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ABSTRACT. To investigate the role of protein cavities in facilitating movement of the substrates, methane
and dioxygen, in the soluble methane monooxygenase hydroxylase (MMOH), we determined the X-ray
structures of MMOH fromMethylococcus capsulatu@Bath) cocrystallized with dibromomethane or
iodoethane, or by using crystals pressurized with xenon gas. The halogenated alkanes bind in two cavities
within the a-subunit that extend from one surface of the protein to the buried dinuclear iron active site.
Two additional binding sites were located in fhxsubunit. Pressurization of two crystal forms of MMOH

with xenon resulted in the identification of six binding sites located exclusively imtBabunit. These

results indicate that hydrophobic species bind preferentially in preexisting cavities in MMOH and support
the hypothesis that such cavities may play a functional role in sequestering and enhancing the availability
of the physiological substrates for reaction at the active site.

The biological oxidation of methane occurs at a carbox- fering pathways in the enzyme. The large size of MMOH
ylate-bridged dinuclear iron active site located in the 251- may also be needed to bind two other component proteins
kDa hydroxylase component (MMOH) of the soluble meth- of the SMMO system. Electrons required for the mixed
ane monooxygenase enzyme system (sMMQ) 2). The function oxidation are supplied by NADH via the reductase
question has arisen why nature would choose such a largg MMOR) component. The dinuclear iron center in MMOH
enzyme to process such small substrates asa@H Q. The is converted from Fe(lll)Fe(lll) to Fe(ll)Fe(ll) by transfer
structure of MMOH from two organismsylethylococcus  of electrons from MMOR §). A third component, protein
capsulatugBath) andViethylosinus trichosporiu®B3b, is B (MMOB), couples the system to perform monooxygenase
known 3, 4). MMOH exists as anm,(2y, homodimer with chemistry when substrates are preséntrj.
eacha-subunit housing one diiron uniB). Dioxygen and The dinuclear iron active site resides in a four-helix bundle
methane interact with the dinuclear iron center in a strategi- within the o-subunit, buried beneath the protein surface. A
cally positioned hydrophobic cavity at the active site. These number of hydrophobic cavities have been identified by
nonpolar substrates are converted to the much more hydro-analysis of the MMOH structure, with several in the
philic product molecules, methanol and water. The different o-subunit forming a putative pathway from the protein
dielectric constants of the substrate and product moleculessurface to the active site (Figure B, 8). The amino acids
for MMOH suggest one reason such a large protein may belining cavities 2 and 3 are primarily hydrophobic, suggesting
required for catalysis, namely, the need to control the traffic that they may be functionally important for guiding dioxygen
of species with such diverse polarity through noninter- and methane to cavity 1 at the catalytic diiron center. Other
metalloproteins that process gases for transport or redox
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FIGURE 1: (A) Stereoview of the MMOH structure showing the location of cavities with a volam# A3, as determined by VOIDOO

(18). The brown net surfaces depict the cavities, andothes-, andy-subunits are blue, green, and red, respectively. The iron atoms are
depicted as red spheres. (B) Stereoview ofdksubunit depicting the cavities considered to be important for substrate binding and access

to the active site. The iron atoms are shown as red spheres, and the cavities are numbered 1 through 5. Smaller numbers indicate the
locations of various amino acids in tlhesubunit sequence.

binding sites for xenon were present in tesubunit, and features of electron density in maps generated with the
dibromomethane and iodoethane molecules also occupied~ourier coefficienty|Fops, ligand — |Fobs, nativé| USINg phases

locations in the3-subunits. from the native structure. Solvent was added by four or five
rounds of automated water picking followed by manual
EXPERIMENTAL PROCEDURES inspection of the selected peaks. Occupancies of the halo-

alkane species and of the xenon atoms were calculated by
setting the B-values for these species equal to the overall
B-values of the solvent molecules in the structure. A single
round of positional refinement was then run, followed by

Protein Purification and CrystallizatiorHydroxylase was
purified from nativeM. capsulatugBath) cells as described
previously (1). MMOH crystals in form Il were grown by
hanging drop vapor diffusion at room temperature as '“* Hotid :
described 12). Microseeding was used to obtain improved refinement of |nd|V|duaI B-values for all atoms in the model.
crystals for data collection. Solutions for cocrystallizing Qccupancy refinements were not run on the 3.3 A data for

MMOH with CH,Br, or CH:CH,l were 25%-saturated with crystal form | MMOH. Geometries of the model during the
these species. Form | crystals of MMOH were grown as course of the refinements were assessed with PROCHECK

reported 13). (17). Refinement statistics are listed in Table 1.

Data Collection and Refinemetigh-resolution data were Cavity CharacterizationMolecular volumes, cavity loca-
collected at 100 K on beamline 7-1 of the Stanford tions, and cavity volumes were determined initially by using
Synchrotron Radiation Laboratory (SSRL) usihg= 1.08  the program VOIDOO 18). A 1.2 A sphere was used to
A and a Mar Research imaging plate detector. Data were generate the probe accessible surface on a 0.40 A grid.
indexed and scaled with the HKL suite of programs)( Multiple, random orientations of individual MMOH subunits
Data collection statistics appear in Table 1. were used as input for the VOIDOO program to generate

Structure determinations were initiated by using the native multiple measures of the volumes, as suggested by the
coordinates and phases from MMOH in the appropriate program’s authorsl@®). Cavity volumes were also calculated
crystal form as a starting model in rigid body refinement in by using the server-based program CA3B)(

CNS (v. 1.0) £5). Cycles of positional, simulated-annealing, Xe Pressurization of Crystal®ressurization with xenon
and B-factor refinements were run, interspersed with analysisgas was carried out at beamline 7-1 of SSRL using apparatus
of the geometry of the model and with manual rebuilding that has been described previous2g) Crystals of MMOH

into electron density. Manual rebuilding was performed in in both crystal form | and crystal form Il were harvested
O (16). The locations of exogenous GBt,, CH;CH,l, and into stabilizing solutions and transported to SSRL. Small
Xe in the structure were identified by the presence of large magnetic mounts containing fiber loops were used to pick a
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Table 1: X-ray Data Collection and Refinement Statistics

MMOH chpr MMOH ;i MMOH ye2 MMOH ye1

space group P212121 P212121 P212121 P212121
cell constants, b, c (A) 71.2,172.0,221.3 71.2,172.2,221.2 72.3,174.6, 223.0 61.7,109.6, 330.2
resolution range (A) 362.10 30-2.30 30-2.60 12-3.30
total no. of reflections measured 654 647 919 602 552 751 340070
no. of unique reflections 136 846 107 645 81746 25 369
Resym (%)? (highest shell) 8.4 (55.5) 7.8 (40.4) 10.5 (28.1) 11.1 (21.9)
completeness (%) (highest shell) 86.0 (85.3) 86.8 (83.9) 93.2 (96.6) 74.0 (69.9)
resolution range used for refinement (A) -3D.10 30-2.30 30-2.60 12-3.30
no. of reflections used for refinement 123585 91 903 75732 23 398
R-factor (%Y 20.1 20.5 20.6 22.3
Riree (%0)° 25.0 25.9 26.0 25.3
rms deviations

bond lengths (A) 0.006 0.006 0.007 0.01

bond angles®) 1.17 1.21 1.23 151

aRym= 2 || — OVZ I, wherel is the observed intensity antllis the average intensity over all observations of symmetry-related reflections.
b R-factor= X |Fops — Fcad/= Fons WhereFqnsandFeac are the observed and calculated structure factor amplitudes, respectiRglywas calculated
from a randomly chosen subset of 4.5% of the reflections.

crystal out of the cryosolution. The magnetic mount contain- Table 2: CHBr Binding Sites in MMOH
ing the crystal was lowered into the pressurization chamber

peak heights

that contained~500uL of mother liquor at the base of the  site for Br atoms ¢)? locatior? occupancy  B-values
cell. The chamber was capped and the atmosphere was 4 41.2 02, cavity 3 1.00 28.9
purged three times with 50 psi xenon gas. For crystals of 38.5 _ 1.00 275
form II, the chamber was then pressurized to 100 psi (6.8 2 37.8 al, cavity 3 1.00 29.4
atm) and equilibrated for 15 min. After the equilibration gg'g B1, inner é'gg gg'i
period, the cell was vented by rapidly unscrewing the cap, 31.2 ' 0.89 297
and a magnetic wand was used to pick up the crystal on the 4 30.4 a2, cavity 2 0.79 29.5
magnetic mount and plunge it into liquid nitrogen. Using 30.2 0.79 34.3
two [ ; ; ; 30.0 B2, inner 0.79 34.7
people, the entire process from venting to freezing took 59.2 079 585
4-5 s. For crystals of form I, this same pressurization and g 293 ad, cavity 2 0.79 30.4
plunge-freezing procedure resulted in damaged crystals. 26.1 0.79 35.2
Consequently, after purging the chamber, form | crystals 7 24.1 a2, cavity 2 0.64 27.3
were pressurized at 60 psi (4.1 atm) for only 5 min. The 22.7 _ 0.64 33.0
8 22.6 al, cavity 2 0.58 28.2
chamber was vented as before and the crystal was flash- 20.2 0.58 29.3
frozen directly in the cold nitrogen stream. This procedure g9 11.4 B1, outer 0.44 34.2
took ~8 s from venting to freezing. 10.3 0.44 38.8
10 9.3 82, outer 0.34 40.0
RESULTS 6.2 0.34 42.4

o ) a2 Peak heights are in reference to a difference map calculated with
Cocrystallization of MMOH with Halogenated Alkanes. the coefficients|Fo, dbromometharte— |Fo. naivd | With phases from the native

Crystal structures of MMOH containing GBI, and CHCHl structure (refl2). ® al anda2 refer to the alpha subunit of protomers
were solved to 2.1 and 2.3 A resolution, respectively, and 1 and 2, respectively.

several distinct binding sites were identified (Figure 2). Both
species occupy cavities 2 and 3 in eacisubunit (Figure
3), as well as two sites in eaghsubunit. The only significant

Table 3: CHCH,l Binding Sites in MMOH
peak heights

difference between the two structures is that cavity 2 houses site  for | atoms )2 locatior? occupancy  B-values
two dibromomethane molecules but only one iodoethane ~ 50.6 02, cavity 3 0.97 30.9
molecule. Both CHBr, and CHCH,l have molecular 2 46.8 al, cavity 3 0.87 38.3
volumes of~62 A3, so this difference may be a consequence 3 36.0 B1, inner 0.73 39.8
of their respective dipole moments. Dibromomethane has the g ggg ﬁ 'C”;\ﬁtry 5 8'2(2) f’lg'g
larger dipole moment and binds in van der Waals contact g 229 a2, cavity 2 0.50 41.4
with Phe290 (Figure 3), analogous to the binding of 7 15.5 B1, outer 0.35 38.5
haloalkanes in enzymes such as haloalkane dehalogenase 8 11.6 B2, outer 0.27 42.2

(21). Peak heights and the corresponding refined occupancy apeak heights are in reference to a difference map calculated with
and B-values for the dibromomethane and iodoethane specieshe coefficients|Fo, iodoethank — |Fo, nativd | With phases from the native
are given in Tables 2 and 3, respectively. structure (refl2). _"al anda2 refer to the alpha subunit of protomers
e . _— 1 and 2, respectively.

o-Subunit Binding Sites for GiBr, and CHCH,l. Binding
within the a-subunit cavities caused very little structural crystal form | @). Slight rearrangements also occurred in
rearrangement of the native protein. In cavity 2, van der the orientations of Phel188, which separates cavities 1 and
Waals contacts between @Bt, or CH;CH,l and surrounding 2, and Leu289 and Phe290, which line cavity 2. The
amino acids nudged Leul10 toward the active site cavity, conformations of the other amino acids lining cavity 2 were
causing it to adopt the rotameric conformation found in unaltered.
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Ficure 2: Stereoviews of the MMOH structure showing peaks of significant difference electron density in maps calculated with the Fourier
coefficients||Fo, iigand — |Fo, naivd| from the native structure. The-, 5-, andy-subunits are depicted in blue, gray, and red, respectively,
and peaks are shown for the (A) dibromomethane structure (orange, contourexd,dB)l0odoethane structure (green, contoured at)10

and (C) 2.6 A resolution xenon structure (black, contouredsit 5

cavity3 L289 @
)9 /105

FiGure 3: Stereoview of the dibromomethane binding sites in cavities 2 and 3 of-Hubunit. Difference electron density peaks (orange,

100 contour) are shown for maps calculated with the Fourier coefficights — |F¢|| using phases from the final model minus the
dibromomethane molecules. Superimposed on these peaks are the dibromomethane molecules from the final model. Individual bromine
atoms are clearly delineated in the maps.

Binding of CH,Br, or CH;CH,l in cavity 3 similarly bonding interactions. The positions of gBt, and CHCH,l
caused little perturbation of surrounding amino acid side within each cavity are very similar, resulting in nearly
chains. The only conformational variation was that of identical van der Waals contacts with the surrounding protein.
Leu289, which together with Met288 and Vall05 separates Examination of the remaining cavities in tlesubunit
cavities 2 and 3. Despite its largely hydrophobic nature, two (Figure 1, panel B) revealed no electron density attributable
water molecules reside in cavity 3 in the native structure, to a halogenated alkane. Ordered water molecules bind in
forming hydrogen bonds to the backbone carbonyl groups cavity 5, as in the native structure. Since cavities 4 and 5
of Tyr292 and Arg360, the backbone amide of Ala362, and have a more hydrophilic composition, the observed results
to each other. The remainder of the cavity is empty. Upon indicate a preference of small halogenated alkanes for binding
binding of either CHBr, or CH;CHal, the void is filled but in the more hydrophobic environments. Such behavior has
the two water molecules remain with the identical hydrogen been encountered previously in other proteins. Dichloro-
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methane binds in hydrophobic cavities in myoglobin and T pc 4: xe Binding Sites in MMOH
hemoglobin, and dichloroethane binds to insul2-(24).
ﬁ'SUbumt Blndlng S',tes_ for GjBrz,and CHCHl. The site for Xe atoms ¢)° locatiorf occupancy B-values
CH.Br, and CHCHL,l derivatized proteins reveal the presence 1 149 2 cavity 2 0.92 308
of two haloalkane binding sites in ea@fsubunit of MMOH, 13.0 Gz, caviy ’ '

peak heights

. 2 ol, cavity 2 0.91 33.7

located at thgg—pf interface and related to one anotherbya 3 6.7 a2, surface 0.30 25.7
noncrystallographic 2-fold rotation axis. A shallow pocket 4 6.7 a2, surface 0.20 26.4
on the protein surface defines these closely related binding > 6.6 al, Bl interface 0.34 26.7
sites. The innermost site is lined by amino acids Glu116, S gé gi,gg\;ﬂ;e;face g'sg 52'75
Thr286, and GIn283 from ong-subunit, and Tyrl119, 8 5.3 al, cavity 2 0.28 30.5
Arg122, and Phel123 from the othg&isubunit. Upon CEBr; 9 5.2 al, surface 0.26 25.5
or CHsCHyl binding, the only significant structural rear- 10 n.o? al, cavity 2 0.27 28.3
11 n.od al, surface 0.24 27.6

rangement is rotation of the Tyrl19 phenyl rings from
adjaceni-subunits by~90°. In this altered orientation, the 2Peak heights are reported only for the 2.6 A resolution MMOH
two rings are parallel and locatee3.8 A apart, suggesting structure Wlth XeP Peak _hglghtS are in reference toa difference map

. - - calculated with the coefficient$Fo xel — |Fo, naivd| With phases from
pOSSIbIe_Jt—n stacking. The OUter blndlng_ site 'n each the native structure (ref2). ¢ al anda? refer to the alpha subunit of
B-subunit was more weakly occupied. At this position, the protomers 1 and 2, respectivelyNo significant difference electron
haloalkanes make van der Waals contacts to the side chainslensity was initially observed for these binding sites.

of GIn125 and Argl122 and the backbone of GIn125 and

Gly126 from onef-subunit, as well as to 116290, Thr286,  hrough then-subunit. An additional site observed for xenon
and GIn293 from the otheff-subunit. binding lies at the interface of the- and 8-subunits. Once

Xe Pressurization of MMOH Crystal€rystals of MMOH  a4ain, o rearrangement of the protein was observed upon
grown in the two different forms reported previously were pinding at this site. The closest protein contacts are Tyr115,
exposed to moderate pressures (6.8 atm) of xenon gas as §nr148, and His149 from the-subunit, and Thr53 and

probe for methane binding in the protein. Like methane, \/51177 from thes-subunit. In the native structure, this cavity
xenon is a nonpolar, water-soluble gas. The two have veryis yoid of any solvent.

similar van der Waals radii, but xenon contains many more
electrons making it much easier to identify in electron density
maps. Prior reports indicate that xenon binds in hydrophobic
cavities in proteinsq, 10, 25, 26). Pressurization for 15 min
followed by rapid depressurization and flash-freezing of the
crystals allowed us to determine structures to 3.3 and 2.6 A
resolution for the first and second crystal forms of MMOH,

respectively. The diffraction resolution of both form | and than sufficient to house a xenon atom. The closest xenon

Il crystals decreased, and the mosaicities increased, duringatoms to the iron center, however, were those in cavity 2
the pressurization treatment. This behavior reflects dehydra-_ - . thea/f interface ’Iocated 1'2 7 and 11.6 A away
t|;)n of cwsta;lsksus?ended mtloops far_15 m'rl" altth?UQh respectively. The fact that xenon is not present in cavity 1
Eeps .wer(i |aP en 3 prevent excessive solvent 10Ss (Se%ay be attributable to the absence of protein B in the crystals.
xperimental Procedures). This coupling protein facilitates small molecule access to

A total of nine peaks were identified in initial difference e active site, although it is not yet understood how it occurs
maps calculated with the Fourier coefficiefSops, ligand — (27-29)

[Fobs, nativé| USiNg phases from the native structure (Figure 2,
panel C). Subsequent refinements led to the identification pjscussioN
of 11 distinct xenon binding sites in the-subunits of
MMOH (Table 4). Twoa-subunit binding sites corresponded ~ Cavities are present in most proteins having more than
to cavity 2 where ChBr, and CHCH,I also bind (Figure 4, 100 amino acids, reflecting their inability to pack with 100%
panel A). Cavity 3 in one protomer also contained a xenon efficiency upon folding 80). Rarely does cavity volume
atom in the position where the haloalkanes were located.account for more than 2.0% of overall protein volume,
The other protomer displayed a feature of electron density however, and MMOH is no exception (unpublished observa-
in cavity 3 indicative of three distinct but overlapping sites. tions, D.AW. and S.J.L.). The question then is, do cavities
In contrast to the haloalkane structures, xenon binding did play a functional role in proteins or are they simply the
not alter the conformation of Leu110 or other residues lining consequence of imperfect folding?
cavities 2 and 3. Cavities have been engineered into T4 lysozyme and into
Three additionalo-subunit Xe-binding sites were also synthetic four-helix bundles3(, 32). The resulting structures
identified. Two appeared 4.2 A from each other in a can bind small organic molecules such as benzene or the
hydrophobic pocket on the protein surface defined by anesthetic halothane, 2-bromo-2-chloro-1,1,1-trifluoroethane.
residues Phe519, Cys517, Leud78, Leud05, Leu353, andNMR experiments using hen egg white lysozyme have
Pro355 (Figure 4, panel B). The only rearrangement observeddetected methane and other small organic molecules in the
was an alternate rotamer for Cys517. These locations lie protein interior, and these species prefer to bind hydrophobic
adjacent to cavity 4 and, together with the sites in cavities 2 regions 83). Indirect evidence exists that hydrophobic
and 3, trace a putative pathway for substrate access frompockets in proteins are important in various metabolic
the hydrophilic exterior of MMOH in toward the active site reactions, since small organic molecules that bind in such

Despite the observation of multiple binding sites in the
o-subunit, no electron density corresponding to xenon was
observed in cavity 1 at the active site. The amino acid ligands
to iron adopted the orientations observed previously for
oxidized MMOH and, given the limits of resolution, electron
density in the cavity could only be attributed to solvent. The
active site cavity has a volume o185 A3, which is more
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L2B9

cavity 2

cavity 1

L353

Ficure 4: Stereoview of the xenon binding sites in (A) cavity 2 of thesubunit, and (B) a surface pocket on thesubunit defined by
Leu405 and the residues indicated. Difference electron density peaks (blaen®ur in panel A and&contour in panel B) are shown

for maps calculated with the Fourier coefficieS,| — |F¢|| using phases from the final model minus the xenon atoms. Iron atoms are
depicted as red spheres.

cavities exert anesthetic effects on whole organisg&#. ( structures promote substrate trafficking in an efficient
Indeed, many potent anesthetics are halogenated organicsnanner.

(34). In contrast to myoglobin, MMOH does not have the same
In MMOH, four independent crystal structures revealed molecules diffusing out from the iron center that diffuse in.
binding of small molecules in natural hydrophobic cavities, The products methanol and water are much more polar than
some of which had previously been postulated to facilitate either dioxygen or methane, and this difference suggests that
substrate access to the active site. Cavities 2 and 3 in thean alternate route for product egress may exist. In support

a-subunit, which have the greatest hydrophobic character, of this view, a recent structure determination of MMOH in
are the sites where these species bind most favorably. Sincehe presence fol M methanol revealed no observable
these cavities trace a path to the active site cavity 1, it is electron density in cavities 2 and 3 (D.A.W. and S.J.L.,
probable that they facilitate translocation of dioxygen, unpublished observations). We suggest that the flexible
methane, and other small hydrocarbon substrates fromresidues Glu243, Thr213, and Asn214 lining one side of the
aqueous solution to the diiron center. The low dielectric of active site may provide a ready escape route for these polar
the hydrophobic protein interior would favor such loading product molecules to the protein surface. In such a scenario,
of these cavities. the large size of MMOH provides separate regions for the
Other proteinS, inc|uding myog'obin’ hemog'obin, and eﬁ|C|ent traﬁ:icking Of Substl’ates and pI’OdUCtS during ca-
hydrogenase have natural cavities that may facilitate move-talysis.
ment of nonpolar small molecules. X-ray crystal structures In addition to its physiological substrate methane, SsMMO
have revealed xenon or small organic molecule binding in oxidizes species as large as methyl cubane @aads 1-
myoglobin and hydrogenase, (10, 22), and molecular methyl-2-phenylcyclopropane39, 40). When evaluating
dynamics simulations with these proteins demonstrate thatsubstrate access to the active site, consideration must also
small molecules can move through the cavities on the be given to how such species reach the dinuclear iron center.
picosecond time scale€,( 35, 36). The same behavior is A computational study based on the known MMOH structure
expected for MMOH. Recent experimental evidence also indicated that substrates with volumes greater tha@a A3
links X-ray diffraction data of photodissociated CO in a would not fit in the active site cavity 14(Q). Instead, they
mutant myoglobin to a pocket identified in previous spec- localized to binding sites-14 A from the active site, near
troscopic and theoretical work, and argues in favor of the the surface of MMOH. Protein structures are subject to
view that diffusion of small molecules involves the use of conformational fluctuations that facilitate diffusion of small
preexisting cavities in protein structure87(. Several molecules 42), but it is difficult to envision large species
enzymes have also been identified that facilitate substratediffusing through the cavities in the same manner as methane
channeling through intramolecular tunnel88), These or dioxygen. This view is supported by the very low turnover
examples provide additional evidence for how protein numbers with these substrates. Consequently, a more direct
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pathway from the surface of the protein, perhaps making
use of the flexible amino acids cited above, may be required.
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