: Parkin, S. E.. Mangravite, L. M.:

placeholder, being readily displaced during the approach and Ley, B. A.: Edmondson, D. E.; Huynh, B. H. Am. Chem. Soc997,
reaction of dioxygen to initiate catalysis. The water molecules 119 5976-5977.

Glul44
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protomer 1 Fe2 present, Asn214 now adopts a conformation pointing
outward, away from the active site, analogous to that found in
the oxidized structure. Although this structure provides a clear
view of neither the reduced nor the apo form of the enzyme, it
indicates an increased lability of the ferrous ions in MMOH.

Effect of pH on Active-Site Structure. MMOH crystals do
not grow under our established conditions at pH 6.2, and only
tiny crystallites form at pH 8.5. Consequently, the effect of pH
on the MMOH structure was investigated by soaking oxidized
His246 crystals in solutions containing either 0.1 M PIPES, pH 6.2, or
0.1 M Tris, pH 8.5, in place of the 50 MM MOPS, pH 7.0, that
is normally present. Soaking at pH values much above or below
these values resulted in destruction of the crystals. Large
differences in active-site structures were not expected since the
only groups expected to hav&pvalues in the range examined
were histidine and possibly metal-bound solvent molecules. The
) active-site structure at pH 6.2 matches that of the oxidized
Glull4 _ \ structure at pH 7.0 almost exactly (Figure S2). The same Fe

\ Fe separation, Fe-ligand distances, and bridging electron density
features are observed. The bridging electron density distal to
the histidine residues is fit better by two solvent molecules in
one protomer, and by a formate anion in the other protomer,
analogous to the pH 7.0 structure. The rotamers observed for
Leul10 and Asn214 are also identical to those observed at pH
7.0.

The pH 8.5 structure was determined at lower resolution than
Clulad either the pH 7.00rpH6.2 structures, maki_ng exact comparison
) o ) of the relative Fe-Fe separations and Fe-ligand bond lengths
Figure 12. Active-site structure_ln each protomer of the reduced more difficult. The general features of the active site at pH 8.5
ot o e s o e s e C5EMe hose al pH 7.0, however (Figure S9) The only
sites; only components with well-defined electron density are depicted. _dlﬁerences are a lengthening of the distance between_ the iron

ions and Glul144, and the apparent absence of the terminal water
molecule on Fel in one of the protomers. Electron density in
the active-site cavities is very poorly defined, but formate can

Glull4

to Fel, which is probably a reflection of disorder among terminal
water ligands, although the poorer quality diffraction data for be built into the cavity of one protomer, by analogy to the pH

this variant diminishes our ability to discern solvent in the . : .
y 6.2 and 7.0 structures, and it refines to reasonable positions and

electron density maps. Residual electron density does exist in L ; ; . .
the difference Fourier maps at the Fe2 site. A single atom pIaced.B'faCtorS' No electron density is presentin the active-site cavity
in the center of this feature is located 2.5 A from Fel and " the second protomer, nor are additional differences observed

<2.2 A from the Nb atom of His246 and one oxygen atom of in more remote regions of the protein. Intermolecular contacts

Glu209. The closest oxygen atom of Glu243 is positioned 2.7 n gj[et_crtyst?lé are uqdlstur?e:.t_ Site Struct S
A from this location in one active site, but in the other there is atistical Lomparison of Aclive-siteé structures. seven

no electron density for Glu243 beyond thearbon, suggesting independent structures of the d'mef'c MMOH protein are
that the carboxylate side chain samples a range of orientations.rep_orteq here, giving 14 independent views of the _dmucle_ar fron
The GIu209 and His246 locations with respect to the feature of active site. Several of these structures have similar active-site
difference Fourier electron density suggests that the Fe2 site is?heome(;rlesa but sipsrlr?po?ng the (?Xt'ﬁ'md pH 7b.'0 slitructure,
partially occupied. Refinement of the Fe2 occupancy with a € rg u?e t s?a te S ;uc ure,tarl tﬁ anaero |c? y gr(_)t\)/\lln
B-factor fixed at the value of the Fel site results in an average m'xt? va eFF‘ S rul%ur?t aemonstra f?h tel' ranoglge do ptosé&b €
occupancy of 0.66. Refinement of occupancies at both iron sites,MOHONS (Figure 13). It is apparent that ligands donate y
using theB-values from the Fe sites in the reduced, soaked helices E and F sweep out a much larger space than the amino

tal vield . £0.71 and 0.48 for the E 1acids Iocated_on the B and C helices. This behavior is also
;rnyds geyzniit:Sa\?erapgeitti)\?glt;panmes © an orthe e reflected by higher averad&factors for Fe2, Glu209, His246

The well-defined electron density for Glu209 and His246 and Glu243, relative to those in the rest of the active site. The
suggests that they maintain their same orientations even in B-values for these residues, averaged over all of the structures

. : ted here, are 480 A2, in contrast to the averadgevalues
the Fe-free sites, assisted by hydrogen bonds between Glu209resen PO ’ . f
and GIn140 and between His246 and Asp143. One Fe(ll) ion of 26-33 A? for Glu114, Glu144, and H'Sl4.7’ which are on
would account for only two of four potentially negatively the order of the averadg&values for all atoms in the structures

charged carboxylates at the active site. Protonation and hydrogen(See Tat;\le la)’\./lgl;'tside of thz_imlmediate \r/]icinity of Ithe giiror;]
bonding of the free ligands would help to neutralize these buried center, the structure displays no changes related to the

charged residues. Similar hydrogen-bonding interactions redox states of the iron atoms. Trtesubumts from the
have been observed in the structure of apo-RNFERR structures reported can be superimposed with rmsd values of

addition, a partially occupied single iron site occurs in mouse <0.16 A.

RNR-R2, although the composition of this site at pH 4.7 Discussion

may not reflect its true nature at physiological PHWithout Novel Findings of this Study.The series of high-resolution

(60) Aberg, A.; Nordlund, P.; Eklund, HNature 1993 361, 276-278. X-ray crystal structures of MMOH presented here provides an




836 J. Am. Chem. Soc., Vol. 123, No. 5, 2001 Whittington and Lippard

aminopeptidase! Previous X-ray studies have indicated the
presence of acetatéhydroxide?® and methoxid® as bridging
1e217 Asn214 ligands protruding into active-site cavity 1 of&iCollectively,
these results suggest that a range of anions can be accom-
modated, provided that they are of the appropriate size to fit
Glu243 Glu209 into the cavity. Within the cell, methoxide, hydroxide;®~,
and formate are the most likely such ligands. Under favorable

growth conditions, however, the diiron(lll) enzyme is rapidly
converted to the diiron(ll) state during turnover, since methane

His147 w ‘ NVET ! !
Fel Fe2 oxidation provides the sole source of carbon and energy in
obligate methanotrophic bacteria suciMasapsulatugBath)S°
His246

If formate is the ligand observed in the present structures, a
feedback inhibition mechanism is suggested since formate is
Glul44 produced by methanotrophic bacteria at a later, energy-produc-
Figure 13. Superposition of the oxidized (gray), mixed-valent (red), Ng Step in their metabolic pathway.
and reduced (blue) diiron sites demonstrating the range of observed Relation to Previous Spectroscopic Work.The observed
motions. Fel maintains the same position in all structures, while Fe2 differences in the MMOH active-site structures presented in this
moves significantly. work correlate nicely with spectroscopic studies of the enzyme
o . . from both theM. capsulatugBath) and\. trichosporiumOB3b

unprecedented level of structural detail with which to examine systems. Electron nuclear double resonance (ENDOR) spec-
the first and second coordination spheres of the dinuclear irontroscopy has been used to probe the binding of small molecules
active site. The results provide the first view of the active site (4 the active site. Early work demonstrates the presence of a
in the mixed-valent oxidation state, revealing a novel geometry hydroxide bridge in mixed-valent MMOH and outlines a model
of the diiron center containing one 6-coordinate and one {5 PMSO binding to the Fe(lll) ion in the mixed-valent
4-coordinate iron atom. In this arrangement, Asn214 adopts astate? 53 Subsequent experiments show that DMSO, methanol,
rotamer pointing inward toward the diiron center such that it 5nq water can simultaneously bind to the mixed-valent active
can hydrogen bond directly to the dangling oxygen atom of gjte with water and methanol coordinated to the Fe(ll)%on.
Glu243. This conformation has the added affect of altering | the structure depicted in Figure 7, theDH- and the amino
the surface of MMOH in the vicinity of the active site. In the  aciq ligands to Fe2 do not permit the binding of more than one
diiron(Il) structure obtained from crystal-soaking experiments, exogenous ligand to the metal ion. Consequently, one can
Asn214 adopts the analogous inward-pointing rotamer, but the ¢vision DMSO coordinating to the open position on Fe2 and
conformation of Glu243 is such that the two do not form a methanol binding at the site occupied by one of two water
hydrogen bond. The altered conformation of Glu243 in this molecules on Fel. The other water molecule on Fel, presumably
structure, .WhICh was observed previou¥lyalso affepts the. the one hydrogen-bonded to Glu114, would remain, thereby
conformation of Leu244 and Arg245 and results in a third providing a model that satisfies the ENDOR results. Since the
surface arrangement for MMOH in the vicinity of the active  estimated error in the crystallographically determined bond
site. These variable surfaces may have important implications jengths is not sufficient to distinguish oxidation states, however,
for the interactions of MMOH with the MMOB and MMOR \ye cannot definitively assign the charges of the individual iron
components, and for substrate and product access to thgons. Finally, EXAFS measurements of the mixed-valent enzyme

hydrophobic active-site cavity, cavity 1. Crystals of MMOH jngicate an FeFe separation of 3.4 A, which matches that
grown from the diiron(Il) enzyme were also produced, butthey gpserved in crystals grown fromgt*

were depleted in iron content at the Fe2 position. This As a complement to ENDOR studies, MMOH was investi-
unex_pected resul_t |nd|cate_s |_ncreased lab'l'_ty of the Fe(l) gated by EPR spectroscopy of oxidized samples cryoreduced
relative to Fe(lll) ions and indicates that the iron atom at the by one electron at 77 K to yield the mixed-valent oxidation

Fel pO.S‘“OT‘ is more tightly bound. I.n t_he diiron(lil) ENZyme, = state having the geometry the diiron(lll) enzyA&he results
the ".‘Ct"’e site has a.geometry very 5|m|Iar.to th(.)se. observed Mindicate that methanol and phenol can bind to the diiron(lll)
previous x'fay stu_dles,_ but e!ectron (_jensny bridging the two center. Although DMSO bound to the diiron center in the mixed-
ron :iltom_s in cavity 1is gs&gned either as a forma_te Or an yajent state, it had no observable effect on the EPR properties
H3O,™ anion. Such an assignment both accounts for its sbapeof the diiron(lll) site. When protein B was added to the samples,
and renders the site charge neutral. Comparison of the fj"ron'however, DMSO was again able to bind to the diiron(lll) site.
(Il enzyme structures at_pH values Of.6'2' 7.0, and_ 8.5 did Ot These results indicate a differential accessibility of the dinuclear
reveal any S|.gn|f|cant differences. Flnally, the _h_lgh-quah.ty iron center in the two oxidation states. Comparing the oxidized
electron density maps allowed the tracing of additional amino and mixed-valent structures presented in this work reveals
.aCidS. at t_he termini of _cgrtain protomers and resul;ed in the differences in the positions of Fe2, Glu243, and Asn214 between
identification of an add|t|onaB-s_,trand_ n they-_subumt th_at the two. This structural rearrangement effects a change at the
extends thg-sheet TO”T‘ed b.y re5|ques |n.the adjaue{smbgmt protein surface on the solvent accessible side of helix F. The
'Nature' of the Bridging Ligand in Cavity 1 .at the Active . rotation of Asn214 inward to hydrogen bond to Glu243 opens
Site. In view of the extended electron density present at this access to the active site. This change must somehow be
position in the oxidized structure (Figure 5) and to obtain charge mitigated by MMOB binding, which restricts, but does not
neutrality in the diiron(l1l) active site, we propose that formate ’ '
and HO,~ can serve as anionic ligands to the iron atoms in (1) Lowther, W. T.; Orville, A. M.; Madden, D. T.; Lim, S.; Rich, D.
MMOH. To the best of our knowledge, thes&,~ anion has H.; Matthews, B. W.Biochemistryl999 38, 7678-7688.
not previously been identified in a metalloprotein. Its presence Soffgg)(‘{‘ihl'g'ggé‘;’;' D. A; Sazinsky, M. H.; Lippard, S. J. Am. Chem.
may have been overlooked, however, a possible example being™ " (g3) perose, V. J.; Liu, K. E.; Lippard, S. J.; Hoffman, B. ¥1.Am.
the bridging ligand linking the cobalt ions in methionine Chem. Soc1996 118 121—134.
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block, the pathway to the active site. Although a complete in the active site during catalysis, the protons from this water
understanding of the changes in MMOH upon MMOB binding molecule are free to interact with,@erived oxygen atoms in
is not yet possible, the results of circular dichroism and magnetic the catalytic intermediates. MMOB has also been suggested
circular dichroism spectroscopy indicate that MMOB binding previously to alter hydrogen bonding in the active site to affect
causes a change at only one iron site in MM&I& This iron the conformation of Leull®. The results presented here
atom was suggested to be Fe2, an assignment that is logical idemonstrate that there is indeed an ordered water molecule that
view of the structural results presented here demonstrating thathydrogen bonds to the backbone carbonyl of Leu110, forcing
the coordination environment around Fe2 can move significantly it to adopt a certain rotamer. If MMOB binding were to disrupt
while that around Fel stays fixed (Figure 13). ordered solvent in the active site, the Leul110 side chain would
Implications for Component Interactions. Thermodynamic be free to adopt either of its two preferred rotameric states,
models for MMOB binding to the different redox states of facilitating its proposed role in gating access to the active-site
MMOH suggest that it has the strongest affinity for MMOH in  cavity 1 from the adjacent hydrophobic cavity 2.
the oxidized staté®2> A comparison of the MMOH structures The effect of MMOB on electron transfer may also be exerted
in the three redox states indicates that all of the differences in by changes in the hydrogen-bonding patterns in MMOH. The
surface features are centered on the same face of helix F. Asn214rystal structures of reduced MMOH show an altered orientation
and Glu243 make up part of this surface and both residues adopin helix F that causes a change in the location of the Arg245
altered conformations, depending upon oxidation state. More- side chain. If MMOB were to bind and exert an effect on this
over, the carboxylate shift in the reduced enzyme distorts the helix, movement of Arg245 could provide a direct link to the
a-helical hydrogen bonding that alters the orientations of Leu244 extensive hydrogen bond network that extends from one side
and Glu240 (Figure 11). Although we cannot rule out the of the active site. This network contains nine residues, including
possibility that longer-range changes may also occur that arethe two His ligands to the iron, that are absolutely conserved
blocked by crystal packing, it seems most reasonable to in the family of toluene monooxygenase, phenol hydroxylase,
concludethat alterations in this surface affect protein B binding and alkene monooxygenase enzymes, as well as methane
and vice versa. This conclusion supports previous proposals thaimonooxygenasé8.RNR-R2 andA9-ACP also exhibit hydrogen-
protein B binds to the canyon region of MMOH and exerts its bonding networks at analogous locations, and the one in RNR-
effects, at least in part, by altering residues on helices E andR2 is important for electron transfetln MMOH, this network
F.2327.56The proposal is also consistent with the observed cross-is the only one of its kind in the vicinity of the active site and
linking of protein B to theo-subunit of MMOHS®® Since the it extends to residues Tyr67 and Lys74, which are located near
proposed interaction is so localized, the cluster of Asn214, the protein surface. By analogy to RNR-R2, these conserved
Leu244, and Glu240 makes an attractive target for site-directedamino acids may potentially play a role in electron transfer to
mutagenesis aimed at probing the MMOMMOB interaction. the diiron center. The distance from the surface of this network
Asn214 is conserved in toluene monooxygenase, phenol hy-to the diiron center is 1811 A, which is less than the 14 A
droxylase, and alkene monooxygenase systems, all of whichdistance suggested to be the upper limit on the separation
utilize hydroxylase components under the control of similar, between cofactors in redox active enzyrf&$his hypothesis
small regulatory protein%. is best tested with the use of site-directed mutants of the
MMOB increases the rates of formation and decay of hydrogen-bonded network of MMOH.
intermediates in the SMMO cycle and controls rates of electron  Relation to Other Diiron Enzymes. Given the wealth of
transfer to the diiron sité}2® Since EXAFS spectroscopy  structural and spectroscopic information on MMOH and the
indicates that protein B binding does not change the primary closely related RNR-R2 and9-ACP enzymes, some of the
coordination sphere of the iron atoms, these effects must besimilarities and differences between them can begin to be
exerted through alternative hydrogen-bonding and/or side chainassessed. Whereas the protein-derived ligands are nearly the
packing arrangement&$” In the reduced enzyme, Asn214 is same in each enzyme, the surrounding protein residues are not.
oriented to point inward toward the active site, but it cannot This dissimilarity has implications for the control of the catalytic
hydrogen bond to the carboxylate-shifted Glu243 residue. process, since each system has unique substrates and redox-
Although no ordered solvent binds to Asn214 in the reduced active partner proteins with which they must interact. The
structures, it has the potential to contribute to ordered hydrogenactivity of MMOH is intimately associated with the effects of
bonding in the active-site cavity. Since MMOB could very easily MMOB. Significant experimental evidence exists to indicate
affect the Asn214 orientation, the rate increases may corresponchat MMOB binds to MMOH and causes changes in the local
to what is ordered, or disordered, in the cavity. Studies with environment around the iron center that perturb Fe2. In MMOH,
the M. trichosporiumOB3b enzyme indicate that a single proton Fe2 is the more labile ion and undergoes a range of motions
is required in the transition state for the formations of both depending upon redox state. RNR-R2 ahf-ACP are not
Hperoxoand Q, the two spectroscopically observable intermediates subject to regulation by a protein analogous to MMOB. The
in the sMMO catalytic cyclé® The measured i, of both helices in these proteins corresponding to helix F in MMOH
transitions is 7.6, making an Fe-bound solvent molecule an display less distorted hydrogen-bonding patterns and are likely
attractive source for these protons. Recent density functionalto be less sensitive to conformational variation than the
theory calculations on MMOH indicate that one water molecule analogous regions in MMOH. Consistent with this observation
may indeed stay bound to Fel through the catalytic cSfcle. is the fact that Fe2 is less labile than Fel in the RNR-R2
additional ordered hydrogen-bonding partners are not availablesystem$85° In contrast to the MMOH and RNR-R2 systems,
the active site 0A9-ACP undergoes a dramatic change upon
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