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Abstract 

Methane monooxygenase (MMO), found in aerobic methanotrophic bacteria, catalyzes the 02-dependent conversion of 
methane to methanol. The soluble form of the enzyme (sMMO) consists of three components: a reductase, a regulatory 
“B” component (MMOB), and a hydroxylase component (MMOH), which contains a hydroxo-bridged dinuclear iron 
cluster. Two genera of methanotrophs, termed Type X and Type 11, which differ markedly in cellular and metabolic 
characteristics, are known to produce the sMMO. The structure of MMOH from the Type X methanotroph Methylo- 

coccus capsulatus Bath (MMO Bath) has been reported recently. Two different structures were found for the essential 
diiron cluster, depending upon the temperature at which the diffraction data were collected. In order to extend the 
structural studies to the Type I1 methanotrophs and to determine whether one of the two known MMOH structures is 
generally applicable to the MMOH family, we have determined the crystal structure of the MMOH from Type I1 
Methylosinus trichosporium OB3b (MMO OB3b) in two crystal forms to 2.0 A and 2.7 8, resolution, respectively, both 
determined at 18 “C. The crystal forms differ in that MMOB was present during crystallization of the second form. Both 
crystal forms, however, yielded very similar results for the structure of the MMOH. Most of the major structural features 
of the MMOH Bath were also maintained with high fidelity. The two irons of the active site cluster of MMOH OB3b 
are bridged by two OH (or one  OH  and one H20), as well as both carboxylate oxygens of Glu a144. This bis-y- 
hydroxo-bridged “diamond core” structure, with a short Fe-Fe distance of 2.99 A, is unique for the resting state of 
proteins containing analogous diiron clusters, and is very similar to the structure reported for the cluster from flash 
frozen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(- 160 “C) crystals of MMOH Bath, suggesting a common active site structure for the soluble MMOHs. The 
high-resolution structure of MMOH OB3b indicates 26 consecutive amino acid sequence differences in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp chain 
when compared to the previously reported sequence inferred from the cloned gene. Fifteen additional sequence differ- 
ences distributed randomly over  the three chains were also observed, including Da209E, a ligand of one of the irons. 
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Methanotrophic bacteria utilize methane produced from the me- 
tabolism of anaerobic bacteria and other natural sources to satisfy 
their total carbon and energy requirements (Dalton, 1980; An- 
thony, 1982). The first and most difficult step of the methane 
oxidation pathway, in which the stable C-H bond of methane is 
broken and an oxygen atom inserted to form methanol, is catalyzed 
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by the enzyme methane monooxygenase (“0) (Dalton, 1980; 
Feig & Lippard, 1994; Lipscomb, 1994; Wallar & Lipscomb, 1996): 

CH4 + O2 + NAD(P)H + Hf + CH30H + H20 + NAD(P)+. 

MMO also catalyzes the adventitious oxidation of a large number 
of other hydrocarbons up to about CB in size (Colby et al., 1977; 
Dalton, 1980; Higgins et al., 1980; Green & Dalton, 1989: Tsien 
et al., 1989; Fox et al., 1990b; Anderson et al., 1991; Rataj et al., 
1991). MMO exists in both a soluble (sMMO) and a particulate 
(pMMO) form (Dalton, 1980; Anthony, 1982). sMMO has been 
purified and characterized from the Type X methanotroph, Methyl- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ococcus capsulatus Bath (MMO Bath) (Dalton, 1980, 199 1 ; Wood- 
land & Dalton, 1984; Pilkington & Dalton, 1990), and several 
Type I1 methanotrophs including, Methylosinus trichosporium 0B3b 
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(MMO OB3b) (Fox et al., 1989, 1990a), and Methylobacterium 

sp.  CRL-26  (Patel & Savas, 1987). The Type X and Type I1 me- 
thanotrophs differ dramatically in cellular morphology, many met- 
abolic pathways, and response to environmental stress (Anthony, 
1982), but their MMOs  and  other methane oxidation pathway en- 
zymes appear to be very similar. 

The  MMO operons from M. trichosporium OB3b and M. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcup- 
sulatus Bath have been cloned and sequenced (Stainthorpe et al., 
1989, 1990; Cardy et al., 1991a, 1991b). These studies and direct 
protein isolation and characterization have shown that MMO is 
composed of three protein components, each of which is required 
for efficient substrate hydroxylation coupled to NADH oxidation: 
a 245-kDa hydroxylase (MMOH), a 40-kDa reductase (MMOR), 
and a 15-kDa protein called component B (MMOB).  The hydrox- 
ylase has a dimeric protomer structure, with each protomer con- 
taining three subunits zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(a,p,y) (Rosenzweig et al., 1993; Froland 
et al., 1994) and a hydroxo-bridged dinuclear iron cluster (Fox 
et al., 1988, 1993; DeWitt et al., 1991; DeRose et al., 1993;  Th- 
omann et al., 1993). MMOH and its diiron clusters are essential for 
catalysis by MMO (Fox  et al., 1989). The cluster is contained in 
the a subunit adjacent to an internal hydrophobic pocket that forms 
the active site (Rosenzweig  et al., 1993). The genetic studies in- 
dicate a 66% sequence identity between the hydroxylase subunits 
of the two species that have been cloned and sequenced (Stainthorpe 
et  al., 1989, 1990; Cardy et  al., 1991a, 1991b). 

The other two components of MMO also serve important func- 
tions. In addition to transfemng electrons to MMOH, MMOR 
forms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa specific complex with the p subunit of MMOH  (Fox  et al., 
1991), which has the effect of adjusting the relative redox poten- 
tials of the  two cluster irons so that two-electron transfer is favored 
(Paulsen et al., 1994; Y. Liu, J. Nesheim, K.E. Paulsen, M.T. 
Stankovich, & J.D. Lipscomb, manuscript submitted). Component 
B has been shown to bind specifically to the a subunit of MMOH 
(Fox  et al., 1991). This complex has profound effects on the rate 
of certain reactions in the catalytic cycle, the redox potential of the 
diiron cluster, the structure of MMOH, and the product distribution 
and yield of the overall reaction (Fox et al., 1991 ; Froland et al., 
1992; Liu et al., 1995b, 1995~).  

All steps of the catalytic cycle of sMMO appear to involve the 
diiron  cluster  (Fig. 1) (Fox et al., 1989; Lee  et al., 1993b). The first 
step in the catalytic cycle is the reduction of the diiron cluster to 
the diferrous state (Fox  et al., 1989). Next, O2 binds to the cluster 
in two steps, forming a peroxo species termed compound P (Lee 
et al., 1993b; Liu et al., 1994, 1995a. 1995~). This species then 
converts spontaneously to a high valent iron-oxo species (com- 
pound Q) (Lee et al., 1993a, 1993b) in which both irons appear to 
be in the Fe(IV) state. This species is electronically and function- 
ally analogous to the proposed mononuclear Fe(1V) oxenoid ?r 
cation radical species (compound I) produced by cytochrome P-450 
and horseradish peroxidase during  catalysis (Ortiz de Montellano, 
1985; McMuny & Groves, 1986). At this stage, the highly oxi- 
dized diiron cluster reacts with substrate to form the hydroxylated 
product and the resting difemc state of MMOH after passing through 
other intermediates that have been characterized partially (Priest- 
ley et al., 1992; Lee et al., 1993b; Nesheim & Lipscomb, 1996). 

The crystal structure of the hydroxylase component from the 
Type X methanotroph M .  capsulutus Bath has been reported in the 
oxidized state at 4 "C and - 160°C (Rosenzweig  et al., 1993, 1995) 
as well as the reduced state at - 160°C (Rosenzweig et al., 1995). 
Interestingly, the structure of the  dinuclear iron cluster was found 
to be different in each of the conditions and redox states. In par- 
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Fig. 1. Proposed catalytic cycle of methane monooxygenase based on a 
radical recombination process for substrate hydroxylation. The cytochrome 
P-450 activated species is  the proposed mononuclear Fe(IV) oxenoid 7~ 
cation radical species equivalent to compound Q. Oxygen atoms derived 
from 0 2  are tilled. 

ticular, the two structures of the cluster in the resting diferric 
enzyme differed significantly in that, at 4 "C, the two irons were 
bridged by Glu a144, a hydroxide moiety, and an exogenous ac- 
etate to give an Fe-Fe distance of 3.4 A, whereas the structure 
determined at - 160 "C revealed Glu a144, a hydroxide, and a 
water as bridging ligands to give an Fe-Fe distance of 3.1 8 , .  The 
latter structure is consistent with model compounds for the diiron 
clusters containing a so-called "diamond core" with two bridging 
oxygen ligands (see, for  example, Zang et  al., 1994; Que & Dong, 
1996), as well as with EXAFS studies of MMOH OB3b that in- 
dicated a predominant Fe-Fe distance of about 3 8, (Shu et al., 
1996a). 

In order to determine whether one of the structures of diferric 
MMOH Bath is characteristic of MMOHs in general, and to extend 
structural studies to the Type I1 methanotrophs, we have deter- 
mined the X-ray crystal structure of MMOH OB3b. Reported here 
are the I8 "C structures of MMOH OB3b to 2 8, resolution and of 
MMOH OB3b crystallized in the presence of MMOB to 2.7 8, 
resolution. We find that the overall structures of MMOHs from the 
Type X and Type I1 rnethanotrophs are very similar, and that the 
MMOH OB3b  forms contain a diiron cluster with a short Fe-Fe 
distance [2.99 8, in crystal form 1 (MMOH alone) and 3.07 A in 
crystal form 2 (MMOB present during crystallization)] and a dia- 
mond core oxygen bridge structure. This suggests that the diamond 
core structure is a common characteristic of MMOH from these 
widely divergent methanotrophs and may be an important feature 
for catalysis. 
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Results  and discussion 

Structure determination zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The structure of MMOH OB3b in crystal form 1 was solved by 
molecular replacement using a monomer of MMOH Bath (Rosen- 
zweig et al., 1993) as the search model and the program XPLOR 
(Briinger, 1992). Cycles of molecular dynamics refinement and 
Powell minimization were alternated with map examination, model 
building, and refinement, to produce the final model that has a 
crystallographic R-factor of 13.7% for data between 5 and 2 A, 
with F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> 2 a  (14.5% with no cut off). This model has 9,334 
non-hydrogen atoms from 510 residues in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa chain,  383 resi- 
dues in the /3 chain, 167 residues in the y chain, 731 water mol- 
ecules, two iron atoms, and two hydroxides. Residues a I-al6, 
PI-PlO, P393-/3394, y l ,  and 7169 were disordered and not in- 
cluded in the final model. Overall, the electron density map is 
exceptionally clear, except for the few disordered residues. Fig- 
ure 2 shows two regions of 26 )  - F, electron density that are 
typical in quality. Ramachandran plots for the three chains indicate 
that 93.5% of the residues have (4,I/J) values in the “most favored” 
region, 6.4% in the “additional allowed” region, and one residue in 
the “disallowed region” as identified by PROCHECK (Laskowski 
et al., 1993). Ser y42 is the only residue in the disallowed region 
of the Ramachandran plot and is found in  an exposed surface loop. 

The structure of MMOH OB3b in crystal form 2 was solved 
using molecular replacement with a refined model  of MMOH OB3b 
in crystal form 1 as a search model. Rigid-body minimization 
followed by molecular dynamics refinement reduced the R-factor 
to 19.5% for data between 8 and 2.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA, with F > 2u. Examination 
of the electron density maps followed by Powell minimization 
produced the final model with a crystallographic R-factor of  15.2% 
for data between 5 and 2 A, with F > 2u  (17.8%  with no cut off). 
This model has 8,605 non-hydrogen atoms from 510 residues in 
the a chain,  383 residues in the P chain, 167 residues in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy 
chain, two water molecules, two iron atoms, and two hydroxides. 
Ramachandran plots for the three chains indicate that 90.5% of the 
residues have (+,I/J) values in the “most favored’ region, 9.1 % in 
the “additional allowed’ region, two residues in the generously 
allowed region, and one residue in the “disallowed region” as 
identified by PROCHECK (Laskowski et al., 1993). Again, Ser 
y42 is the only residue in the disallowed region of the Ramachan- 
dran plot. 

A summary of the data collection, refinement, and geometric 
quality for both of the crystal forms of MMOH OB3b is given in 
the statistical parameters supplied in Table 1. 

Overall structure 

The sequence alignment of MMOH OB3b and MMOH Bath with 
the secondary structural elements labeled to be consistent with that 
of MMOH Bath is shown in Figure 3. MMOH is almost exclu- 
sively helical, with 19 helices in the a chain, 12 helices in the P 
chain, and 8 helices in the y chain, accounting for 634 residues zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
the 1,060 residues in the protomer. There  are only three short 
strands of /3 structure, accounting for 15 residues. 

The three-dimensional structure of MMOH OB3b is shown in 
Figure 4.  The crystallographic twofold, coincident with the crys- 
tallographic a axis and relating the two protomers, is vertical in the 
figure. The heart-shaped dimer is about 130 A X 90 8, X 70 A, 
with the a chains forming the auricles and the /3 chains forming the 
ventricles. Although not immediately obvious from the figure, the 

a and p chains share a similar fold. Two-hundred thirty-three pairs 
of Cas can be superimposed with an RMS difference of 2.08 A. 
This fold is also found in the R2 protein of ribonucleotide reduc- 
tase (Nordlund et al., 1990). The interface between the a and P 
chains is extensive, burying 4,068 A* of the solvent-exposed sur- 
face of each chain. Each y chain is elongated and interacts with the 
a and P chains away from the symmetry axis. 

The active site, which contains the diiron cluster, is located in the 
a chain between the four long helices, aB  (a97-a 127), a C  (a 13 1- 
a161), a E  (a197-a226), and aF (a231-(u257). The distance be- 
tween the symmetry-related active sites is about 45 A. A more detailed 
description of the active site and metal center will be given below. 

Several of the helices (a I ,  aD,  aE,  aH,  PB, PE, PF, and PG) 
are broken into smaller segments. Most of these distortions occur 
at  one  end, sometimes involving 310 or n- helical loops. Three of 
these helices should be noted. Helix a H  is interesting in that the 
central turn of this five-turn helix is a n- loop. A basis for this 
distortion can be seen in the presence of a tryptophan on each turn 
of this 22-residue helix. These large residues lock side chains to 
particular locations, leading to this unusual distortion. Helices aE 
and PE are structurally homologous and are each composed of 
three shorter helices, The bowing of helix a E  is in large part 
responsible for the formation of the active site cavity in addition to 
supplying one of the iron ligands (Glu a209). 

Structures of form 1 and form 2 of MMOH OB3b are essentially 
identical. The molecules pack in their respective C222, space groups 
with a relative rotation angle of 13.2” around the crystallographic 
dyad.  This rotation lengthens the x axis of form 2  from 264.49 8, 
to 293.38 A and the 2 axis from 139.44 8, to 143.65 A, and reduces 
the y axis from 71.19 A to 64.01 A. The volumes of the two unit 
cells differ by less than 2.5%. While superimposing only a mono- 
mer  of form 1 on form 2, the other monomers of the dimer were 
related by a rotation of 1.2” and a translation of 0.14 A. RMS 
difference due to superposition of the C,s of a monomer between 
the two forms of MMOH is 0.27 A. However, there is no notice- 
able change observed at the interface of the form 2 monomers 
compared with form 1 of the MMOH OB3b. 

Dzfferences between observed and predicted 

amino acid sequence 

During the course of the map examination and model building, 
several places were found where the electron density map did not 
agree with the reported amino acid sequence inferred from the 
gene sequence (Cardy et al., 1991a, 1991b). These sites are shown 
in Figure 3 and fall into two classes. First, there are 15 randomly 
distributed sequence differences where the electron density map 
indicated a sequence more similar to that of MMOH Bath. For 
eight of these differences (Da209E,  Ga226A,  Ga357A, MPZSSY, 
IP256D, Dyl09E,  Gyl09A, and Py160R), the published sequence 
(Cardy et al., 1991b) would have been sterically possible, but 
strong (>Sa) features in the F, - F, maps and the definition of the 
2 F, - F, map left no doubt as to the discrepancy. Prominent in this 
group of differences is the change at a209 from aspartate to glu- 
tamate (see Fig. 2A,C) because this residue is a ligand of the diiron 
cluster. For seven of the differences, not only were the maps clear, 
but  in three cases (Ra95G, insertion of Pa329, and Ry88G) changes 
were required because the reported sequence was sterically impos- 
sible, and in four cases (Ra37W,  Ta210A,  Ia225S, and Va331 S), 
the reported residues were disfavored due to short steric contacts 
or the burying of unpaired charges. 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAStandard crystallographic data 

Form 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAForm 2 

Space group 
Unit cell 

Data  collection 
Number  of crystals 
Number  of reflections 
Number  of  unique  reflections 
Completeness zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Rmergc of intensities" 

Number of reflections 
cutoffs 

Final Rfacro,b 

Data  used  in  final  refinement 

Final Rfa,,b with F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> O a  
Model 

Number  of  protein  atoms 
Number  of  water  molecules 
Number  of  iron  atom 
Number  of hydroxides 

(IArl) from  Luzzati  plot 
Stereochemistry 

R M S  nonideal bond lengths 
R M S  nonideal  bond  angles 
R M S  dihedral  angle 
R M S  improper  angles 

( B )  for  protein  atoms 
(B)  for  water  molecules 
( B )  for  iron  and  hydroxides 

Themal  parameters 

c222, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a = 264.49 8, 
b = 71.19 8, 
c = 139.44 8, 

9 
39 1,667 
87,489 
96.8% 
0.075 

75,570 
5-2 A. F > 2 a  
0.137 
0.145 

8,599 
73 1 
2 
2 
0.15 8, 

0.016 8, 
1.65" 
21.14" 
1.58" 

19.2 8,' 
37.1 8,' 
15.5 8,' 

c222, 
a = 293.38 8, 
b = 64.01 8, 
c = 143.65 8, 

1 
177,040 
33,478 
89.3% 
0.094 

22,264 
5-2.7 A, F > 2u 
0.152 
0.178 

8,599 
2 
2 
2 
0.20 8, 

0.013 8, 
1.61' 
21.39" 
1.54" 

18.5 A2 
20.4 A2 
27.6 8,' 

The second class of observed differences in the amino acid 
sequence  is found near the carboxyl terminus of the p chain. This 
group of 26 consecutive differences is located at  the  top edge of the 
p chain as it is displayed in Figure 4. An examination of the 
published gene sequence corresponding to this region for MMOH 
OB3b (Cardy et al., 1991b) as shown in Figure 5 indicates that the 
observed amino acid sequence would be obtained if the base pair 
changes indicated in the figure occurred either through mutation of 
the strain or through sequencing errors. Figure 2B shows  the  ex- 

Fig. 2. (Facing page) Selected sections of 2F0 - F, electron  density  map 
of  the final  model of  MMOH OB3b  contoured  at l a .  A: Portion  of  the 
active site and  the  adjacent  hydrophobic  cavity  occupied by four  water 
molecules. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB: Residues p363-p368 of "OH OB3b.  a  part  of  the  26 
consecutive  sequence  corrections  found in this region. C: A closeup view 
of  the 2F0 - F, (shown in light  gray,  contoured  at l a )  and F, - F, electron 
density  (shown in dark,  contoured  at  50) at a209 Glu. Side-chain  atoms 
Cy,  C6,Ocl.  062 for  residue a209 were  omitted  from  the  refinement  and 
from  the  map  calculation. 

cellent 2F0 - F, electron density covering part of this polypeptide 
segment. All the sequence variations observed can be explained 
through the insertion, deletion, or change of one or two  base pairs. 

Active site of MMOH 

The dinuclear iron cluster  is located between the helices aB,  aC, 
(YE, and aF (see Figs. 2 and 4). As  can be seen in Figure  6A, the 
ligands for both irons have octahedral geometry. The irons  are 
separated by  2.99 A, consistent with the Fe-Fe distance observed 
in recent EXAFS studies on "OH (Shu et al., 1996a). the - 160 "C 
MMOH Bath structure (Rosenzweig et al., 1995), and model com- 
plex studies  (Thich et al., 1976; Borer et al., 1982;  Zang et al., 
1994). The irons are bridged by two hydroxides (or one hydroxide 
and one water), as well as a carboxylato-bridge from Glu a144. In 
the plane of the irons  and  the  hydroxo ligands are four endogenous 
ligands: Glu a 1  14, His a147, Glu a209, and His a246. Below this 
plane is the Glu a144 bridge. Above the plane, Wat 3 and Glu 
a243 complete the coordination sphere. As mentioned previously, 
Glu a209 is one of the residues where the observed sequence 
differed from that reported previously. Figure 2A and C shows the 
2F0 - F, electron density for the region around Glu a209. 

The presence of a second bridging hydroxide (OH2) was indi- 
cated by a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5a F, - F, feature. However, because  the  2F0 - F, 
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C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAStructure of "OH OB3b. A: Secondary structure of  dimer  with  cylinders  representing  the  helices  and arrows representing 
the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/3 strands. The crystallographic  twofold axis is vertical. a chains are  colored  yellow  and  pink, /3 chains are colored  gray  and  cyan, 
and y chains are green.  Iron  atoms are shown as green  spheres,  and the hydroxides  and  the  water  molecules  at  the active site, as  well 
as  those  at  the  adjacent  hydrophobic  cavity, are shown as red  spheres. B: Stereo drawing of C, trace of dimer  colored  as in A. C. 
Solvent-exposed surface colored by electrostatic  potential  (red,  negative;  blue,  positive) as calculated by GRASP (Nicholls et al., 1991). 

density  for  OH2  was  less  clear  than  that  for  OH1,  OH2  was not 1 lo. peak  at  OH2  and 13u peak at OH]. OH2 is held less  tightly 
added  to  the  model  until late in  the  refinement.  At  that  point, than  OH1  as  evidenced by the  longer  distances  to  the  irons  (2.15 A 
F, - F, density  calculated  after  omitting  the  OH2  showed  a and  2.17 A versus 1.71 8, and 2.04 A), weaker  2F0 - F, density, 
peak > loo. and  the  feature  could be accounted for in  no other way. and a  slightly  higher  temperature  factor  (14.8 A2 versus  11.5 A2). 
It  was also confirmed by the  difference  map  calculated  using  the It is not possible to distinguish  between  oxo,  hydroxo,  and  aquo 
final  model  coordinates  after  omitting  the two hydroxides by  set- ligands  from  the  electron  density map.  However,  each  of  these 
ting  their  occupancies  to  zero  and  a  cycle of  refinement that  showed potential  bridging  ligands  have  characteristic Fe-0 bond  lengths 
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!:.icl. zl:.: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG GO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ T 1 b C GT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8 ,  

Codon: GAGIU\GTCGCGCGCGGACC(UTCGCGCCGGCGTCTCCGTC~CGAGGCGC~~~GTCT~Q~GA~GQIU\GATC~TTACGCCCGACIU\G 
R e ? . S e q :  E K S R A D R S R R R L R G A A A S S A I O R 4 T T P D X  
Cllf::: R S R A R T D R h G V S E A L Q R L R R L E D R L R P T  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- * * ” zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA? I .  L 

?kif::: E V A R G P I A P A S P R R C S V F G D W K I D Y A R Q  

c h . . a e q :  E K V  A G A  T D S  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG v s E A L Q R v  P G D ti K I D Y A D I 

Fig. 5. Three reading frames of MMOH OB3b gene corresponding to residues p346-/3375 are shown in lines “Rep. seq.” “Shiftl.“ 
and “ShiftZ.” Sequence differences of the amino acids in the reported sequence (Cardy et al.. I991 h) are shown in red in line “Rep. seq.“ 
Observed amino acids are shown in green. The corrected sequence from our study is also shown on the bottom line. Nucleotide 
sequence alterations required for the observed amino acid corrections are shown on top of the DNA strand. A stands for deletion of 
the nucleotide indicated. Nucleotide insertions are indicated by the other arrows. 

that have been established from model studies. Bridging oxo li- 
gands typically have Fe-0 bond lengths of  1.7-1.9 A (Kurtz, 1990). 
whereas the corresponding bond lengths for hydroxo and aquo 
bridging ligands are 1.9-2. I A (Armstrong & Lippard, 1984; Zang 
et al., 1994) and  2.15-2.3 8, (Hagen & Lachicotte, 1992). respec- 
tively. We assigned these two bridging atoms in the diiron cluster 
of  MMOH OB3b as hydroxides based  upon the observation that 

A 

B 

Fig. 6. Geometry of the diiron center. A: Diiron center in MMOH OB3b. 
R: Superposition of diiron center of one of the monomers of MMOH Bath 
at 4°C (Rosenzweig et al.. 1993) (shown in gray)  onto that  of  MMOH 
OB3b at 18°C (shown in black). 

their average bond lengths to the ferric ions are at the minimum 
(1.91 A) and maximum (2.15 A) distances. respectively. expected 
for this type of bridge. The longer bond  might also be assigned to 
an aquo bridge, but the aquo bridge observed in the  MMOH  Bath 
diiron cluster in this position has a considerably longer average 
bond length (2.4 A), suggesting that the bond in the current struc- 
ture derives from a bridging hydroxo ligand. Moreover, the short 
Fe-Fe distance is more consistent with a hydroxo than an aquo 
bridge (Hagen & Lachicotte, 1992).  The assignment of  the shorter 
bonds as an oxo bridging ligand is disfavored on  the basis that  no 
optical spectrum is observed from the cluster in the spectral region 
expected for well-characterized oxo-bridged diiron clusters (Fox 
et al., 1989; Kurtz, 1990). Moreover, the exchange coupling ob- 
served for the cluster is much smaller than  that of any known 
oxo-bridged diiron cluster (Fox et al.. 1993). 

Above and behind the diiron cluster, as oriented in  Figure 6. is 
a hydrophobic cavity (volume  70 A3) lined by  Leu al0, Gly a13. 
Ala a117, Ala a120, Gln a140, Cys a151. Ala a152, Ile a171. 
Met a 184, Phe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 188,  Phe a 192,  Leu a204, Thr a 2  13. L e u  a2 16. 
Ile a217. Phe a236. Val a239, Gln a278, and  Phe a282. In this 
cavity. there is a region of  2F,, - F,. density that  is  not due to 
protein and  has  proven difficult to assign to a specific exogenous 
molecule (see Fig. 2A). During the refinement. we attempted to 
place several molecules in  this density. including phosphate. be- 
cause it was the only component in the crystallization solution of 
the appropriate size. but none were found to f i t  satisfactorily. Other 
obvious species that were placed initially in  the density were meth- 
ane and methanol; however, a single molecule was too small for 
the density and multiple molecules did  not  seem to f i t  the density 
very  well. Because no species fit the density well, four solvent 
molecules (Wat 4, Wat 5 ,  Wat 6. and Wat 7) were finally placed in 
the density. The average R-factor for these four water molecules is 
40.0 A’, which is comparable to 37.1 A’, the average R-factor for 
all the water molecules in the structure. 

Comparison M‘ith MMOH Bath 

The high  level of sequence identity of  MMOH OB3b with  MMOH 
Bath (see Fig. 3) suggests that similar structures will  be observed. 
and this is the case. It should be mentioned here  that  the  MMOH 
OB3b crystallizes as a monomer per asymmetric unit. Thus. the 
crystallographic twofold symmetry requires exact symmetry in the 
holoenzyme of  MMOH OB3b. MMOH  Bath crystallizes as a di- 
mer in an asymmetric unit with noncrystallographic twofold sym- 
metry restraints relating the monomers. It is not stated in either of 
the reports (Rosenzweig et al.. 1993. 1995) or the  PDB entry 
1 MMO whether noncrystallographic symmetry restraints were used 
during refinement of  MMOH  Bath. Superposition of  the C,s of the 
MMOH  Bath monomers produces an  RMS difference of 0.28 A. 
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Superposition of the two protomers of MMOH Bath found in its 
asymmetric unit with  the crystallographic dimer found in the MMOH 
OB3b unit cell results in an RMS difference over all C,s  of 0.76 A. 
Superposition of the individual monomers reduces this difference 
to 0.56 A. The largest differences (those greater than 1.5 A) be- 
tween MMOH  OB3b and MMOH Bath for the C, trace are found 
at the terminal residues, and at residues a340,  a349,  a430-a435, 
/332-/340, p47, /3250-/?280, p325-/3330, and p338-/3354. The 
most significant changes observed are in the region /3345-p354, 
corresponding to residues /3341-/3350  of MMOH Bath. This re- 
gion is on the outer surface of the molecule and is not involved in 
any intermolecular contacts in either of the MMOHs. In MMOH 
Bath, the closest neighbor to this region consists of residues p377- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
p385 of the symmetry-related molecule, whereas in MMOH OB3b, 
the corresponding residues from the symmetry-related molecule 
are y88-yl00. The shortest distance between the molecule and the 
symmetry-related molecule at this interface for MMOH Bath is 
3.93 A, whereas that for MMOH OB3b is 3.68 A. In both MMOHs, 
the C-terminal residue of the p chain is  in this interface. In OB3b, 
there is a piece of continuous electron density that extends beyond 
the structurally derived last residue of the p chain (p393) in the 
final model. However, the last two residues of the p chain (Lys 
p394 and Asn p395) could not be modeled due to very short 
contacts between the side chains of these two residues and the y 
chain of the neighboring symmetry-related molecule. Hence, this 
region of density at the interface is modeled as four water mol- 
ecules (Wat 699, Wat 729, Wat 730, and  Wat 731). 

The superposition of the structures of the diiron clusters of 
MMOH OB3b and that of one of the noncrystallographically re- 
lated protomers of MMOH Bath (4°C structure) are shown in 
Figure 6B. Overall, the active sites of both hydroxylases are quite 
similar. With the correction of Glu a209, the protein ligand back- 
bones agree with an RMS difference of 0.16 A (averaged for both 
monomers of MMOH Bath). This difference is comparable to that 
seen between MMOH Bath protomers (0. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 A). Superposition of 
the diiron cluster ligands and the residues that line the hydrophobic 
cavity gives an RMS difference for the backbone atoms between 
MMOH OB3b and MMOH Bath of 0.19 A (averaged for both the 
monomers of MMOH Bath), which is again comparable to that 
between the monomers of MMOH Bath (0.13 A). With this level 
of structural similarity, the significantly higher specific activity for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MMOH OB3b  (Fox  et al., 1989) cannot be explained easily by 
differences in active site structure. More specifically, the differ- 
ence  does not derive from the residue at position 209, as suggested 
previously by Rosenzweig et al. (1993), because this residue is 
shown here to be the same in both enzymes. 

The diiron clusters of the  two  MMOHs do exhibit some signif- 
icant differences in distance between the iron atoms and the ex- 
ogenous bridging ligands. Table 2 lists the bond lengths and angles 
of the active site structure of MMOH OB3b  for both form 1 and 2, 
and those of the two protomers of MMOH Bath at 4 "C and - 160 "C 
(Rosenzweig et al., 1993, 1995). The major differences between 
the 4 "C MMOH Bath diiron cluster structure and that of MMOH 
OB3b is the longer Fe-Fe distance and the presence of an acetate 
(rather than a hydroxide) as the second exogenous bridge in the 
MMOH Bath cluster. In contrast, in the MMOH Bath structure 
determined at -160°C (Rosenzweig et al., 1995), the Fe-Fe dis- 
tance and exogenous bridging ligands are in excellent agreement 
with those seen for MMOH OB3b. Rosenzweig et al. (1995) argue 
that the geometry seen in the - 160 "C structure might be the result 
of including glycerol in the mother liquor as a cryoprotectant; but 
the results reported here for  MMOH  OB3b suggest that this is not 
the case.  The similarity of the - 160 "C MMOH Bath and the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA18 "C 
MMOH OB3b structures suggests that the Fe2-Oz diamond core 
that they have in common may  be a general feature of MMOHs. 

Recent evidence suggests similarities in structure and reactivity 
between synthetic model compounds containing high valent Fe20z 
diamond core dinuclear iron complexes (Dong et al., 1995a, 1995b; 
Que & Dong, 1996) and the reactive high valent intermediate X of 
the R2 subunit of ribonucleotide reductase and compound Q of the 
MMOH catalytic cycle (Lee et al., 1993a, 1993b; Sturgeon et al., 
1996). This resemblance suggests that the ability to form such a 
structure is important for the oxygen activation and insertion re- 
actions that are catalyzed. On the other hand, EXAFS studies of 
the diferric MMOH OB3b (Shu et al., 1996a) indicate that, in 
frozen solution, about 40% of clusters have a 3.4-A Fe-Fe distance, 
similar to the 4 "C MMOH Bath structure, whereas the remainder 
have a 3.0-A Fe-Fe distance, similar to the - 160 "C MMOH Bath 
and 18 "C MMOH OB3b structures. Consequently, all of the struc- 
tures determined thus far for MMOH may  be valid for the enzyme 
in solution under certain circumstances and may  be indicative of 
the inherent flexibility of the cluster. Such flexibility may be nec- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Table 2. Bond distances and angles of the diamond core found in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMMO hydroxylases 

OB3b 

Form 1 Form 2 Bath 

Temperature 18°C 18°C 4 "C - 160°C 
Fe-Fe distance 2.99 8, 3.07 8, 3.46 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA, 3.36 A 3.04 A, 3.14 8, 
First bridge OH OH OH OH 
Fe 1 -OH 1.71 8, 1.79 8, 1.71 A, 1.69 8, 1.78 A, 1.62 8, 
Fe2-OH 2.04 8, 2.18 8, 1.98 A, 2.06 8, 1.94 8,. 2.02 8, 
Angle Fe 1 -OH-Fe2 105.4" 100.8" 138.6".  127.7" 109.0".  120.0" 

Second bridge OH  OH CH3COOH 
Fe 1 -OH 2.15 8, 1.93 8, 2.56 A, 1.95 8, 

Hz0 
2.43 8, ,  2.24 8, 

Fe2-OH 2.17 8, 2.45 8, 2.30 A, 2.05 8, 2.58 8,. 2.51 8, 
Angle Fe 1 -OH-Fe2 87.6" 88.1" NIA Not reported 

from Rosenzweig et al. (1995). 
aBath data for the 4°C structure are derived from the PDB entry IMMO, and those for -160°C are 
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essary  to  accommodate  various  intermediates of the  catalytic  cycle 
that  appear  to  have quite different  diiron core structures.  These 
intermediates  range  from  the  proposed  peroxo-bridged  compound 
P, which  may require an Fe-Fe  distance of  up to  4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, (Kim zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& 
Lippard,  1996), to the  proposed  diamond  core  bridged  compound 
Q, in  which  the  Fe-Fe  distance  is  2.47 8, (Shu et al.,  1996b). 

Electron  density  maps for both  MMOH  OB3b  and  MMOH  Bath 
at - 160  "C indicate  the  presence of some  exogenous  molecule(s) 
in  the  active site of  "OH. In  the case of  MMOH  Bath, this 
density  was  interpreted  as  that of acetate,  because  acetate was 
present  in  the  crystallization  solutions  (Rosenzweig et al.,  1992).  It 
is doubtful  that  acetate  is  the  component  present  in  the  active  site 
of  MMOH OB3b  because  acetate is not  in  any  of the  solutions 
used  for  protein  purification  or  crystallization.  As  mentioned  pre- 
viously,  the  unassigned  density  has  been  filled  tentatively by four 
water  molecules;  however,  this  density  cannot  be  unambiguously 
assigned  at  present for either  enzyme. 

Comparison wirh cytochrome P-45OCm 

and other diiron proteins 

MMOH has  been  compared  widely  to  cytochrome  P-450,  because 
it  also  activates  molecular  oxygen for incorporation  into many 
substrates  containing  unactivated C-H  bonds.  In  both  enzymes, 
iron  centers  are  reduced  to  allow  the  binding of molecular  oxygen. 
The  oxygen  is  then  cleaved  to  produce  water  and  a  high  valent 
reactive  iron-oxo  species  that  is  capable of  breaking a  stable  C-H 
bond  (Ortiz de Montellano,  1986; McMuny & Groves,  1986;  Lip- 
scomb, 1994). In the  case of cytochrome  P-450, it has  been zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApro- 

A 

B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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posed  that  breaking  the 0-0 bond  of  oxygen requires  protons to  be 
shuttled  into  the  active  site  to  form  water  from  one of the  oxygen 
atoms  as  the  high  valent  reactive  species  is  formed.  If  the  mech- 
anism  of  MMO is  fundamentally  similar  to  that of cytochrome 
P-450,  as we  have  proposed (Fig. 1, Fox et al.,  1989,  1991),  then 
a  similar  residue  might be expected  to  be  present  in  the  active  site 
of  MMO to facilitate  proton  transfer.  Because the only  residues 
with side  chains  capable of forming  hydrogen  bonds  in  the  active 
site of  MMOH are Thr a213 and  Cys a151 (see  Figs.  2A  and  7A), 
one  of these  residues  could  be  involved  in  the  proton  transfer. In 
cytochrome P-45oCAM (POUIOS et  al.,  1985), ~ h r  252 oy is 5.7 A 
from  the  heme  iron.  This  distance  compares  with  6.3 A and  6.8 A 
for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThra 213 Oy from Fel and  Fe2 of  "OH, respectively. 
Figure  7B  shows  the  active  site of cytochrome P-45oCAM oriented 
to  emphasize this similar  geometry.  Mutation of Thr  252  to  Ala  in 
cytochrome  P-450  uncouples the ability of  this  enzyme  to  hydrox- 
ylate  substrate,  with little or no  product  being  formed  (Imai  et  al., Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7. Active sites of (A) MMOH 0 ~ 3 b ,  (B) cytochrome p-45oCAM, and 
1989;  Martinis  et  al.,  1989).  Comparison of the  amino  acid  se- (C) ribonucleotide  reductase R2 protein. Iron is  shown in red  and  the 
quences of "OH with the  diiron containing enzymes  toluene hydroxide is shown  in  green  as  spheres.  Residues  corresponding to Cys 

4-monooxygenase,  phenol  hydroxylase,  and  the  stearoyl-ACP de- Of "OH 0B3b are Orange' those co*esponding to a213 are 

saturases (Fox et  al.,  1994)  reveals  that  the  residue  corresponding near the is shown  with a transparent cyan surface. 
green,  and  those  ligating  the  iron  are yellow. The  solvent-accessible  surface 

to a213 is  always  a  threonine. 
It  has  been  suggested  that  a  cysteinyl  radical  at  Cys a151 might 

play a  role in the  hydroxylation  chemistry  at  the  active  site of 
MMOH (Nordlund et al.,  1992;  Rosenzweig  et  al.,  1993;  Feig & 
Lippard,  1994).  A  basis  for  this  suggestion  can  be  seen  by  com-  ated  by  reaction  of  the  dinuclear  iron  cluster  of  the  protein.  How- 
paring  the  diiron  centers of  MMOH  and  of  the  R2 subunit of  ever, the  amino  acid  sequence of toluene  4-monooxygenase  has  a 
ribonucleotide  reductase. As seen in Figure  7C, the residue  corre-  glutamine  in  the  homologous  position,  whereas  the  stearoyl-ACP 
sponding to Cys a151 of  MMOH  is  Tyr  122  of ribonucleotide  desaturases  have  leucine  (Fox  et al., 1994).  This  suggests  that  Cys 
reductase  R2,  which  is  the  site  of  the  stable  tyrosyl  radical  gener- a151 may not  be critical to catalytic  function. 

C 



Structure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.f methane monooxygenase hydrmylase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA565 

Effects zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof component B 

As stated earlier, component B was included in the crystallization 
solution that generated crystal form 2. Component B, by forming 
a tight complex with MMOH, has many significant effects on the 
activity of MMO that were summarized in the introduction (Fox 
et al., 1991; Wallar & Lipscomb, 1996). Both steady state and 
transient kinetic studies show that optimal rate enhancements are 
achieved when the bound complex stoichiometry is 2 MM0B:l 
MMOH, that is, 1 MMOB per protomer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor active site. Despite the 
fact that MMOB was present in  a 2:l stoichiometry during crys- 
tallization and a new crystal form was obtained, the electron den- 
sity map showed no density for component B in the crystal structure. 
Moreover, SDS-PAGE of washed form 2 crystals indicated that 
component B was not present. 

Growth of the crystal form 2 required the presence of compo- 
nent B. Duplicate crystallization trials under the same conditions 
except that component B was absent did not produce crystals. 
Previous studies have indicated (1) that interaction of MMOB and 
MMOH alters the MMOH structure and (2) that these alterations 
reverse slowly after dissociation of the complex (Fox et al., 1991; 
Froland et al.,  1992; Liu et al., 1995a; Y. Liu, J. Nesheim, K.E. 
Paulsen, M.T. Stankovich, & J.D. Lipscomb, manuscript submit- 
ted).  This hysteretic effect may cause  a general change in the 
structure of the population of MMOH in the presence of MMOB, 
which is required to nucleate crystal form 2. In form 2 crystal 
structure, the dimer  is rotated by 13.2" around the crystallographic 
a axis, with a 1.2" rotation of one monomer relative to the other 
from the crystallographic dyad with respect to form zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. Superposi- 
tion of the monomers observed in both crystal forms produces an 
RMS difference of 0.60 8, over all atoms. Because this difference 
is comparable to that observed in independent refinements of the 
same protein (Ohlendorf, 1994), the structural changes imparted 
by component  B binding are either too subtle to be seen at 2.4 A 
resolution or have decayed back to native state. 

An examination of the solvent-exposed  surface of MMOH 
(Fig. 4C) reveals a negatively charged depression approximately 
35 8, in diameter to the left of the twofold axis and directly above 
helices A, E, and F. Helices E and F participate in the active site by 
supplying three iron ligands ((~209,  (~243, and (~246) and by form- 
ing half of the active site pocket occupied by  Wat 699, Wat 729, 
Wat 730, and  Wat 731. Helix E is bent into three fragments ((~197- 
a204,  (~208-(~21 I ,  and a213-a226). By binding to this region, 
component B could alter the iron ligand geometry, as well as the 
volume of the active site, and thus modulate activity. 

Conclusions 

The observation of a diamond core structure for the essential diiron 
cluster of the active site  of MMOH OB3b similar to that reported 
for the - 160°C structure of MMOH Bath shows that this is the 
dominant structure that has been maintained across the family of 
sMMO  enzymes from highly divergent methanotrophs. Moreover, 
the presence of the diamond core structure in the highly active zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM. 
trichosporium MMOH that has been crystallized and studied at 
near room temperature strongly supports this conclusion. The dia- 
mond core structure is probably lost during some stages of the 
catalytic cycle, but it appears to be the most likely structure for the 
critical transient intermediate, compound Q, that appears to insert 
oxygen into the unactivated C-H bond of methane. The  signifi- 
cance of the compact diamond core structure to oxygen activation 
and insertion chemistry is currently under intense investigation 

(Que & Dong, 1996). This novel structure presents many mecha- 
nistic possibilities beyond those considered in the past for heme 
oxygenases (Feig & Lippard, 1994; Wallar & Lipscomb, 1996). 
The structural insight provided by the current study supports the 
occurrence of such a species in MMOH catalysis and supplies 
critical metric information for ongoing biomimetic studies. 

Materials and methods 

Crystal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAform I 

The growth of M. trichosporium OB3b and the purification of 
MMOH were as reported previously (Fox  et al., 1989, 1990a). The 
specific activity at 23°C and iron content of MMOH OB3b are 
800-1000 nmol/min/mg and 1.8-2.0 diiron clusters/mol, respec- 
tively. Diffraction-quality crystals were obtained as reported by a 
hanging drop method with repeated macroscopic seeding at 18 "C 
(Froland et al., 1994). Typical crystal size is 0.7 mm X 0.7  mm X 

0.3 mm. The  crystals are in space  group C222,, with one monomer 
per asymmetric unit. X-ray data were collected using a MAR 
imaging plate mounted on beamline X 12C at the Brookhaven Na- 
tional Laboratory. Images were processed using DENZO (Otwi- 
nowski, 1993). Although diffraction to about 2.5 8, resolution was 
resistant to radiation damage, the higher-resolution data (to < 1.8 A 
resolution) had a lifetime of about 1 h on X12C. Consequently, a 
high-resolution native data set was formed using data collected 
from nine crystals of MMOH OB3b. 

Coordinates of one protomer of MMOH Bath (Rosenzweig 
et al., 1993) (chains B, D, and G) were extracted from the PDB 
data file IMMO. Using these coordinates, a  cross rotation function 
was calculated with XPLOR (Briinger, 1992). Two searches, each 
with vector lengths of 45 8, and 35 A, were conducted using data 
between 8 and 3.5 8, and 8 and 4 8, .  Both searches yielded the 
same prominent peak that, following Patterson correlation refine- 
ment, gave a peak that was 9.7 times higher than the next highest 
peak. Coordinates corresponding to this peak were used in the 
translation-search by XPLOR. This resulted in a single solution 
and provided an initial model for MMOH OB3b. After setting 
aside 2% (1,721 reflections) of the observed data for the calcula- 
tion of Rfrppr molecular dynamics refinement by simulated anneal- 
ing using XPLOR reduced the R-factor and Rfree for data between 
8-2.8 A, with F > 2u, to 24.8% and 34.5%. respectively. Because 
the values of Rfrer and R indicated a correct solution, all the data 
were used  in the subsequent refinements and map calculations. 
Group temperature factor refinement using the data between 8 and 
3.5 8, resolution and F > 3u  produced an R-factor of 21.7%. Using 
TOM (Jones, 1978), this model was examined and the sequence of 
the model was altered to that expected for MMOH OB3b (Cardy 
et al., 1991b). Several cycles of Powell minimization were run at 
varying resolutions trying to reconcile the model with the expected 
amino acid sequence. When this failed, residues that disagreed 
with the published sequence were replaced with either alanines or 
glycines and main-chain breaks were made at the points of residue 
insertions. Additional cycles of refinement accompanied by phase 
extension to 2 A resolution with F > 2 a  converged to an R-factor 
of 22.2%. By this time, several of the randomly distributed se- 
quence changes reported in Figure 3 had been made and clear 
density for solvent molecules was apparent. After adding 230 wa- 
ter molecules with a polyalanine model for /3345-/3372, the R-factor 
dropped to 19.0% for data between 5 and 2 A, with F > 20. At this 
point, an examination of the reading frames for the /3 chain of 
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MMOH produced an amino acid sequence that agreed with that 
seen in the electron density maps. In addition, the density now 
unambiguously indicated the presence of the second bridging hy- 
droxide. Further refinement after these corrections and adding an- 
other 200 water molecules reduced the R-factor to 16.2% for data 
between 5 and 2 A, with F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> 2a.  During the next cycles of map 
examination, addition of solvent molecules, and refinement, vari- 
ous models (a phosphate, two methanols with  half occupancies 
each occupying alternating confirmations, two methanes, an eth- 
anol, an ethane,  a serine, a cysteine) were tested in the density 
feature found in the active site. Because no single model explained 
this density adequately, a  group of four solvents was placed in the 
model, which, on refinement, produced an R-factor of 14.4% for 
data between 5 and 2 A, with F > 2u. Additionally, two water 
molecules were found on special positions. On inclusion of these 
water molecules, refinement produced an R-factor of 13.7% for the 
final model for  data between 5 and 2.0 A, with F > 2 a  (14.5% 
with no cut off). 

Crystal form 2 

The growth of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM. trichosporium OB3b and purification of MMOH 
and MMOB were as reported previously (Fox  et al., 1989, 1990a). 
The specific activity at 23 "C  of MMOB was 7,000 nmol/min/mg. 
Single form 2 crystals were obtained by vapor diffusion starting 
with a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 mg/mL mixture of MMOH OB3b and recombinant 
MMOB with a molar ratio of 2 MM0B:I MMOH OB3b. The 
reservoir solution  consisted of 18% (wlv) PEG3350. 167 mM 
Na2HP04, and 10 mM citric acid at pH 7.5. After combining 7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApL 
of the MMOH/component B mixture with 7 p L  of the mother 
liquor (4% PEG3350 and 100 mM phosphatekitrate buffer, pH 7.7), 
large single crystals were obtained after 16 days. The crystals are 
in space group C222,, with one monomer per asymmetric unit. A 
native data set was collected to 2.7 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, resolution using a  Siemens/ 
Xentronics X 100 area detector mounted on a Rigaku rotating anode 
source. 

A nearly completely refined model of MMOH OB3b was used 
as a search model for molecular replacement in the program XPLOR 
(Briinger, 1992). The rotational search produced a peak that, after 
Patterson correlation refinement, was 8.1 times higher than the 
next highest peak. Coordinates corresponding to this peak were 
used in the translation search by XPLOR. This resulted in a single 
solution and provided an initial model for the form 2 of MMOH 
OB3b. After setting aside 5% (1,658 reflections) of the observed 
data for the calculation of  Rfreer molecular dynamics refinement by 
simulated annealing using XPLOR produced a model with an 
R-factor of  19.2% and Rfrep  of 29.3% for data between 8 and 2.8 A, 
with F > 2a.  Because the values of Rfree and R indicated that the 
solution was correct, all the data were used for further refinement 
and map calculations. Group temperature-factor refinement using 
data between 8 and 2.7 A and F > 2 u  brought down the R-factor 
to 17.3%. Powell minimization using XPLOR produced a model 
with an R-factor of 16.7% for data between 8 and 2.7 A, with 
F > 2a.  Examination of the electron density map, addition of the 
two Fe'+, the two bridging hydroxides, and the exogenous ligand 
(one water molecule) to the iron, and Powell minimization using 
XPLOR produced a model with a crystallographic R-factor of 
16.3% using 22,264 unique reflections between 5 and 2.7 8, res- 
olution, with F > 2a.  B-factors were found as low as  2 A2 for 
many of the side-chain atoms. Hence, B-factors for the whole 
model were reset to the Wilson B-factor before the next cycle of 

refinement. At this stage, the two bridging hydroxides had poor 
2F, - F, density, which we attribute to the lower-resolution data 
of the diffraction. Even though the 2F,, - F, as well as positive 
F, - F, density was obvious for about 240 water molecules, none 
were placed in the model except one water molecule at the hydro- 
phobic cavity because of the limited resolution. The complete model 
was checked and a final set of positional and temperature-factor 
refinement produced an R-factor of 15.2% for the final model for 
data between 5 and 2.7 A, with F > 2 a  (17.8% with no cut off). 

During refinement of both crystal forms of MMOH OB3b, NOE 
square well constraints were placed on the irons and their ligands. 
For crystal form I ,  the Fe-ligand NOEs were set to 2.0 * 0.4 A and 
the Fe-Fe NOE was set to 3.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 0.4 A. For crystal form 2, the 
NOEs were set to the values observed in crystal form 1 (k0.4 A). 
Coordinates of both forms of the crystal structure of MMOH OB3b 
have been submitted to Protein Data Bank with accession numbers 
lMHY and IMHZ. 

Figures 2, 4A, 4B, and 6 were made using SETOR (Evans, 
1993). Figures 4C and 7 were made using GRASP  (Nicholls  et al., 
1991). 
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