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ABSTRACT. Pseudomonas mendocii&1 toluene 4-monooxygenase is a multicomponent diiron enzyme.
The diiron center is contained in the tmoA polypeptide of the hydroxylase compongi( M, ~ 212

kDa]. Product distribution studies reveal that the natural isoform is highly speciffiafarhydroxylation

of toluene keat~ 2 st with respect to a3y protomer),0-xylene .t~ 0.8 '), mxylene (et~ 0.6

s1), and other aromatic hydrocarbons. This degree of regioselectivity for methylbenzenes is unmatched
by numerous other oxygenase enzymes. However, during the TAMO-catalyzed oxidagietylehe

(Keat & 0.4 s1), 4-methyl benzyl alcohol is the major product, showing that the enzyme could catalyze
either aromatic or benzylic hydroxylation with the appropriate substrate. Site-directed mutagenesis has
been used to study the contributions of tmoA active site residues Q141, 1180, and F205 to the
regiospecificity. Isoforms Q141C and F205I yielded shifts of regiospecificity away frorasol formation,

with F205I giving an~5-fold increase in the percentage mfcresol formation relative to that of the
natural isoform. Thek of purified Q141C for toluene oxidation was0.2 s, Isoform Q141C also
functioned predominantly as an aromatic ring hydroxylase during the oxidatigaxglene, in direct
contrast to the predominant benzylic hydroxylation observed for the natural isoform, while isoform F205I
gave nearly equivalent amounts of benzylic and phenolic products fragiene oxidation. Isoform

I180F gave no substantial shift in product distributions relative to the natural isoform for all substrates
tested. Upon the basis of a proposed active site model, both Q141 and F205 are suggested to lie in a
hydrophobic region closer to the £&on site, while 1180 will be closer to ke These studies reveal that
changes in the hydrophobic region predicted to be neareshtodfeanfluence the regiospecificity observed

for toluene 4-monooxygenase.

Three catalytic subclasses of solublg;d@pendent diiron ~ Nordlund & Eklund, 1995). These are R2jyydrocarbon
enzymes are found in aerobic organisms (Fox et al., 1994; hydroxylases including MMO, and stearoyl-AQ¥ desatu-
rase A9D). The crystal structure of R2 revealed an 11-
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Ficure 1: First steps in the metabolic pathway used for toluene
oxidation byP. mendocin&KR1 (Whited & Gibson, 1991a): (A)
toluene 4-monooxygenase, (B)cresolmethyl hydroxylase, (C)
benzaldehyde oxidoreductase, and Bjydroxybenzoate hydroxy-
lase.

al., 1995; Elango et al.,, 1997; Lindqvist et al., 1996),

supporting the assignment of these enzymes to a structurabf the codons subjected to PCR mutagenesis.

family.

Additional soluble diiron enzymes include three position-
specific toluene monooxygenases (Newman & Wackett,
1995; Byrne et al.,, 1995; Pikus et al.,, 1996), phenol
hydroxylase (Powlowski & Shingler, 1994), alkene epoxidase
(Miura & Dalton, 1995), and other acyl-ACP desaturases
(Cahoon & Ohlrogge, 1994). The members of this larger
group of diiron enzymes all contain the conserved metal
ligand motif, hydrogen bonding to the ligands, and breaks
and contacts between tleehelices. However, at positions
forming the hydrophobic surface of the active site, the
identities of the amino acid residues are varied. While the
diiron enzymes likely utilize related redox cycles leading
up to G activation (Feig & Lippard, 1994; Que & Dong,
1996; Wallar & Lipscomb, 1996), it is also possible that the
subsequent catalytic diversity will arise from presently
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were performed in Teflon-sealed 6 mL reaction vials
containing 25QuL of 50 mM phosphate buffer at pH 7.5,
and the aromatic substrate and NADH were added in excess.
Other details of the whole-cell and purified enzyme oxida-
tions were performed as previously reported (McClay et al.,
1996; Pikus et al., 1996). Except for nitrobenzene, products
were identified by comparison with retention times of
standards using gas chromatography. Nitrobenzene oxidation
products were determined by reverse phase HPLC. Stan-
dards for all products were from Aldrich (Milwaukee, WI).
Mutagenesis Shuttle VectoiThetmoAgene contains all
Plasmid
pRS184f was used as the source of this gene (Pikus et al.,
1996). PCR was performed using a GeneAmp kit (Perkin-
Elmer, Foster City, CA). The fidelities of the final PCR
products were confirmed by nucleotide sequencing. The
1160 bp fragment obtained from digestion of pRS184f with
EcoRl andBcll was inserted into vector pSK(Stratagene,
La Jolla, CA). This intermediate plasmid was designated
pRS203. Thé3sBlI site at position 945 was removed from
the tmoA fragment by PCR with TMOU1 (5atgttgca-
cacgctgggcaaggtt) and ENVB'{&agcccagatctatcaacgagcgCtc-
gaactg). This PCR silently changed the codon for E303 from
GAA to GAG and rendered thBsBI site at position 627
unique within the shuttle fragment. Clones containing
mutated fragments could then be identified by restriction
mapping. An amplified fragment lacking tH&sBI site at
position 945 was digested witbcdR|l andBglll and ligated

undefined variations in the active site during the later stagesinto the similarly digested pRS203. The shuttle vector was

of catalysis.

Figure 1 shows the initial steps used Bgeudomonas
mendocinaKR1 to metabolize toluene (Whited & Gibson,
1991a). Theparahydroxylation of toluene to forrp-cresol
is catalyzed by toluene 4-monooxygenase (T4MO). The
diiron hydroxylase component is assembled from the tmoA,
tmoB, and tmoE polypeptidesdfy)z2, M &~ 212 kDa], with
the tmoA polypeptide providing the diiron motif (Pikus et
al., 1996). Since toluene-growh mendocind&R1 cannot
utilize o-cresol, m-cresol, or methyl catechols for growth
(McClay et al., 1996), thpara hydroxylation must proceed
with high fidelity. The degree to which T4AMO can produce

the desired regiospecificity and the active site determinants
contributing to this outcome are thus of considerable interest.

Here, we report on the regiospecificity of aromatic hydroxy-
lation by the natural isoform of the T4AMO hydroxylase and
on the changes in regiospecificity caused by mutation of
single amino acid residues predicted to lie within the active
site. These studies reveal a subtle sensitivity of the diiron

active site to conservative modification and emphasize the

utility of product distribution studies as probes for changes
in the function of engineered hydrocarbon-oxidizing en-
zymes.

MATERIALS AND METHODS

Biochemical Methods Enzyme preparation and charac-
terization were as previously reported (Pikus et al., 1996).

named pRS204.

Hydroxylase Isoforms with a Mutation at Q14Mu-
tagenesis of the Q141 codon was accomplished with pRS204
as a template, ENV141C '¢gcgccatggccagttaTGectgtttttc)
or ENV141V (8-tgcgccatggccagttaGTcctgtttttc), and ENVP3
(5'-atgttgcacacgctgggcaaggtt). The underlined nucleotides
in ENV141C and ENV141V are &cd restriction site
present in the nativemoAgene. Amplified products were
digested withNcd and Bglll and ligated into similarly
digested pRS204. Mutation of the Q141 codon caused the
loss of thePuull restriction site. Restriction mapping using
EcaRl, Puull, and Bglll then yielded a single mutated
fragment of 1090 bp. The correct insert was digested with
EcoRI and Bglll, ligated into similarly digested pRS184f,
and used to transforfscherichia colDH5a. For enzyme
expression, these plasmids were maintaindgl. icoli DH5a.
on Luria Bertani medium supplemented with 406/mL
ampicillin.

Hydroxylase Isoforms with a Mutation at F205Mu-
tagenesis of the F205 codon was accomplished with pRS204
as a template, ENV205I (#cattcgaaaccggcttcaccaacatg-
cagAttcttg), and ENVP3. The amplified products were
digested withBsBl and Bglll and ligated into similarly
digested pRS204. Since the shuttle fragment was modified
to contain a singl®sBI site, restriction mapping of correctly
mutated inserts usingcaRl, BsBI, and Bglll yielded two
fragments from the insert. The correct insert was digested
with EcdRl and Bglll, ligated into similarly digested

The Q141C isoform was prepared using these protocols. ThepRS184f, and used to transfor coli DH5a.

purified hydroxylase£10 nmol, but adjusted for the turnover

Hydroxylase Isoform with the Mutation 1180Rutagen-

number of a given substrate or for the lower turnover number esis of the 1180 codon was accomplished with pRS204 as a
of the Q141C isoform) and the appropriate amounts of the template, TMOU1, ENV180PR {fgcatcacgAccggtaaAgat-

other protein components were added to prowd® gmol
of total products durig a 5 min assay period. The reactions

gtccatc), ENV180PF (S&gatgacatcTttaccggTcgtgatgceg), and
ENVP3. The underlined nucleotides in ENV180PF and
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Table 1: Products and Kinetic Parameters for the Oxidation of
Aromatic Hydrocarbons by the Purified Native Isoform of
Recombinant Toluene 4-Monooxygenase

substrate products percentafe ket (s74)
toluene p-cresol 96.0 29
m-cresol 2.8
o-cresol 0.4
benzyl alcohol 0.8
m-xylene 2,4-dimethylphenol 97.0 0.7
3-methyl benzyl alcohol 25
3,5-dimethylphenol 0.5
2,6-dimethylphenol nd
p-xylene 2,5-dimethylphenol 82 0.6
4-methyl benzyl alcohol 18
o-xylene 3,4-dimethylphenol 95 0.8
2,3-dimethylphenol nd
2-methyl benzyl alcohol 5
benzene phenol 100 0.8
chlorobenzene 4-chlorophenol >95 2.2
methoxybenzene 4-methoxyphenol >99 2.4
nitrobenzene p-nitrophenol 88 2.4
m-nitrophenol 9
o-nitrophenol 3
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POARN

HO OH OH
2c 2d

2a 2b
wt 96.0 2.8 0.4 0.8
Qi41C 85.0 5.0 4.0 6.0
F205I 81.0 145 3.5 1.0
1180F 96.7 12 0.2 1.9

Ficure 2: Product distributions observed during the oxidation of
toluene by the natural (wt), Q141C, 1180F, and F205I isoforms of
recombinant toluene 4-monooxygenase. Data for the natural and
Q141C isoforms were from purified enzyme studies. Data for the
1180F and F205I isoforms were from whole cell oxidations.
Amounts of purified enzymes or cell cultures were adjusted so that
~10 umol of total products was obtained from all oxidations. The
product distributions were determined by averaging the results from
oxidations performed with three different enzyme or whole cell
preparations. The total deviation in product ratios w&b; the

@ Percentage of total products determined by gas chromatography.minor products were reproducibly detected in all replicate assays.

bnd, not detected:Maximal turnover number relative to aafy

protomer in a saturated aqueous solution. Concentrations of saturated

aqueous solutions of substrates are as follows (millimolar;@p
toluene, 5.8m-xylene, 1.5;p-xylene, 1.7;0-xylene, 1.6; benzene, 23;

chlorobenzene, 4.4; methoxybenzene, 1.1; and nitrobenzene, 19.6.

d1soform Q141C exhibited k.4 0f 0.2 st under the same experimental
conditions.

ENV180PR define amAgd restriction site introduced by

silent mutation. Primers TMOU1 and ENV180PR were used

to amplify the 5 end of thetmoAgene up to nucleotide 555,
to change the codon for 1le180 to Phe, and to inseriipe

restriction site. Primers ENV180PF and ENVP3 were used

to amplify the region of thémoAgene from nucleotide 529

to nucleotide 1196. The two PCR products were digested q141c

with Agd and ligated, yielding a piece containing the 1180F
mutation and an adjacertgd site. The combined piece
was digested witlecdRl andBgll and inserted into similarly
digested pRS204. Screening withaRl, Agd, andBgll then
yielded two fragments. A shuttle plasmid known to contain
the correct insert was digested wiecoR| andBglll, ligated
into similarly digested pRS184f, and used to transfdEm
coli DH5q.

RESULTS

CH3 H3;C
.. O
| H?\
CH3 CH3 CHj; HsC H3C
HOO\CH;, Q?Hz QQHZ :
OH H OH CH,OH HzC OH
3a 3b 3c 3d 3e
0.3 97.4 2.2 82 18
~0.1 88.3 11.7 22 78
F205I1 ~0.1 88.4 11.6 42 58
1180F 0.6 90.6 8.8 89 1

Ficure 3: Product distributions observed during the oxidation of
m-xylene andp-xylene by the natural (wt), Q141C, 1180F, and
F205I isoforms of recombinant toluene 4-monooxygenase. Reaction
systems were as in Figure 2.

Table 1 also summarizes the product distributions obtained
from oxidations of other substituted benzenes by the purified
enzyme. For chlorobenzene (deactivating for electrophilic
substitutionortho, para directing), methoxybenzene (activat-

Oxidation of Toluene and Substituted Benzenes by theing, ortho, para directing), and nitrobenzene (deactivating,

Natural Isoform of TAMO.Table 1 and Figure 2 show the
products obtained from the oxidation of toluene by purified
preparations of the natural isoform of T4AMO hydroxylase.
During all oxidations shown in Table 1, reaction conditions
were established so thatl0 umol of total products was
accumulated. The detection limit wasl nmol (0.01% of
total products), and a total overall deviation in product

metadirecting), the predominant product was always hy-
droxylated in gpara position relative to the ring substituent.
Since a substantial fraction ofietafunctionalized product
(85—93%) would be expected from a nonenzymatic elec-
trophilic addition to nitrobenzene in the absence of steric
effects (Taylor, 1990), the formation of&90% of p-
nitrophenol during the T4AMO-catalyzed hydroxylation pro-

percentages of less than 2% was determined from three trialsvides strong supporting evidence for the importance of steric
using different enzyme preparations. The products obtainedcontributions from the T4MO active site.

consisted ofp-cresol @a, 96.0%), m-cresol @b, 2.8%),
o-cresol @c, 0.4%), and benzyl alcohoRd, 0.8%). No

The regiospecificity foparaaromatic ring hydroxylation

was also maintained during the oxidation of two xylene

dihydroxylated products were detected. This uniquely high isomers by the natural isoform. During the oxidation of
specificity for aromatic ring hydroxylation has likely evolved o-xylene, 3,4-dimethylphenol was the major product (Table
from natural constraints placed on the enzyme by the 1, >95% yield), and this reaction was not investigated
subsequent steps of tlwetho fission pathway used b#p. further. During the oxidation ofn-xylene (Figure 3), 2,4-
mendocinaKR1 (Figure 1B-D, but particularly step B,  dimethylphenol was likewise the major produ8b(97.4%),
p-cresolmethyl hydroxylase). with 3-methyl benzyl alcohol3c) and 3,5-dimethylphenol
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Table 2: Comparison of Selected Active Site Residues in Methane
Monooxygenase Hydroxyladand Residues Predicted for Toluene

Accelerated Publications

Monooxygenasés ’ 1100 F176 R
’

MMO  T4MO®  T3MOY  T2MO® mutation$ ; \,
L110 1100 1200 V106 ! F205 F196 \
Al117 A107 A107 Al113 ' '
c151 Q141 Q141 E147 Q141C, Q141V ' Q141 1180 — \
F188 F176 F176 F181 '| “
G191 1179 L179 D184 \ 1227 L192 '
F192 1180 F180 A185 1180F ‘\\ 1224 N
L204 L192 L192 V197 - @ @ !
G208  F196 F196 F201 U At07 -
T213 T201 T201 T206
1217 F205 F205 F210 F205l FIGURE 4: Model for two hydrophobic shells in the active site of
F236 1224 1224 G229 toluene 4-monooxygenase. The proposed positions for the amino
1239 1227 1227 A232

aMMO active site residues identified by X-ray crystallography
(Rosenzweig et al., 1995; Elango et al., 19%7)oluene monooxyge-
nase residues determined by primary sequence alignments (Fox et al.
1994; Johnson & Olsen, 199%)T4MO residues subjected to mu-
tagenesis are in bold typefaceToluene 3-monooxygenase from
Pseudomonas pickettiPKO1.¢ Toluene 2-monooxygenase from
Pseudomonasp. strain JS150.Mutations produced for this study.

acids were determined from sequence alignments and the MMO
crystal structures described in the text.

4. This model consists of two hydrophobic shells surround-
ing the diiron center. One shell, containing Q141 and F205,
would be closer to R while the other shell, containing 1180,
would be closer to ke

Active site mutations in the T4AMO hydroxylase generated

(3a) detected as minor products. The one other possible on the basis of this model are listed in Table 2. The potential
isomeric phenol, 2,6-dimethylphenol, was not detected. For contribution of C151 to the MMO catalytic mechanism has
m-xylene, the total overall deviation in product percentages been previously proposed (Nordlund et al., 1992; Feig &
was agaire2% from three trials using different preparations Lippard, 1994: Rosenzweig et al., 1995). Thus, we were
of the enzyme. In contrast to tlee and m-xylene results, interested in the catalytic properties of T4AMO isoforms
the major product obtained from the oxidationgkylene mutated at this position and have generated Q141C and
(Figure 3) was 4-methyl benzyl alcoh@d, 82%). Thus, Q141V. In addition, T4AMO hydroxylase residues 1180 and
with the appropriate orientation of methyl groups, the enzyme F205 occupy what are clearly hydrophobic positions in all
was capable of benzylic hydroxylation in high yield. other diiron hydroxylases. Since variations of these residues
Table 1 contains the kinetic constants for oxidations using could produce changes in the shape of the active site, we
the purified natural isoform. Under conditions where the were interested in whether these residues contribute to the

other protein components were present in the optimal
amounts, and where NADH, fand the substrate were
present at a saturating concentration,khefor toluene was
2.0 st at 25°C relative to anuBy protomer; the turnover

regiospecificity.

Surey of Catalytic Properties of T4AMO Mutant Isoforms.
Recombinant hosts containing the natural T4AMO hydroxylase
oxidize indole, leading to accumulation of the blue dye indigo

numbers for chlorobenzene, methoxybenzene, and nitroben{yen et al., 1991). This reaction provided a useful initial

zene were similar. Fam-xylene, thek.ewas 0.7 s?, while

for p-xylene, thek.s was 0.6 s*; similar turnover numbers
were obtained foro-xylene and benzene. For all of the
substituted benzenes shown in Table 1, the natural isoform
hadKp, values of~10—-30uM.2 Thus, the apparemta/Kn
values for these varied substrates differed by only30-

fold, in contrast to thex10*fold differences in reactivity
observed in chemical electrophilic substitution reactions
(Taylor, 1990).

Functional Model for the T4AMO Hydroxylase AgtiSite.
The crystal structure of MMO has revealed th&i0 residues
from five o-helices produce the active site region (Rosen-
zweig et al., 1995; Elango et al., 1997). A subset of these
residues are shown in Table 2, along with the comparable
residues predicted for three position-specific toluene mo-
nooxygenases. Using this information, we developed a
model for the T4AMO hydroxylase active site shown in Figure

2The errors inky, values arise from a combination of the relatively
high affinity of the enzyme for these substrates, the limited sensitivity
of the assay methods, and the turnover number of the enzyme complex

functional screen for catalytic activity. By the criteria of
time-dependent appearance of blue color on agar plates or
in liquid medium culture, all mutated isoforms described here
retained catalytic activity. Moreover, both purified enzyme
systems (natural isoform and Q141C) and induced bacterial
cells in shaken flask culture gave the same product distribu-
tions for toluene and xylene oxidations within experimental
error. This result shows that the recombinant host could not
metabolize either cresols or benzyl alcohol on the time scale
of these experiments and established the validity of using
whole-cell preparations for some product determinations.

The product distributions from the oxidation of toluene,
m-xylene, andp-xylene by the purified natural isoform of
TAMO hydroxylase (Figures 2 and 3) provide useful
benchmarks for evaluating the catalytic properties of TAMO
isoforms obtained from mutagenesis. For direct comparison,
the products obtained from oxidations catalyzed by these
mutant isoforms are also shown in Figures 2 and 3. In
summary, the Q141C- and F205I-catalyzed oxidations of
toluene (Figure 2) anp-xylene (Figure 3) yielded the largest

At low substrate concentrations, the assumption of a large excess ofchanges in the product distributions relative to those obtained

substrate relative to the enzyme is not strictly true. Moreover, the
fraction of uncoupled turnover relative to that observed under conditions

of saturating hydrocarbons appears to vary in a complex manner as

the substrate concentration becomes limiting (J. M. Studts, J. D. Pikus,
and B. G. Fox, unpublished results).

from the natural isoform. For isoform [180F and for
oxidation of mxylene by all isoforms, the predominant
oxidation product remained a phenol with O-atom insertion
parato a methyl substituent. Further analysis of the catalytic
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properties and the product distributions of these isoforms 2%), while 3,5-dimethylphenol was detectable at a trace

are provided below.

Glutamine 141. Residue Q141 aligns with Y122 d&.
coli R2 (Nordlund & Eklund, 1993), C151 of MMO
(Rosenzweig et al., 1995), and L189 A8D (Lindqvist et
al.,, 1996). Y122 is converted by @ependent single
turnover of the diferrous center into a catalytically essential

level. Within experimental error, this product distribution
was identical to that obtained from Q141C. However, during
the F205I-catalyzed oxidation gfxylene (Figure 3), 4-m-
ethyl benzyl alcohol3d, 42%) and 2,5-dimethylphends¢
58%) were obtained in nearly equivalent quantities. This
again represents a substantial deviation relative to the

free radical (Tong et al., 1996). Since the corresponding predominant benzylic hydroxylation observed for the natural

position in MMO is C151, a thiyl radical intermediate has

isoform and the predominant aromatic hydroxylation ob-

been invoked in mechanisms for the methane hydroxylation served for Q141C.

reaction (Nordlund et al., 1992; Feig & Lippard, 1994).

However, since other diiron hydroxylases most likely have
either GIn or Glu at this position (Fox et al., 1994; Johnson
& Olsen, 1995), the chemical nature of a putative catalytic
radical would be quite different. In the T4AMO complex, both

Q141C and Q141V oxidize toluene and indole, proving that
the identity of the residue at this position in the T4MO active
site is not absolutely essential for hydroxylation. Further
characterizations of the regiospecificity of the Q141V isoform

Nucleotide sequence analyses have shown that toluene
3-monooxygenase and T4MO hydroxylase are highly ho-
mologous proteins (Byrne et al., 1995). Table 2 shows that
the amino acid sequence of these natural enzymes may differ
only at positions 179 and 180 within the active site. These
positions are predicted to be closest to thg Fite. Since
lle and Phe provided the largest volume difference, we
investigated the possibility that the single mutation 1180F
could switch the regiospecificity betwegrara and meta

were not undertaken because the rate of toluene oxidationhydroxylation of toluene. However, the product distributions

was~100-fold slower than that of the natural isoform. The
purified Q141C isoform also had l&, value of ~10—30
uM for toluene oxidation, which is quite similar to that of
the natural isoform. However, the maximal turnover number
for the Q141C isoform was decreased 10-fold to 0-2at

25 °C.

determined for I1180F were nearly identical to that of the
natural isoform for all substrates tested (Figures 2 and 3).

DISCUSSION

The product distributions reported here confirm that the
natural isoform of T4AMO hydroxylase tightly controls the

Figures 2 and 3 compare the percentage of product yieldshydroxylation regiospecificity. For toluene, the percentage

from the oxidation of toluenem-xylene, andp-xylene by

of the major productp-cresol @Qa, 96.4%) was nearly

purified Q141C with those of the natural isoform and other identical to that previously determined usingd]toluene
mutant isoforms. During the Q141C-catalyzed oxidation of (96.2%) (Whited & Gibson, 1991b). In order to produce
toluene, the yield ofp-cresol was slightly decrease@h this regiospecificity, the interior surface of the enzyme active
~85%), while the remaining material balance was distributed site must not only optimize the orientation of the methyl
nearly equally between the other three possible products.group and the aromatic ring relative to the oxidizing
During the oxidation ofm-xylene, Q141C yielded ar6- intermediate but also effectively limit access to alternative
fold increase in 3-methyl benzyl alcoh@d 11.7%) relative binding configurations during the lifetime of the oxidation
to the native isoform, while 3,5-dimethylphen@d] was reaction. This tightly controlled regiospecificity is under-
detectable at a trace level. scored by the products obtained from the oxidation of
Notably, during the Q141C-catalyzed oxidation pf m-xylene, where despite the fact that fhera aromatic C-H
xylene, the major product was 2,5-dimethylpher3g 78%). bond (110 kcal/mol) and the adjacent benzylie-&8 bond
Thus, forp-xylene, a substrate where only two oxidation (~85 kcal/mol) are separated by2.5 A, a nearly complete
products are possible, the active site change Q141C producedpecificity for aromatic hydroxylation is retaine@h).
a nearly complete switch in the product distribution from  Regiospecificity of Other Oxygenase Complex&s-
benzylic to aromatic hydroxylation. zymes, including ammonia monooxygenase (Vannelli &
Phenylalanine 205 and Isoleucine 18The inner surface  Hooper, 1995), chloroperoxidase (Miller et al., 1995),
of the diiron active site is formed by a number of hydro- cytochrome P450 (Hanzlik & Ling, 1993; Tassaneeyakul et
phobic residues (Nordlund & Eklund, 1993; Rosenzweig et al., 1996), methane monooxygenase (Dalton, 1980), and
al., 1995; Lindgvist et al., 1996) that have been proposed to xylene monooxygenase (Wubbolts et al., 1994), also hy-
sequester oxidative intermediates from adventitious quench-droxylate alkylbenzenes. These enzymes share the ability
ing by water and protons. Furthermore, hydrophobic sub- to generate potent oxidizing intermediates and yield products
strates such as toluene are likely oriented within this surface consistent with electrophilic, radical-like reaction pathways.
to provide the regiospecificity of the natural enzyme (Figure Also in common, the majority products (*@00% of total)
2). At one hydrophobic position nearest to\fie the active are benzyl alcohols while the phenolic products studied more
site, all toluene monooxygenases contain Phe residues (F20%ften either are obtained in relatively minor amounts or are
in TAMO) while MMO has 1217. In order to match the not detected. Upon consideration of this preference for
amino acid residue found in MMO, we produced the F2051 benzylic hydroxylation, enzymes like TAMO that are special-
isoform. Figure 2 shows that this isoform had an altered ized for aromatic ring monooxygenation are relatively rare.
regiospecificity for toluene oxidation but still yielded a However, the ability of TAMO to catalyze the benzylic
predominant fraction op-cresol @a, 81.0%). The second hydroxylation ofp-xylene also shows that there is no absolute
major product,m-cresol @b, 14.5%), was produced in an mechanistic barrier to aliphatic hydroxylation. This reactivity
~b-fold higher level than that observed from the natural is consistent with other similarities between T4MO and
isoform. During the oxidation af+xylene (Figure 3), F2051  MMO, although methane and other small aliphatic hydro-
yielded an~6-fold increase in the percentage of 3-methyl carbons are apparently not oxidized by T4AMO (McClay et
benzyl alcohol 8c, 11.6%) relative to the native isoforrd, al., 1996).
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Site-directed mutagenesis has been extensively used tayrosyl radicals are documented participants in enzymatic
study P450s (Poulos, 1995). Single amino acid changes inoxidation reactions (Frey, 1990), an exhaustive consideration
P45Q\ -3 produced a shift fronm-1 to w hydroxylation for of potential hydrocarbon oxidation mechanisms would by
laurate oxidation (Oliver et al., 1997) and modified the necessity include such intermediates. On the basis of radical
regiospecificity of P45§s for hydroxylation of dehydroe-  stabilities decreasing in the order of cysteiryglutaminyl
piandosterone (Uno et al., 1997). In contrast, single amino > valyl and on the basis of the observed catalytic activity
acid changes in P45@y had a small effect on the re- of Q141, Q141C, and Q141V, we conclude that an amino
giospecificity of camphor oxidation, possibly because of the acid radical at position 141 is not required during the toluene
highly complementary fit of the natural substrate in the active hydroxylation reaction. Alternatively, the product distribu-
site (Sligar et al., 1991). Single amino changes Y96A or tions of Figures 2 and 3 suggest that Q141 has an important
Y96F did substantially increase the ability of P4&f) to role in forming the toluene-selective shape of the active site.
oxidize alternative substrates such as linear and branchedrhis conclusion is consistent with the overall similarity of
chain alkanes, however (Stevenson et al., 1996). Since thesé../Km for the natural isoform and purified Q141C, which
alkanes are normally poor substrates for R4R0 the differ by only ~10-fold.
increased catalytic activity was proposed to reflect a change For all substrates, the overdll./K., values differed by
in the hydrophobicity of the active site that increased the 10—30-fold. This is consistent with the nonselective, highly
substrate affinity. Moreover, for YO6F, the yield of 2-meth- energetic nature of the oxidant. In each of the reactions
yl-2-pentanol from 2-methylpentane was increased 1.3-fold studied, a single substrate was oxidized to a distribution of
from 60 to 78% of total products, suggesting an incremental products, and this distribution most likely reflects a difference
optimization of one binding orientation. in microscopick.o/Kn, values. For the illustrative case of

Functional Properties of the T4MO Act Site Model. p-xylene, which can yield only two products, the oveialy
The numerous biochemical, catalytic, and spectroscopicK,, ~ 0.6/20~ 0.03 uM~! s71 which would yield micro-
similarities between T4MO and MMO, along with the crystal scopick../Km values of 0.82 (0.03) for formation &d and
structures of the latter, provide the basis for the TAMO active 0.18 (0.03) for formation o8e. Alternatively, the distribu-
site model shown in Figure 4. In this model, two shells of tion could represent partitioning of the substrate between
predominantly hydrophobic amino acids form the active site several conformations within the active site during the
surface. Upon consideration of the larger family of bacterial lifetime of the oxidation reaction.
diiron hydroxylases, these hydrophobic amino acids exhibit  Conclusions. These studies have established the hydroxy-
the greatest variability, while residues assembling the diiron |ation regiospecificity of the diiron enzyme T4MO hydroxy-
center are conserved. lase and have revealed correlations between several amino

Because of the introduction of changes to amino acid acid positions and the regiospecificity. The ability to
residues in three different pOSitionS in the hydrophObiC shells generate Cata|ytica||y distinct oxygenase isoforms by con-
shown in Figure 4, changes in product distributions were servative mutation within the predicted active site region
observed that apparently arise from a reshaping of this demonstrates the overall robustness of the diiron hydroxylase
interior surface. The most dramatic changes in toluene active site and suggests that thdrelical bundle containing
product distribution were observed with Q141C and F205I, thjs active site will provide a useful scaffold upon which

and these changes could be amplified by uginglene as  further modifications can be engineered.
an alternative substrate. Notably, Q141 and F205 are pre-
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