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ABSTRACT: Crystal structures of toluene 4-monooxygenase
hydroxylase in complex with reaction products and effector
protein reveal active site interactions leading to regiospecificity.
Complexes with phenolic products yield an asymmetric
p-phenoxo-bridged diiron center and a shift of diiron ligand
E231 into a hydrogen bonding position with conserved T201.
In contrast, complexes with inhibitors p-NH,-benzoate and
p-Br-benzoate showed a p-1,1 coordination of carboxylate
oxygen between the iron atoms and only a partial shift in the
position of E231. Among active site residues, F176 trapped the
aromatic ring of products against a surface of the active site cavity formed by G103, E104 and A107, while F196 positioned the
aromatic ring against this surface via a 7-stacking interaction. The proximity of G103 and F176 to the para substituent of the
substrate aromatic ring and the structure of G103L T4moHD suggest how changes in regiospecificity arise from mutations at
G103. Although effector protein binding produced significant shifts in the positions of residues along the outer portion of the
active site (T201, N202, and Q228) and in some iron ligands (E231 and E197), surprisingly minor shifts (<1 A) were produced
in F176, F196, and other interior residues of the active site. Likewise, products bound to the diiron center in either the presence
or absence of effector protein did not significantly shift the position of the interior residues, suggesting that positioning of the
cognate substrates will not be strongly influenced by effector protein binding. Thus, changes in product distributions in the
absence of the effector protein are proposed to arise from differences in rates of chemical steps of the reaction relative to motion
of substrates within the active site channel of the uncomplexed, less efficient enzyme, while structural changes in diiron ligand
geometry associated with cycling between diferrous and diferric states are discussed for their potential contribution to product

release.

D iiron hydroxylases catalyze many different reactions,
including the oxidation of unactivated C—H bonds,"
stereospecific alkene epoxidation,2 regiospecific aromatic ring
hydroxylation,® phenolic oxidation,* and others. The steadily
growing list of other diiron enzymes provides reactions with
deoxyribonucleotides,5 antibiotics,”’ fatty acids®® and alkanes,"
iron storage proteins,'’ and oxidases,'>"> coenzyme Q biosyn-
thesis'* and post-translational modifications of tRNA," cellular
secondary messengers,16 cell proliferation proteins,'” and aging
factors.'® Arising from these myriad biological contributions, diiron
enzymes are the subject of intense investigations that aim to create
synthetic small molecules that mimic their catalytic properties'®~>*
and, in the case of the aromatic ring monooxygenases, to employ
them in bioremediation® or fine chemical synthesis.**”>°
Consequently, understanding the determinants of enzyme regio-
and stereoselectivity can improve our understanding of the
reaction mechanism>”*' and also contribute to the design of
engineered hydroxylases for specific purposes.

The aromatic ring diiron hydroxylases are multiprotein com-

plexes.” In all, a flavin-containing oxidoreductase accepts reducing
equivalents from NAD(P)H and transfers them to a [2Fe-2S]
ferredoxin domain that is the proximal electron donor to the
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hydroxylase. In the three-protein complexes (e.g, methane
monooxygenase), the oxidoreductase contains both flavin and
[2Fe-2S] and so directly reduces the hydroxylase diiron center. In
the four-protein complexes (e.g, T4AMO and alkene epoxidase), a
Rieske-type [2Fe-2S] ferredoxin serves as an intermediate electron
carrier between the oxidoreductase and the hydroxylase. The diiron
center and catalytic active site are entirely contained within the
hydroxylase,” ™" which has an (affy), quaternary structure.
Hydroxylase function is dramatically enhanced by formation of a
complex with a small cofactorless effector protein, which is
manifested by increases in the rate of steady-state catalysis, coupling,
O, activation, and other steps of the reaction cycle,*® changes in the
active site geometry,”’ and inhibition at high effector protein
concentrations.”

T4MO oxidizes the natural substrate toluene with ~97%
regiospecificity for the para position.*” Previous studies with
T4MO and related diiron enzymes have shown that muta-
genesis can alter the regiospecificity of the enzyme for reaction
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with toluene and other nonphysiological substrates,*®*~* in

some cases with no deleterious changes in the catalytic
properties of the purified enzymes****® and in others with a
broadened range of substrates reacted.””* ™' For example,
G103L T4moH oxidizes toluene with ~55% regiospecificity for
the ortho position, a dramatic change from the natural enzyme,
while also retaining equivalent kinetic parameters and
coupling.*’

The presence of the effector protein contributes to the high
regios;z)eciﬁcity for hydroxylation found in some diiron hydrox-
ylases,”**** expanding the molecular definition of catalytic out-
comes to include the essential role of protein complex formation.
High-resolution crystal structures demonstrating the extensive
changes caused by stoichiometric binding of the effector
protein®”** and in addition structures with some product
analogues bound throughout the protein are now available.*>>
However, none of these latter structures contained aromatic
substrates or products in the active site.

Here we report crystal structures of T4moH alone bound to
4-Br-phenol (T4moH-BML) and the complexes of T4moH
with effector protein T4moHD (T4moHD) bound to the
natural product p-cresol (T4moHD-PCR), alternative products
phenol (T4moHD-IPH) and p-nitrophenol (T4moHD-NPO),
and inhibitors p-NH,-benzoate (T4moHD-PAB) and bromo-
benzoate (T4moHD-BRB). This suite of structures show that
the effector protein does not influence the residues contributing to
the positioning of substrates and products and so has its
predominant influence on the ligation geometry of the diiron
center and its associated hydrogen bonding network® In
combination, these structures define the ways in which aromatic
molecules are ultimately positioned in the active site and suggest
how a simple mutagenic change in the cavity adjacent to the diiron
center may contribute to a redistribution of products. Differences
in the reactivity of diiron center intermediates relative to
diffusional motions of substrates may thus yield the observed
changes in product distributions as the effector protein is titrated
into catalytic reaction mixtures.*”>> Furthermore, structures
presented herein provide insight into how movement of a diiron
carboxylate ligand may facilitate product release upon reduction of
a product-bound diferric center.

B MATERIALS AND METHODS

Materials. Substrates, products, inhibitors, and other
chemicals were from Aldrich (Milwaukee, WI).

Preparation of T4moH and G103L T4moH. Vector
pS8KABE was transformed into Escherichia coli BL21, and the
cells were grown overnight at 37 °C on Luria-Bertani agar
plates containing 50 ug/mL kanamycin.>* A starting inoculum
for the stirred vessel fermentation was prepared by placing a
single colony into 2 mL of Luria-Bertani medium containing
50 pg/mL kanamycin. The 2 mL culture was incubated at 37 °C
with shaking at 250 rpm until it reached an ODgy, between
0.5 and 1 (this typically occurred after ~8 h). Next, 1 L of
Luria-Bertani medium with 50 pg/mL kanamycin was
inoculated with 500 uL of the 2 mL culture and incubated
overnight (~12—14 h) at 25 °C while being shaken at 225 rpm.
When the 1 L culture had reached an ODy, between 0.5 and 1,
the 1 L culture was added to 9 L of sterilized Luria-Bertani
medium with 50 pg/mL kanamycin in a Bioflo 3000 fermenter
(New Brunswick Scientific, New Brunswick, NJ) and grown at
37 °C with agitation at 250 rpm. The dissolved content of
O, was allowed to decrease to 20% of air saturation, and
subsequently, the extent of agitation was allowed to increase
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under feedback control to maintain the dissolved O, content at
20% of air saturation. At an ODg, of ~3, the temperature was
decreased to 25 °C and 10 mL of 1 M IPTG (Fisher Scientific,
Pittsburgh, PA) and 20 g of Casamino acids (Fisher Scientific)
were added to the culture medium. After induction of protein
expression, the growth of the culture continued for 4 h, and the
ODyy, reached ~10. The cells were recovered by centrifugation
at 4500¢ for 25 min at 4 °C in a JS-4.2 rotor and an AvantiTM
J-HC centrifuge (Beckman Coulter, Fullerton, CA). The yield
from this expression protocol was ~8—10 g of wet cell paste per
liter of culture medium. The cell paste was stored at —80 °C.

Cell pastes were resuspended in 25 mM MOPS (pH 6.9)
containing 200 mM NaCl and 2% glycerol at a ratio of 1.5 mL/g
of wet cell paste. The cell suspension was sonicated on ice at
high intensity for 4 min (10 s on and 30 s off). The supernatant
from the sonicated cells was recovered by centrifugation at
39200¢ for 60 min at 4 °C. The supernatant was carefully
decanted and diluted with 2 volumes of the buffer described
above and loaded onto a DEAE-Sepharose column (45 mm
diameter X 250 mm, GE Healthcare, Piscataway, NJ)
equilibrated in the buffer described above and eluted in a 200
to 450 mM NaCl gradient in the same buffer at a linear flow
rate of 40 cm/h. Fractions were pooled on the basis of both
activity and purity as determined by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis. Pooled fractions were
concentrated and applied to a Sephacryl S-300 column (45
mm diameter X 1000 mm, GE Healthcare) equilibrated in the
buffer described above at a linear flow rate of 5 cm/h. Fractions
were pooled on the basis of activity and purity, concentrated to
~1 mM active sites, and exchanged into 10 mM MOPS (pH
6.9) containing 200 mM NaCl. The purified protein was drop-
frozen in liquid N, and stored at —80 °C.

Preparation of T4moC, T4moD, and T4moF. These
protein components were e;gpressed, purified, and characterized
as previously described.>*~>

Assays. Steady-state reactions with the reconstituted T4AMO
complex were performed as previously described.*

Crystallization. Crystals of resting T4moH were obtained
from the small-scale batch method by addition of S uL of
T4moH (~95 uM) in 10 mM MOPS (pH 6.9) containing 200
mM NaCl to an equal volume of precipitant containing 0.1 M
HEPES (pH 7.5), 15% MePEG 2000, 100 mM CaCl,, and 20
mM NaNj. Crystals grew to dimensions of ~100 gm X 100 pm X
50 um over ~1 week at 22 °C. To obtain the T4moH-BML
structure, T4moH crystals were soaked in mother liquor
containing 10 mM 4-Br-phenol for approximately 15 min
before cryoprotection. The T4moH-BML crystals were
cryoprotected by immersion in Fomblin (molecular weight of
2500) and frozen in liquid N,.

Crystals of T4moHD were obtained from hanging drop vapor
diffusion by the addition of 2 uL of a solution of T4moH (140
uM) and T4moD (280 pM) in 10 mM MOPS (pH 69)
containing 50 mM NaCl to an equal volume of precipitant
containing 100 mM Bis-Tris (pH 6.0), 20—24% (w/v) PEG 3350,
and 200 mM NH,ClL To obtain the T4moHD—PAB crystals,
100—200 mM p-NH,-benzoate was included in the precipitant.
To obtain the T4moHD—IPH crystals, a 2X precipitant buffer
containing 100 mM phenol was prepared, and 250 uL of this
solution was added to each crystallization well along with 250 uL
of PEG 3350 prepared in deionized H,0O. To obtain the
T4moHD—NPO crystals, a precipitant solution containing 16
mM p-nitrophenol was prepared; 250 uL of this solution was
added to each crystallization well along with 250 uL of PEG 3350
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prepared in deionized H,O to a final concentration of 20—24%.
Similarly, to obtain T4moHD—PCR crystals, a precipitant solution
containing p-cresol (160 mM) was prepared; the nominal
concentration of p-cresol in the mother liquor was 40 mM.
Crystals were cryoprotected with Fomblin 2500 and were frozen
in liquid N,.

Crystals of GI03L T4moHD were obtained from hanging
drop vapor diffusion by the addition of 2.5 uL of a solution of
T4moH (140 yM) and T4moD (280 M) in 10 mM MOPS
(pH 6.9) containing S0 mM NaCl to an equal volume of
precipitant containing 100 mM Bis-Tris (pH 6.5), 21% (w/v)
PEG 3350, and 200 mM sodium acetate. Crystals grew to ~200
pum X 200 ym X 200 pm after ~1 week at 22 °C. Crystals were
cryoprotected by incubation in 3% increments of PEG 3350 to
a final concentration of 27% and were frozen in liquid N,.

Structure Determination. Diffraction data were collected
at GMCA-CAT, beamline 23-ID, and LS-CAT, beamlines 21-
ID-F and -G, at the Advanced Photon Source, Argonne
National Laboratory (Argonne, IL). Diffraction data for
T4moHD—-PAB, T4moHD-Z82, T4moHD—-NPO, and
T4moHD—IPH crystals were collected at LS-CAT beamline
21-ID-G. Diffraction data for T4moHD—PCR crystals were col-
lected at LS-CAT beamline 21-ID-F. Diffraction data were
indexed, integrated, and scaled using HKL2000.>” The struc-
ture of the resting T4moH—BML complex was determined by
molecular replacement with the CCP4 suite program
MOLREP*® using resting T4moH structure 3DHG as the
starting model. The structures of G103L T4moHD and the
T4moHD product—inhibitor complexes in space group C2221
were determined by molecular replacement® using resting
T4moHD structure 3DHH, while the T4moHD—Z82 structure
in space group P2,2,2, was determined using resting T4moH
structure 3DGH. Electron density was fit and refined using
Coot,”® REFMACS,* and/or PHENIX.*! TLS refinement was
also employed in refinement with PHENIX. Ramachandran
analysis and rotamer analysis were performed with Molpro-
bity.*” Analysis of active site tunnels was done using Caver.”>
Figures were prepared using PyMOL.64

B RESULTS

Structure Determination. Statistics from the structure
determinations are listed in Table 1. The T4moH—BML,
T4moHD—PCR, T4moHD-I1PH, T4moHD-NPO,
T4moHD—782, T4moHD—PAB, and T4moHD—BML crystal
structures were determined to resolutions of 1.95, 1.75, 1.95,
1.84, 1.75, 1.99, and 1.94, respectively. BML, PCR, IPH, and
NPO are products of the reaction of T4moHD with
bromobenzene, toluene (k. = 2.0 s™), benzene (k. = 0.8
s7!), and nitrobenzene (k. = 0.13 s™'), respectively, while PAB
is an inhibitor of toluene oxidation (K; & S uM). These are the
first structures showing aromatic molecules bound to the diiron
center in a hydroxylase active site. The structure of G103L
T4moHD was also determined at a resolution of 2.10 A.

Structural Alignments. The protomer of diiron hydrox-
ylases consists of three polypeptide chains that are further
assembled into a dimeric quaternary structure. The protomer of
T4moH consists of the TmoA (5S kDa, containing the diiron
center), TmoB (10 kDa), and TmoE (35 kDa) polypeptide
chains; in the following, we consider alignments of the
protomer structures. When aligned using all atoms, the
T4moH and T4moH—BML protomers had an ~0.2 A rmsd.
Moreover, the T4moH protomer aligned with the protomers of
either T4moHD or T4moHD—PCR with an ~0.3 A rmsd, with
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the slightly increased mismatch ascribed to rearrangements of a
small portion of the TmoA polypeptide caused by T4moD
binding.>” Furthermore, all structures of the T4moHD complex
reported here, including G103L T4moHD and the various
structures with bound aromatic molecules, aligned with a <0.15 A
rmsd over the entire protomer. Thus, neither exposure to
aromatic molecules at concentrations of up to 0.2 M nor the
active site mutation produced significant changes in the folding
in either T4moH or T4moHD other than those already assigned
to complex formation.

Aromatic Molecule Binding Sites. Figure 1 shows a
composite of positions where aromatic molecules have been
identified in resting T4moH and T4moHD (this work) and in
the closely related toluene/o-xylene monooxygenase,
ToMOH.>® There is considerable overlap in these binding
sites among the individual structures. An extended cavity (site
1) created by the loop between helix al of TmoA and the loop
connecting #1 and f2 of TmoB contained BML, PCR, IPH,
NPO, PAB, or Z82 in the various structures. Aromatic
molecules were also bound in a smaller cavity in the interface
between the TmoA and TmoE chains (site 2, containing BML
or IPH). There are no reasonable direct connections from
where these aromatic molecules reside into the active site.

Aromatic molecules (BML and PCR) were also observed in
the interface between T4moH and T4moD (Figure 1, site 3,
and Figure 2, PDB entry 3Q14). The interstitially bound PCR-
6029 was within 4 A of R6, Y51, and K52 of TmoA and also
within 4 A of M74, Q75, L77, A90, and 195 of T4moD. I88 of
T4moD makes contacts with YS1 of TmoA and thus repositions it
in the protein—protein complex.” Similar contacts were observed
for BML-1912 in the T4moHD—BML structure (not shown, PDB
entry 3DHH).

Active Site Access. In both TOMOH (PDB entry 1T0S>)
and T4moH (PDB entry 3DGH?), a prominent tunnel passes
from the surface through ~30 A of the protein interior to reach
the active site. Aromatic molecules were observed along this
tunnel and in a chamber adjacent to the active site in both
enzymes (Figure 1, site 4) (site 4 defined here for T4moH
overlaps with sites 2 and 3 assigned earlier in TomoH™). In
T4moH, these product molecules (BML-496 in chain A and
BML-497 in chain D of PDB entry 3RMK) were ~12 A from the
diiron center and appear to occupy a proximal site for substrate—
product binding along the main tunnel. The entrance to the active
site of T4moH-BML is shown in Figure 3. Table SI of the
Supporting Information lists the T4moH active site residues and
iron ligands that were within ~4 A of the aromatic molecules
bound to the diiron center, which corroborates earlier assignments
of the active site based on homology modeling**** There is a
remarkable conservation of these residues among the different
diiron hydroxylases, with substitutions of residue types or shifts in
positions observed in only a few instances, yet distinct distributions
of products arise from reactions of the same substrates.

Active Sites Bound with Phenolic Products. The
coordination geometry in the active site of T4moH-BML is
shown in Figure 4. This structure represents a product complex
that would be obtained from reaction of bromobenzene. The
residues identified in Table S1 of the Supporting Information
and others create the inner surface of the T4moH active site
cavity. In the T4moH-BML structure, the BML molecules
were modeled at 70% occupancy in both active sites of the
dimer, and the average B factors of the BML atoms were ~20 A%
Although these B factors were slightly higher than those
observed for the other iron ligands, the side chains of several
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Figure 1. Locations of aromatic products bound to T4moH and
T4moHD. (A) Cartoon representations of the TmoA, TmoB, and
TmoE subunits and T4moD colored blue, red, green, and orange,
respectively. (B) Transparent surface representations with the same
color coding as in panel A. Site 1 lies between the TmoA and TmoB
subunits. Site 2 is contained in the TmoE subunit. Site 3 is between
the TmoA and TmoD subunits; PCR, BML, and Z82 were identified
in this site. Site 4 corresponds to the active site tunnel;*” three BML
molecules shown as sticks were identified in the tunnel in toluene/o-
xylene monooxygenase (PDB entry 1T0S*°), and additional
orientations of BML were identified in T4moH. Site S is the inner
cavity of the active site. PCR, BML, IPB, PAB, and Z82 have been
identified in this site.

hydrophobic residues that create the active site surface in the
vicinity of the diiron center had comparable B factors. The
~70% occupancy observed for BML in the active site of the
T4moH—BML structure may have resulted from the short
soaking time that was required to prevent significant
degradation of the fragile resting T4moH crystals.
Ligand-to-metal charge transfer observed at ~600 nm from
T4moH treated with BML in solution and the purplish hue of
the crystals suggested that this product was bound as
phenolate; a similar conclusion was reached in spectroscopic
studies of methane monooxygenase mixed with phenol.® The
phenolate O atom occupies a p-1,1 bridging position between
the iron atoms and thus displaces either the water or hydroxo
bridge (HOH1) found in resting T4moH at this position. The
bridging phenolate O atom is bound asymmetrically, with an
Fel—O distance of 2.7 A and an Fe2—O distance of 2.0 A. The
iron atoms in the resting T4moH and T4moH-BML
structures are separated by ~3.2 A, so the presence of the
phenolate bridge did not alter the Fe—Fe distance. The
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Figure 2. Binding of PCR (white sticks) at site 3 in the interface
between the TmoA subunit of T4moH (blue) and T4moD (orange).
Interatomic distances described in text are indicated.

Figure 3. Residues creating the surface of the cavity surrounding BML
(green sticks) bound to the diiron center in T4moH-BML (PDB entry
3RMK). Residues G103 and E104 provide a flat surface that contacts
the aromatic ring, while residues F176 and F196 interact with the para
substituent and the #-system of the aromatic ring, respectively.
Residues 1100, T201, and F205 are near the cavity but are not in
contact with the bound product.

aromatic ring of BML makes contacts with portions of the side
chains from G103, E104, A107, E134, F176, 1180, and F196.
For comparison, the methoxy (PDB entry 1FZ6), ethoxy (PDB
entry 1FZ7), and Br-ethoxy (PDB entry 1XVG) groups
bridging the ferric sites in the respective methane mono-
oxygenase structures have more symmetric bonding with
distances in the range of 1.9-2.1 A;>>% these small bridging
ligands do not make contacts with distal residues in the active
site.

Preformed T4moHD crystals soaked with BML vyielded
structures with this molecule present in several of the exterior
cavities shown in Figure 1, but no BML molecules were
observed in either site 4 or site S within the protein (PDB entry
3DHH). This suggested access to the active site was restricted
in the closed conformation of preformed T4moHD crystals.

dx.doi.org/10.1021/bi2018333 | Biochemistry 2012, 51, 1101-1113
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Figure 4. Cross-eyed stereo image of the active site of T4moH bound
with BML (PDB entry 3RMK).

Alternatively, crystallization of T4moH and T4moD with
either PCR (Figure 5, 1.68 A) or other products added to the
crystallization solutions yielded structures with an aromatic
molecule bound to the diiron center. When compared to
the T4moH—-BML structure, the various product-bound
T4moHD structures showed nearly identical placement of
the phenolate O atom, including the asymmetry of bond
lengths between the bridging phenolate and the iron atoms
(Figure 6A). Moreover, active site water HOHS localized by
effector protein binding®’ was found in a nearly identical
position in each of the phenolate product structures when an
effector protein was present, but HOHS was not found in the
T4moH—BML structure.

Active Sites Bound with Inhibitors. T4moHD cocrystal-
lized in buffer containing the reaction inhibitors 4-Br-benzoate
[Z82, PDB entry 3Q3M (Figure 7)] and p-NH,-benzoate (PAB,
PDB entry 3Q2A) also yielded structures with the aromatic
compound within the active site and bound to the diiron center.
The positions of the iron-bound inhibitors were nearly identical, as
one carboxylate O atom bridged the iron atoms (Figure 6B, ~2.3 A
to Fe2 and ~2.6 A to Fel) in a position nearly identical to that of
the phenolate O atom. Notably, unlike the resting T4moHD and
the phenolate-bound structures described above, E231 did not
rotate into a hydrogen bonding position with T201 when the
inhibitors were present. Instead, E231 was asymmetrically

Figure 5. Cross-eyed stereo image of the diiron coordination sphere in
T4moHD bound to p-cresol (PCR, PDB entry 3Q14). PCR is bound
as an asymmetric y-1,1 phenoxide bridge. HOHS was observed in all
phenolate-bound structures in which T4moHD was also present.
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Figure 6. Overlay of structures showing (A) phenolic and (B)
inhibitor complexes of T4moHD: PCR, white; IPH, cyan; NPO,
yellow; Z82, purple; PAB, orange (PDB entries 3Q14, 3Q30, 3Q3N,
3Q3M, and 3Q2A).

Figure 7. Structure of the active site of T4moHD bound with inhibitor
782 (PDB entry 3Q2A). Z82 is bound in a y-1,1 bridging mode by
one carboxylate O atom, while the other O atom is 3.0 A from Fe2.
With Z82 bound, iron ligand E231 did not shift into the hydrogen
bonding position with T201 that is characteristic of the T4moHD
complex (the fully shifted position of E231 in T4moHD in the absence
of inhibitor is shown as orange lines). HOHS is present in the active
site, as in all other structures of the T4moHD complex.

coordinated to Fe2 (~23 and ~3.1 A to Fe2), mirroring the
coordination mode of the inhibitor on the opposite side of the
metal (~2.0 and ~3.0 A to Fe2). The positions of the other diiron
center ligands E104, E134, H137, E197, and H234 were unchanged
in the inhibitor complexes relative to the resting T4moHD
complex (PDB entry 3DHH). Likewise, the Fe—Fe distance was
maintained at 3.2 A, and HOHS was observed in a nearly identical
location. Because of the different coordination with respect to Fe2
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and possibly the increased size of the inhibitor, the positions of the
aromatic rings in Z82 and PAB were rotated relative to the position
of the phenolic aromatic rings (Figure 6B, which show bound PCR
for comparison) and were within 4.2 A of several residues beyond
those identified for the smaller phenolic molecules (Table S1 of the
Supporting Information). Most of these additional residues were
located at the opposite end of the active site cavity, away from the
diiron center.

Assignment of Roles of Active Site Residues. Align-
ment of the structures presented here defines key interactions
of active site residues with products (Figure 8A) and, by
inference, the substrates. Thus, F176 (green sticks) interacts
with the para substituent of the aromatic ring to hold the
substrate against the surface provided by G103, E104, and A107
(blue sticks and dots). Also, F196 (green sticks) provides a
m-stacking interaction with the aromatic ring of the bound
product, which serves to accurately position the substrate
relative to the diiron center. The interplay between F196 and a
bound substrate may also influence the position of E197 (white
sticks), corresponding to the predicted role of this residue in O,
activation.”” Furthermore, F205 (green sticks) provides a

Figure 8. T4moH residues that form the active site, including binding
pockets for substrate and/or products and HOHS. The roles of
individual residues are described in Assignment of Roles of Active Site
Residues. (A) T4moHD—PCR structure (PDB entry 3Q14) showing
p-cresol bound in the active site. (B) G103L T4moHD structure (PDB
entry 3RI7) showing a predicted overlap of one rotamer conformation
of the introduced leucine residue (magenta sticks) with the para
substituent of p-cresol in the aligned active site from panel A. The
positions of 1100 and F176 are shifted slightly between the G103L
T4moHD (stick representation) and T4moHD—PCR (green lines)
structures.
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m-bonding interaction with HOHS (red sphere and dots)
opposite to the hydrogen bond network provided by T201
(yellow sticks), Q228 (purple sticks), and E231, which together
position HOHS adjacent to the diiron center. 1100 (white
sticks) is at the outer edge of the active site, but in a position
where mutated residues may still be oxidized via long-range
electron transfer® or where larger residues may interact with
more closely bound substrates and thus change the specificity
of hydroxylation.>

Active Site of G103L T4moHD. The structure of the
active site cavity in G103L T4moHD is shown in Figure 8B.
The positions of the iron atoms and coordinating ligands in
G103L T4moHD superimposed with resting T4moHD.
Moreover, helix B, containing 1103 and E104, did not change
configuration upon mutation.>’ Indeed, the only significant
changes were the presence of L103 in the active site cavity and
slight shifts in the position of 1100 and F176 to accommodate
the newly introduced side chain (green sticks show positions in
resting T4moHD). The L103 side chain adopted two rotamer
conformations (blue and magenta) that are commonly
observed in protein crystal structures.”” These conformations
had equal 50% occupancy and B factors (~20 A?) that were
comparable to those of other active site residues. As observed in
most other diiron hydroxylase structures (e.g, PDB entries
IMMO, 3DGH, etc.), acetate from the crystallization buffers
bridged the iron atoms (not shown in the figure).

Upon alignment of the G103L T4moHD and T4moHD—
PCR structures and those of other product complexes (Figure
8B), it became apparent that the L103 side chain would
generate a steric clash with the para substituent of bound
aromatic rings (H;C in PCR, Br in BML and 782, O,N in
NPO, and H,N in PAB). More specifically, in rotamer
conformation A of L103 (blue sticks), CD2 overlapped with
the position of these substituents and may thus displace the
para substituent toward the open space in the active site closer
to 1180, F196, and E197. This repositioning of the aromatic
ring substituent may correspond to the ~55% ortho
hydroxylation observed from GI103L T4moHD. In contrast,
conformation B of L103 (magenta sticks) has CD1 and CG
oriented away from the position of the para substituent,
suggesting a weaker influence on substrate repositioning and
perhaps permitting the observed 35% retention of para
hydroxylation.

B DISCUSSION

Access to the Active Site. The structures of five diiron
hydroxylases have been determined.**™>” In all, the diiron
center is buried ~12—14 A below the nearest protein surface,
raising the question of how substrates and products, which will
include both the aromatic compound and O,, enter and leave
the active site. These structures reveal a number of internal
cavities and/or tunnels, suggesting several possible routes,
although their positions differ somewhat among the
enzymes.”’sz”é(”70 For aromatic substrates, methane monooxy-
genase crystals soaked with BML, 4-F-phenol, or IPH had a
single aromatic ligand bound away from the active site in an
internal cavity of the MmoA subunit.>* This cavity does not
exist in T4moH but instead roughly aligns with the buried
residue Y260 of TmoA.

Structures of resting TOMOH? and later resting T4moH>’
revealed a contiguous ~30 A tunnel extending from the surface
into the active site, along with both inner and intermediate
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chambers along the tunnel (Figure 1). Mutagenesis studies with
ToMOH supported the viability of its main tunnel as a catalytically
relevant path® for hydrocarbons, as does the crystallographic
evidence showing occupation by relevant aromatic molecules. The
open access of the main tunnel in T4moH crystals allowed BML
to enter the active site of these crystals, while in contrast,
structures of uncomplexed ToOMOH and MmoH did not show
aromatic molecules in the active site.’>** T4moD binding closed
the main access tunnel in T4moH,*” and consequently, efforts to
soak preformed T4moHD crystals with different aromatic
compounds failed to yield structures with these products in the
active site even if these compounds were readily entrained
elsewhere in the protein. Apparently, complex formation may
serve to isolate the active site and trap any enclosed substrates for
subsequent catalysis.

For gaseous substrates like CH, and O,, a series of
disconnected internal hydrophobic cavities in MmoH that
were occupied by Xe and other substrate analogues originally
suggested a path for diffusion into the active site.’° More
recently, the role of internal cavities in the migration of O, into
the diiron active site has been elucidated by systematic variation
of the dimensions of the cavities in TOMOH® and later phenol
hydroxylase.”' Thus, mutation of residues 1100 and L272 in
ToMOH, which are conserved in T4mOH, produced a
dramatic decrease in the rate of formation of the diagnostic
peroxo chromophore in T201S ToMOH.

There are other internal cavities within T4moH that might be
involved in access and egress. One lies along oF and aF, facing
toward the surface residues N202 and Q228. A traverse of this
11 A cavity would provide the shortest possible path between the
active site and the surface; however, hydrogen bonds between the
side chains of N202 and Q228 block access, and no aromatic
products have been identified in this cavity by crystallography.
Furthermore, although T4moD binding caused substantial
rearrangements of N202 and Q228, no route of entry into the
active site was observed. Alternatively, in the structure of the
complex of phenol hydroxylase and effector protein PHM (2INN,
2.7 A; 2INP 2.3 A36), a short tunnel linking the diiron center to
the surface was observed in the interface. It is interesting to note
that residues N204 and Q230 of phenol hydroxylase line the small
tunnel that emerges into the interface of the phenol hydroxylase
complex. These residues are comparable in sequence positions to
N202 and Q228 of T4moH, but their positions do not align well
in the structures. Because the hydrogen bonding interactions of
residues comparable to N202 and Q228 from T4moH are not con-
sistently observed in the other uncomplexed diiron hydroxylase
structures, it is possible that structural variations at this position may
provide opportunities for specialization of substrate entrance (e.g,
toluene versus phenol) or product exit (p-cresol versus catechol).

Substrate Activation of Catalysis. Results with diiron
hydroxylases indicate that the presence of substrates contrib-
utes to the reactivity of diiron intermediates. For example, the
rate of decay of diferryl species compound Q produced by
methane monooxygenase increased as the concentration of
methane was increased,”* while the presence of alkenes and
aromatic compounds stimulated the decomposition of perox-
odiferric compound P.”>”* T201A T4moH stoichiometrically
released H,0, in the absence of substrate but nevertheless
became a fully coupled monooxygenase in the presence of
substrate, implicating the importance of proximity between the
substrate and reactive intermediates.*® Furthermore, p-xylene
predominantly yielded benzylic oxidation instead of aromatic
hydroxylation,**”® suggesting that steric interactions might
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influence the substrate or reactive intermediates, leading to the
shift to benzylic hydroxylation. Because the substrate is
positioned by interaction with F196, changes in this interaction
will presumably be transmitted to adjacent iron ligand E197,
where subtle changes in configuration geometry have been
previously implicated in O, activation.®”

While there is no apparent pathway for movement of
aromatic molecules from the interface between T4moH and
T4moD into the active site of T4moHD (Figure 3), the
presence of BML, PCR, and other aromatic molecules in this
interstitial space is intriguing. Product PCR-6029 seen in the
interface between T4moH and T4moD was not near T4moH
residues N202 and Q228, which undergo substantial rearrange-
ments upon complex formation. Instead, PCR-6029 is near
T4moH residue YS1, which undergoes the largest distance
excursion of any T4moH residue upon complex formation.
One possibility is that occupation of this binding site may
provide a physical mechanism for improved coupling between
the presence of substrates and the conformational changes
needed for activation of the enzyme catalysis. Along this line of
reasoning, when methane monooxygenase effector protein
(MmoB) residues that align with 188 of T4moD were mutated
to smaller residues, an increased rate of product formation was
obtained in single-turnover studies with larger substrates.”® It is
possible that larger substrates occupied the cavity created by the
MmoB mutagenesis and thus influenced the methane
monooxygenase interface. We also note that F60 of MmoaA is
related in sequence position to Y51 of TmoA, and that F60 lies
adjacent to a tunnel traversing the MmoA subunit, offering an
open space to accommodate MmoB-induced rearrangements.

Residues Contributing to Regiospecificity. Mutagenesis
has been successfully used to alter the catalytic specificity of many
diiron hydroxylases. Pikus and co-workers first showed the ability
to change regiospecificity by mutagenesis of predicted T4moH
active site residues.*® Mitchell and co-workers later showed that
changes at G103 could strongly alter regiospecificity without a loss
of catalytic performance® and also noted that the natural diversity
of residues at that position in the diiron hydroxylase active site
could arise from changes in the third position of the corresponding
codon. In G103L T4moHD, the near identity in positions of
diiron center ligands and HOHS likely accounts for the high level
of catalytic performance. However, the two rotamer conformations
observed for L103 in G103L T4moH (Figure 8B) also plausibly
interact with aromatic ring substituents in different ways and thus
might play a role in dictating regiospecificity through the half-
occupancy assigned to the L103 rotamer in conformation A (blue
sticks in Figure 8B). Other naturally occurring ortho hydroxylating
diiron hydroxylases have moderately sized residues at the active
site position comparable to those of G103L T4moH, with both
T2moH"’ and phenol hydroxylase (Table S1 of the Supporting
Information) also having a leucine residue at this position, and
with both of these enzymes preferentially yielding ortho
hydroxylation. Interestingly, TOMOH,”® which has a relaxed hy-
droxylation regiospecificity, has a glutamate residue at the com-
parable position.” In the resting structure of TOMOH (PDB entry
1TOS), the carboxylate side chain projects away from the active
site and forms a hydrogen bond in the interface between the A
and B chains with B chain residue Y31. This residue will pre-
sumably remain fixed in position according to the results pre-
sented here, as no major active site rearrangements were observed
under the influence of products and effector protein.

The origins of how G103 and A107 influence regjospecificity
are better defined by this work. These structures show that these
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residues provide a surface upon which the aromatic molecule is
positioned by F176 and F196 (Figure 8), potentially defining a
four-site combinatorial problem. Previously, Tao and co-workers
reported the production of 1-hydroxyfluorene using G103S/
A107G T4moH obtained by a directed evolution process.”" This
variant also gave greater than 80% ortho hydroxylation of toluene,
similar to the result reported for G103L/A107G T4moH.” In the
T4moHD—PCR structure, the methyl side chain of A107 was
~36 A from C3 of PCR (Figure S) and maintained this
approximate distance in the complexes of T4moHD with the
other phenolic products. The A107G mutation likely altered the
presentation of C3 for oxidation, perhaps by allowing rotation of
the substrate methyl substituent toward the position normally
occupied by the side chain methyl group.

Structures presented herein indicate that F196 provides a
critical 7z-stacking interaction with the bound aromatic
molecules. When T4moD bound, the F196 phenyl group
moved by ~1 A representing the largest motion by a
nonligand residue in the active site. Because F196 is adjacent to
Fe2 ligand E197, changes in the conformation of F196 may
subtly influence the configuration of E197 through steric
interactions. Changes in the configuration of E197 have been
implicated in O, activation’” and may thus be successively
linked to the presence of substrates by their interactions with
F196. As further support for the involvement of F196, this
residue moved ~2 A closer to the diiron center in T201A
T4moHD, which has an increased rate of single-turnover
catalysis.** This shift presumably changed z-stacking inter-
actions, which could potentially move the substrate closer to
the diiron center or alter its trajectory toward reactive
intermediates, providing some possible mechanisms for
increasing the rate of single-turnover catalysis.

Structure of Inhibitor Complexes. In the presence of
inhibitors Z82 and PAB, diiron center ligand E231 did not shift
into the hydrogen bonding position with T201 observed in other
T4moHD structures (Figure 7). Instead, the carboxylate groups
from E231 and the inhibitor assumed similar coordination
geometries across opposite sites of Fe2. Otherwise, there was no
change in the Fe—Fe distance or the position of other iron ligands
and distal active site residues in these inhibitor complexes relative
to those of other T4moHD structures. Among other diiron
enzyme structures, E243 of methane monooxygenase had a
configuration similar to that of E231 of T4moHD in crystals
poised in a mixed-valence state (PDB entry 1FZ0%) and in
crystals grown in the presence of DMSO (PDB entry 1FZ2), but
in each of these structures, the Fe—Fe distance was increased
relative to that in the diferric resting state.

Active Site-Bound Phenolic Products. Given the high
degree of complementarity of the T4moH active site for the
various aromatic compounds studied here, it is likely that
toluene and other monosubstituted aromatic ring substrates
will bind in a similar fashion. With aromatic substrates, close
approach of the aromatic ring to the diiron center during the O
atom transfer step of the catalytic reaction likely contributes to
the high fidelity of isotopic incorporation.*

The asymmetric binding of PCR and other phenols is
comparable to the asymmetric binding of azide observed in
both ToOMOH (PDB entry 1TOR*®) and T4moH (PDB entry
3DHG"). In the 3DGH structure, azide N1 was bound in a
u-1,1 bridging position and was 2.3 A from Fe2 and 2.6 A from
Fel. Upon alignment of resting T4moH containing the bridging
azide with the PCR-bound structure reported here, the N1 atom
of azide and the O atom of p-cresol overlap, suggesting that
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accommodation of a p-1,1 peroxodiferric configuration would
require a positioning of the substrate that is hard to visualize given
the tight spatial constraints of the active site revealed by these
structures. The product-bound structures also suggest a specific
location where a y-1,2 peroxodiferric species’** and/or diiron-
bound oxene®' might reside prior to reaction with substrate.
Interestinglg', the positioning of the p-1,2 peroxide shown in
T4moHD® would not generate unfavorable steric interactions
with substrates if the product-bound structures are used as a guide.

Because of the limited changes in positions of active site
residues other than E231, and also the tight constraints around
the aromatic product in the presence or absence of effector
protein, we now consider that the previously reported changes
in product distributions in the absence of effector protein>*”*>
are most likely to arise from differences in rates of chemical
steps of reaction relative to motions of substrates within the
active site tunnel of the uncomplexed, less efficient enzyme.
This may include alternative configurations caused by diffu-
sional motions of the substrate, conversion between unbound
and effector protein-bound states of the hydroxylase, and
reactions of different oxidation states of the active site
ensemble.

Product Release. The exact order of the many interactions
required for diiron hydroxylase catalysis, including effector
protein binding, aromatic substrate binding, electron transfers,
O, binding, and chemical steps of reaction, is still not
completely clear. This timing is complicated in T4MO because
of the necessity for two separate protein—protein interactions
required to achieve transfers of one electron from T4moC,
whereas MMO can potentially accept two electrons from a
single protein—protein complex with the FAD and [2Fe-2S]-
containing MMO reductase. Single-turnover studies of methane
monooxygenase showed p-nitrophenol had a kg of ~0.02 s7%.7>
This rate was comparable to the rate of steady-state turnover of
nitrobenzene, suggesting that product release might be rate-
determining with this substrate. It has been further suggested
that reduction of the MmoH diiron center may promote release
of products because of a weakening of the bonding interactions
of the phenolate group with the diferrous center and thus
prevent release of product more strongly bound to the diferric
center from becoming a rate-determining step in catalysis.””
This hypothesis was supported by a crystallographic study of
MmoH bound to 6-bromohexanol, as the product alcohol was
not observed in the active site upon reduction of the diiron
center in the crystals.”?

Following this line of reasoning, reduction during the T4AMO
catalytic cycle may also help to promote release of phenolic
products from the diferric resting state, and by overlay of the
T4moH—-BML and reduced T4moHD structures, Figure 9
suggests a steric contribution to this aspect of the mechanism.
During the reduction step, a carboxylate oxygen atom from E231
must move into a bridging position between the iron atoms. By
modeling this conversion using the crystal structures of the diferric
phenolate-bound product complex (ie, T4moHD—PCR, PDB
entry 3Q14) and the diferrous state (PDB entry 3DHI’’), we
would generate an unfavorable overlap of the migrating
carboxylate with the phenolic product. As an alternative to the
possible participation in O, activation,>” active site water may also
function as a conduit for protonation of the phenolate as it is
released from the diiron center. Thus, our structures provide
insight into how a redox-driven rearrangement of E231 may assist
in displacing the bound product from the diiron center during
multiple-turnover catalysis.
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A

Figure 9. Rearrangement of E231 potentially leading to displacement
of an iron-bound product. The images show overlap of the phenolate
O of BML and OE2 of E231 upon conversion from the diferric—
product complex to the diferrous complex. van der Waals radii of E231
OE2 (red dots) and phenolate O of BML (green dots) are shown.
Interatomic distances are shown. (A) Diferric T4moHD—PCR
complex (PDB entry 3QI4). (B) Diferrous T4moHD (PDB entry
3DHI).

B CONCLUSION

T4moH provides a paradigm for enzymes that perform
regiospecific hydroxylation reactions, as the natural active site
directs formation of highly reactive intermediates and yields
nearly exclusive para hydroxylation. The structures presented
here lend new insight into the role of complex formation and
active site residues in determining this regiospecificity.
Additionally, these structures have provided a new view into
other aspects of the reactions of T4moH and other diiron
hydroxylases, including the role of effector protein in product
distributions, the viability of various substrate entrance routes,
and a possible structural basis for promoting product release via
a redox-gated conformational change of diiron ligand E231.

B ASSOCIATED CONTENT

© Supporting Information

Residues in the T4moH active site and residues from other
diiron hydroxylases in comparable aligned positions (Table S1).
This material is available free of charge via the Internet at
http://pubs.acs.org.

Accession Codes

Coordinates and structure factors have been deposited in the
Protein Data Bank as entries 3RMK (resting T4moH crystals
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exposed to BML), 3Ql4 (resting T4moHD crystallized in
the presence of PCR), 3Q30 (resting T4moHD crystallized in
the presence of IPH), 3Q3N (resting T4moHD crystallized
in the presence of NPO), 3Q3M (resting T4moHD crystallized
in the presence of Z82), 3Q2A (resting T4moHD crystallized
in the presence of PAB), 3DHH (T4moHD crystals exposed to
BML), and 3RI7 (G103L T4moHD).
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