3176 Biochemistry2002,41, 3176-3188

Combined Participation of Hydroxylase Active Site Residues and Effector Protein
Binding in aPara to Ortho Modulation of Toluene 4-Monooxygenase
Regiospecificity

Kevin H. Mitchell, Joey M. Studts, and Brian G. Fox*

Department of Biochemistry, College of Agricultural and Life Sciencesyédsity of Wisconsin,
Madison, Wisconsin 53706-1544

Receied Naember 8, 2001; Résed Manuscript Receed January 10, 2002

ABSTRACT. Toluene 4-monooxygenase (T4MO) is a diiron hydroxylase that exhibits high regiospecificity
for para hydroxylation. This fidelity provides the basis for an assessment of the interplay between active
site residues and protein complex formation in producing an essential biological outcome. The function
of the T4AMO catalytic complex (hydroxylase, T4moH, and effector protein T4moD) is evaluated with
respect to effector protein concentration, the presence of TAMO electron-transfer components (Rieske
ferredoxin, T4moC, and NADH oxidoreductase), and use of mutated T4moH isoforms with different
hydroxylation regiospecificities. Steady-state kinetic analyses indicate that T4moC and T4moD form
complexes of similar affinity with T4moH. At low T4moD concentrations, the steady-state hydroxylation
rate is linearly dependent on T4me4moH complex formation, whereas regiospecificity and the coupling
efficiency between NADH consumption and hydroxylation are associated with intrinsic properties of the
T4moD—T4moH complex. The optimized complex gives both efficient coupling and high regiospecificity
with p-cresol representing 96% of total products from toluene. Similar coupling and regiospecificity for
para hydroxylation are obtained with T3buV (an effector protein from a toluene 3-monooxygenase),
demonstrating that effector protein binding does not uniquely determine or alter the regiospecificity of
toluene hydroxylation. The omission of T4AmoD causes-20-fold decrease in hydroxylation rate, nearly
complete uncoupling, and a decrease in regiospecificity sgthegsol represents60% of total products.
Similar shifts in regiospecificity are observed in oxidations of alternative substrates in the absense or
upon the partial removal of either T4moD or T3buV from toluene oxidations. The mutated T4moH isoforms
studied have appareMna/Km specificities differing by~2—4-fold and coupling efficiencies ranging

from 88% to 95%, indicating comparable catalytic function, but also exhibit unique regiospecificity patterns
for all substrates tested, suggesting unique substrate binding preferences within the active site. The G103L
isoform has enhanced selectivity fortho hydroxylation with all substrates tested except nitrobenzene,
which gives onlym-nitrophenol. The regiospecificity of the G103L isoform is comparable to that observed
from naturally occurring variants of the toluene/benzenglene monooxygenase subfamily. Evolutionary

and mechanistic implications of these findings are considered.

The soluble diiron hydroxylases are an evolutionarily terminal hydroxylase. The hydroxylases have aBy)-
related family of enzymes that includes the meth&he6], quaternary structure with typicél, ~ 200—250 kDa with
toluene 7—11), benzeneX2), ando-xylene (L3) monooxy- a diiron center contained in eachsubunit. Single turnover
genases, phenol hydroxylasdsl), and alkene epoxidases (4, 7, 9) and peroxide shunt catalysisl9—21) have
(15—18). All of these complexes consist of an electron- established that the diiron center of the hydroxylase com-
transfer chain (either an FAD- and [2Fe-2S]-containing ponent is the minimal requirement for the chemical reaction.
NADH oxidoreductase or an oxidoreductase and a Rieske-Moreover, transient kinetic2Q) and spectroscopic studies
type [2Fe-2S] ferredoxin), a catalytic effector protein con- (23) of MMO?! have shown that an QOadduct named
taining neither organic cofactors nor metal ions, and a compound O, diferric peroxo species named compound P*
and compound P, and a high-valent species named compound
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Q successively appear as intermediates during the reactiorin regiospecificity for toluene hydroxylation antha/Ky in

cycle 24—34). Compound Q is kinetically competent in the
hydroxylation of methane2@) and norcarane3), whereas

steady state comparable with the natural isofod®);(the
G103L isoform introduced here was created on the basis of

compound P has been found to be independently capable oforimary sequence alignments with other toluene, phenol, and
olefin epoxidation 80). alkene monooxygenases. The analysis of the changes in rate,
The presently available data, which also derives largely coupling, and regiospecificity shows that effector protein
from catalytic, spectroscopic, and structural characterizationsbinding provides an essential enhancement of catalytic rate,
of MMO, show that a ternary complex of MmoB, MmoR, while coupling and regiospecificity arise as intrinsic proper-
and MmoH is relevant to catalysis3§ 37). Complex ties of the T4moH isoform in the complex. In this evaluation,
formation between MmoB and MmoH provides a remarkable the T4moH active site provides the primary constraints
variety of influences on the catalytic cycle, such as modulat- responsible for the regiospecificities characteristic of the
ing the diiron center redox potentials and electron-transfer natural, the artificially engineered, and the heterologously

rates B88), promoting the coupling between the redox
equivalents consumed and the yield of prod@¢cy, altering
the regiospecificity of reaction with nonphysiological sub-
strates 20), changing the rates of formation and disappear-
ance of reaction cycle intermediates P and 32),( and

reconstituted enzyme complexes.

MATERIALS AND METHODS

Materials. Enzyme substrates and products and other
chemicals were from Aldrich (Milwaukee, WIN-Methyl-

controlling the access/egress of large substrates to the activéN-(trimethylsilyl)trifluoroacetamide was from Pierce (Rock-
site 34). These catalytic enhancements are thought to ariseford, IL). Vent DNA polymerase and restriction enzymes

from binding-induced conformational changes. The likeli-

were from New England Biolabs (Beverly, MA). DNA

hood of these changes is also supported by changes irextraction and purification kits were from Q-BIO (Carlsbad,
spectroscopic properties of the diiron center upon complex CA) and Qiagen (Valencia, CA)Escherichia colistrains

formation @6, 39) and by X-ray scattering studies that

DH5a (Pharmacia, Piscataway, NJ) and BL21(DE3) (Nova-

showed dramatic changes in the overall shape and size ofgen, Madison, WI) were used for cloning and expression,

the complex 87). MmoR also participates in the regulation
of catalysis by causing shifts in the redox potentials of the
diiron center that favor 2etransfer and by increasing the
rate of reaction between the diferrous MmoeMmoB
complex and @ (40—42).

respectively. PCR primers were from Integrated DNA
Technologies, Inc. (Coralville, 1A). Methods and overall

strategies for PCR amplification, and the protocols used to
express and purify the TAMO proteins, including the T201G
and G103L isoforms and T3buV, were as previously

Less detail is available regarding the role of protein described 11, 44—46). A unit of TAMO activity is defined
complex formation in the reactions of other members of the as the formation of kimol of p-cresol/min in air-saturated
diiron hydroxylase family. One relevant area of inquiry 50 mM phosphate buffer, pH 7.5 at 298 K, in the presence
involves the role of proteinprotein interactions in control-  of optimal concentrations of the T4AMO components, toluene-
ling regiospecificity with substrates such as toluene that can saturated buffer (5.8 mM at 298 K), and NADH (0.5 mM).
give rise to multiple productsl1@ 43). Moreover, the G103L Isoform of T4moHThe G103L isoform was
commonality of the influences that the effector protein and constructed by overlap extension PCR using the T4moH
electron-transfer components may have on the diiron centerexpression vector pKM10 as the template, Vent DNA
reactivity when a compound of lower thermodynamic stabil- polymerase, and a Perkin-Elmer Model 9600 thermocycler

ity than methane is the physiologically relevant substrate has(Perkin-Elmer, Foster City, CAY¥g). The following oligo-

not been addressed in other members of this family.

The present work focuses on T4MO, a diiron hydroxylase
that catalyzes the NADH- and @lependent hydroxylation
of toluene to fornp-cresol ). This four-component complex
consists of an NADH oxidoreductase (T4moF, 33 kDa), a
Rieske-type ferredoxin (T4moC, 12.5 kDa), an effector
protein (T4moD, 11.6 kDa), and a diiron hydroxylase
[T4moH, with a @pBy). quaternary structure, 212 kDa).

nucleotide sequences were used as primers: ABEF3 (5
atgcttccggctcgtatgttgtgtgd)3 G103LF (B-gccatcgcagtt-
CTGgaatatgcagc-8 G103LR (3-gctgcatattcCAGaactgc-
gatggc-3), and ENDR (5cgaccccaacgtttattccatcctgf-3
Capital letters indicate the nucleotide changes that gave the
G103L mutation. To generate the products for the initial
overlap extension PCR, a % reaction was subjected to
30 cycles of melt at 94C for 30 s, anneal at 58C for 30

T4MO is a member of the toluene/benzene monooxygenases, and extend at 72C for 45 s. These PCR products were

branch of the diiron hydroxylase phylogenetic trdd)( This
enzyme exhibits a high regiospecificity fpara hydroxyl-
ation in the reaction with toluen@%) and in reactions with

a wide variety of other nonphysiological, singly substituted
aromatic compounds4b—47). This high fidelity provides

gel-purified and used in a second overlap extension PCR
consisting of 12 cycles of primerless PCR in a 100
reaction using &L of each gel-purified product from the
initial overlap extension PCR as template. After the 12
cycles, the primers ABEF3 and ENDR were added for an

the basis for an assessment of the interplay between T4moDadditional 18 cycles to enhance amplification of the complete

and T4moH in producing an essential biological outcome.

1266 bp fragment. The 30 cycles consisted of melt at®4

Here, the function of the T4MO complex has been for 45 s, anneal at 58C for 45 s, and extend at 7°Z for

evaluated using varied amounts of T4moD and T3buV [the

45 s. The final PCR product was digested wiboR| and

effector protein from a putative toluene 3-monooxygenase Bglll and cloned into the vector pKM10 for sequence

complex @4, 48)], the electron-transfer components, and
mutated T4moH isoforms exhibiting inherently different
patterns of hydroxylation regiospecificity. The T201A iso-

analysis and protein overexpression as described previously
(112). The DNA encoding the G103L isoform was sequenced
using the Big Dye sequencing kit (Perkin-Elmer) at the

form has been previously shown to provide partial changes University of Wisconsin Biotechnology Center.
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Product DistributionsEnzyme reactions were performed these conditiongy-, p-, andm-nitrophenol eluted at 6.2, 7.2,
in Teflon-sealed 5 mL reaction vials in a total volume of and 9.0 min, respectively, while the internal standard
250uL of 50 mM potassium phosphate buffer, pH 7.5, in a 3-methylbenzyl alcohol eluted at 3.6 min.
reciprocating water bath at 2€ and 250 rpm. An optimized Coupling Determinations, 9©Polarography, and NADH
reaction contained 2 nmol each of T4moC and T4moD and Regeneration Syster@oupling efficiency is defined as the
0.2 nmol of T4moF for each nanomole of TAmoH protomer percentage of the moles of total hydroxylated products
present. As indicated, T4moD was either decreased, omittedrecovered per mole of NADH utilized. Coupling was
or substituted with T3buV in other reactions. Substrates were determined using optical spectrometry, larography, and
added using a gastight syringe, and the enzyme reaction wagjas chromatography as previously describ@d Catalase
initiated with the addition of 0.xmol of NADH. After the and superoxide dismutase (Sigma Chemical Co., St. Louis,
appropriate time, aliquots of the enzyme reactions were MO) were dissolved in 50 mM buffer, pH 7.5, and added to
removed and quenched by rapid injection into a 0.4 mL the reaction mixtures when indicated (260000 and 10
centrifuge tube containing 1Q4 of chloroform and 5Q:L units, respectively) in order to diminish the accumulation of
of 0.1 M HCI saturated with NaCl. The quenched reaction either HO, or O, from uncoupled NADH utilization. An
was vigorously mixed for 15 s and then separated by NADH generation system4@) consisting of NADH (0.5
centrifugation (14009 for 2 min). The organic layer from  uM), glucose 6-phosphate, and glucose-6-phosphate dehy-
the extraction (typically L) was used for product analyses. drogenase was investigated as indicated.
An internal calibration standard of 3-methylbenzyl alcohol  Kinetic Analyses.For steady-state kinetic analysis of
(25 uM) was included in the chloroform. protein complex formation, each individual protein compo-

Product distributions were determined by gas chromatog- nent was treated as a substrate, while all other protein
raphy using a Hewlett-Packard 6890 gas chromatographcomponents of the T4AMO complexp,Q@oluene, and NADH
equipped with a 7683 autoinjector and either a BP20 column were maintained at saturating levels. Enzyme reactions were
(30 m x 0.25 mm, 0.25m film thickness; SGE, Austin,  performed in Teflon-sealed 5 mL reaction vials in a total
TX) for the toluene and methoxybenzene oxidation products volume of 250uL of 50 mM potassium phosphate buffer,
or an EC-1 column (30 nx 0.25 mm, 0.25m film thick- pH 7.5, in a reciprocating water bath at 26 and 250 rpm.
ness; Alltech Associates, Inc., Deerfield, IL) for chloro- An optimized reaction contained 2 nmol each of T4moC and
benzene and nitrobenzene oxidation products. The columnsT4moD and 0.2 nmol of T4moF for each nanomole of
were connected to flame ionization detectors. The injector T4moH protomer present. The,©oncentration was that of
and detector were maintained at 280, and a split ratio of ~ an air-saturated buffer solution. Control experiments showed
0.5:1 was used. The He carrier flow rate for the BP20 column that NADH, O,, and toluene were not limiting during these
was maintained at 4.0 mL/min, while the He flow rate for reactions. Rates were determined by linear least-squares
the EC-1 column was maintained at 3.0 mL/min for fitting of the time dependence of product formation as
separation of the chlorophenolic products and 4.2 mL/min determined by gas chromatograptg0), Ku values were
for separation of the nitrophenolic products. Retention times determined by linear least-squares fitting of the time

were determined by comparisons to neat standards. dependence of NADH utilization as determined by optical
For the toluene oxidation products, the following temper- spectroscopy under conditions giving maximal coupling. For
ature program was used: 106030 °C at a rate of 5°C/ T4moF and T4moC, the velocity data were fit to the

min; 130-144°C at 2°C/min; 144-200°C at 30°C/min; Michaelis—Menten equationy = Vima{S]/(Km + [S]), where
200 °C for 7 min. Under these conditions, benzyl alcohol Vmax is the apparent maximal reaction velocity, [S] is the
ando-, p-, andm-cresols eluted at 7.1, 9.8, 11.8, and 12.0 concentration of the varied protein component, &adis
min, respectively. The internal standard 3-methylbenzyl the apparent Michaelis constant for the varied protein
alcohol eluted at 9.0 min. For the methoxybenzene oxidation component. For T4moD44), the velocity data were fit to
products, the following temeperature program was used: an equation accounting for the formation of both activating
100-130°C at 5°C/min; 136-150°C at 2°C/min; hold at and inhibiting complexes of the effector proteins= Vima{S]/
150°C for 9 min; 156-200°C at 5°C/min; hold at 200°C (Km + [S] + ([S]ZK))), where the additional terr; is the

for 7.5 min. Under these conditions, 2-methoxyphenol, equilibrium constant for formation of an inhibiting complex
phenol, 4-methoxyphenol, and 3-methoxyphenol eluted at containing the effector protein. The kinetic parameters and
7.0, 10.2, 24.2, and 26.6 min, respectively, while the internal error estimates were determined using the statistically

standard 3-methylbenzyl alcohol eluted at 9.0 min. weighted nonlinear least-squares fitting routines HYPERO
Products from the chlorobenzene and nitrobenzene oxida-and SUBINO b1). ApparentVmaxandKy values for different
tions were derivatized wittN-methylN-(trimethylsilyl)tri- substrates were determined with optimal protein concentra-

fluoroacetamide prior to chromatographic analyses. For thetion as previously described®, 52). In all cases, apparent
derivatized chlorobenzene oxidation products, the following Vmax values are reported as turnover numbers relative to the
temperature program was used: “TOfor 1 min; 76-75°C concentration of dfy) protomer of T4moH.

at 2°C/min; 75°C for 1 min; 75-120°C at 4°C/min; 120 For studies of the effect of low concentrations of TAmoD
°C for 2 min; 120-200°C at 30°C/min; 200°C for 6 min. on catalysis, the rate, coupling, and regiospecificity values
Under these conditions, the 2-, 3-, and 4-chlorophenol were normalized for comparison by examining fractional
isomers eluted at 15.6, 16.1, and 16.7 min, respectively, while changes. For example, the fractional change in fateas

the internal standard 3-methylbenzyl alcohol eluted at 16.9 defined as [1= (Vimax — vi)/(Vmax — Ymin)], WhereVnaxis the
min. For the derivatized nitrobenzene oxidation products, the maximal velocity for the enzyme reaction obtained at the
following temperature program was used: 2%0 °C at optimal concentration ofT4moD; is the rate observed at a
2 °C/min; 30°C/min to 240°C; 240°C for 10 min. Under given concentration of T4moD, ang, is the rate observed
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Table 1: Survey of Product Distributions and Total Products Obtained from Toluene Oxidation by Different TAMO Complexes

product distributioh

compleX® catalase p-cresol o-cresol m-cresol benzyl alcohol total products
complete no 1857 (96.6) 17 (0.9) 35(1.8) 13 (0.7) 1922
—T4moD,—T4moH no nd nd nd 1 (100) 1
—T4moD no 9 (54.3) 3(16.7) 1(6.8) 4(22.2) 16
—T4moD yes 30 (62.5) 8 (16.7) 3(5.6) 7 (15.3) 49
—T4moD,+NADH regeneration no 8(50.0) 2(16.0) 1(6.0) 4 (28.0) 15
—T4moD,+NADH regeneration yes 26 (50.2) 8 (15.3) 3(5.4) 15(29.1) 52
0.05 nmol of T4moC/protomer yes 28 (86.3) 1(2.2) 1(2.1) 3(9.4) 160
—T4moF,+FdR,+NADPH yes 211 (93.6) 2(1.0) 5(2.1) 7(3.3) 225

aNanomoles of product recovered after 5 min from single experiments to illustrate changes in product distribution from the various enzyme
complexes. Percentages of total products are shown in parentheses. For the complete enzyme complex, similar percentages have been reported
elsewhere45—47). ® Reaction mixtures and NADH regeneration system as described in Materials and Methods. Changes in reaction constituents
are indicated® Presence or absence of 4000 units of catalasd, not detected at the detection limit of 0.1 nnfdbee footnote 2.

without T4moD. Fractional changes in coupling and regio- hydroxylation. In Figure 1, the fractional change in turnover

specificity were calculated in an analogous manner. rate (squares) is plotted versus the concentration of T4moD
present. In the concentration range shown, corresponding to
RESULTS the linear region of the T4moD saturation binding curve,

Performance of the Reconstituted T4AMO Complable ~ [14moD] < Ky and v = (Vima/Km)[E]o[S], with [E]o

1 shows that reconstitution of the T4AMO complex with the C€orresponding to the fixed amount of [T4moH] present in
complete, optimal composition of protein components gave the assay and [S] corresponding to varied [T4moD]. The solid

the maximal total yield of products and a high regiospeci- line in Figure 1 was calculated from this velocity expression
ficity for p-cresol formation. Omission of both T4moD and USINg théVmax and Ky values for TAmoD reported above
T4moH from the reaction gave no produg®or the TAMO ~ @nd by evaluating [T4moH] and [T4AmoD] according to the
complex lacking T4moD, an-97% decrease in the total appropriate experlmgntgl conditions. The goodness quflt (.
amount of hydroxylated products was observed even as avalue of 0.998, conflr.mlng that these data were o_btalned in
fixed amount of NADH was completely consumed over an the second-order region for enzyme catalysis) indicated that
extended time period. Furthermore, as elaborated below, the #M0D was the rate-limiting constituent added to the steady-
regiospecificity forp-cresol formation was compromised in  Stalé enzyme reaction. Furthermore, this concentration
the absence of T4moD. The addition of catalase (4000 units)d€Pendence established that TAmoD directly participated in
to reactions lacking T4moD increased the total product yield the€ €nhancement of catalytic rate. Thus a T4md@moH

by ~3-fold (Table 1), presumably by protecting one or more complex is an essential element of TAMO catalysis.

of the proteins of the complex from,B,-mediated inactiva- Table 3 shows turnover rates obtained with T4moH and
tion. Consequently, catalase was added to all reactions,mutated isoforms with alternative substrates. These nonsub-
particularly those containing either substoichiometric amounts Stituted and singly substituted aromatic substrates were
of T4AmoD or mutated T4moH isoforms in order to maximize compatible with the overall hydrophobic nature of the
product yields. The use of a regeneration system to maintain T4moH active site and also provided a range of substituent
NADH levels gave no significant improvement in product €electronic effects due to the identity of the ring substituent
yields but did lead to changes in the product distribution (54). Methoxybenzene and toluene were most rapidly
primarily associated with an increase in the percentage ofoxidized, whereas chlorobenzene and nitrobenzene were
benzyl alcohol (Table 1). Since this increase may arise from more slowly oxidized. For this group of substrates, a plot of
adventitious metal-catalyzed oxidations3), the NADH log[KeafKoenzenk = pop* gavep < 0, indicating the reaction
generation system was not used in the remaining studies owas hindered by electron-withdrawing substituertig).(

this work. These observations are consistent with electrophilic aromatic
Effect of T4moD on Reaction Rale4moD @4) and other ~ substitution and the generation of a carbocationic intermedi-

diiron hydroxylase effector proteins3¢, 40, 42) form ate providing the framework for the mechanism of the

activating and inhibitory complexes. T4moD has an apparent T4moH reaction with aromatic substrates.

Vmax = 3.4+ 0.5 st and apparenky = 2.0+ 0.6 uM for Effect of T4moD on Coupling Efficiencfable 2 and

the activating complex4@) and an apparerK; value of 28 Figure 1 show the effect of changes in T4moD concentration
+ 10 uM. The apparenVmax value determined for T4AmoD  on the coupling efficiency. Unlike the fractional change in
is consistent with the steady-state turnover rate of the rate observed at low concentrations of T4moD, Figure 1
complete T4MO complex as determined with respect to shows that the fractional change in coupling efficiency
T4moH. Table 2 shows that removal of T4moD from the (circles) was essentially independent of [T4moD] until this
enzyme complex caused a decrease in the rate of tolueneoncentration was decreased to values that gave 20% or less
of the maximal rate. Below this ratio, the coupling changed

2 Toluene contained a trace-level contamination of benzyl alcohol. linearly between the maximal and minimal values (the dashed
Examination of the time dependence of changes in the product line of Figure 1 is derived from linear least-squares fitting

distributions during a 5 min reaction revealed that the proportion of the linear region of the T4moD concentration curve; for
of p-, 0-, andm-resols increased linearly from nondetectable amounts

throughout the entire time period whereas the proportion of benzyl COmparison a simple hyperbolic fit to the regiospecificity
alcohol increased linearly from the initial amount of trace contamination. and coupling data is shown as the dotted line of Figure 1).
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Table 2: Influence of T4moD on Rate, Coupling, and Products of Toluene 4-Monooxygenase Oxidation Reactions
product distributiof

effector
proteirt rate benzyl cyclo-
substrate (uM)  ratio® (s') couplingd p-cresol m-<cresol o-cresol alcohol p-OH m-OH 0-OH hexanol
toluene T4moD
40 2.0 2.8 98 96.9(0.4) 16(0.2) 0.9(0.1) 0.7(0.2)
10 0.5 25 91 96.7(0.2) 15(0.2) 1.0(0.1) 0.9(0.3)
4 0.2 1.3 85 95.4(0.7) 16(0.3) 15(0.5) 1.5(0.6)
2 01 0.76 87  932(1.9) 1.9(0.2) 25(0.9) 24(1.0)
1 0.05 0.42 63 88.5(3.3) 2.3(0.1) 49(20) 4.2(1.3)
0 0 0.13 4 633(1.7) 4.8(1.2) 16.7(0.6) 15.2(1.2)
T3buv
40 2.0 2.0 >90 955(0.5) 2.7(0.2) 1.2(0.1) 0.8(0.2
10 0.5 95.7(0.1) 26(0.1) 1.2(0.1) 0.5(0.1)
2 0.1 92.7(0.1) 29(0.1) 26(0.1) 1.9(0.1)
1 0.05 89.7(0.5) 3.2(0.1) 4.1(0.4) 3.0(0.1)
nitrobenzene T4moD
40 2.0 0.13 65 91.6(0.7) 8.4(0.7) 'nd
10 0.5 0.07 91.2(0.2) 88(0.2) nd
4 0.2 0.02 87.5(0.9) 126(0.9) nd
1 0.1 nd
0 0 nd
cyclohexane T4moD
40 2.0 0.13 3 100
0 0 0.01 100

aThe enzyme complex was reconstituted as in Table 1 with the concentration of either T4moD or T3buV varied as iRdittedatio of
T4moD relative to T4moH protomer presehifurnover number relative to T4moH protomer as calculated from the sum of all products identified
by gas chromatography Percentage of nanomoles of total products relative to nanomoles of NADH utilized. Blank entries were not determined.
¢ Percentage of total products recovered after complete utilization of NADH. For experiments with T4moD, standard deviations observed from 3
< n < 10 individual determinations are shown in parentheses; for T3buV, the standard deviation was from two expérhents.detected.

[T4moD] (uM) Table 3: Turnover Numbers for Alternative Substrates by T4moH
4 6 8 10 Isoformg
1-o"'[I""I“"I""I"''{ N
] isoform

’ ] T201 T201G G103L
L substrate otvalu@ rate(s?) rate(sl) rate (s?)

,',.-4" | methoxybenzene —0.780 1.6(0.1) 3.6(0.8) 1.2(0.3)
¢ ] toluene -0.310 28(0.2) 3.1(05 1.9(0.1)
4 A benzene 0.6(0.1) 1.9(0.3) 0.9(0.2)
L | chlorobenzene 0.115 1.7(0.1) 0.9(0.1) 0.8(0.1)
! ] nitrobenzene 0.790 0.2(0.1) 0.1(0.1) 0.05(0.0)

[ / ] aMaximal rate kea) for total product formation observed for the

L] | indicated T4moH isoform in the presence of a saturated aqueous

Lis | solution of the indicated substrate, NADH, and other protein compo-

'-‘:: nents as described in Materials and Methods. Standard deviation in
rates calculated from 3 n < 10 individual determination®.0," values

for electrophilic aromatic substitution involving carbocationic inter-

mediates from reb4.
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0.1 0.2 0.3 0.4 0.5 experiments of Table 1 indicated that these changes were
T4moD / T4moH protomer associated with T4moH-catalyzed reactions since no cresol

Ficure 1: Fractional change in rate, coupling, and regiospecificity products qnd only a small amount of benzyl glcémdere
. ' ! observed in the absence of T4moH. As described above for

of the T4AMO complex reconstituted with a varied concentration of . o i
the coupling efficiency, and also distinct from the result

T4moD relative to TAmoH. Key: turnover ratll); coupling @); . : > :
regiospecificity #). Lines were calculated using the binding models obtained for fractional changes in rate, Figure 1 shows that

and fitting procedures as described in Materials and Methods.  the fractional change in regiospecificity (diamonds) for
p-cresol formation did not substantially shift until the amount
The complete removal of T4moD from the complex caused of T4moD relative to T4moH protomer was decreased to
a nearly complete loss of coupling so that orl¢% of the small values.
NADH consumed gave rise to hydroxylated products. Inthis  Figure 1 (solid line) shows that an increase in the TAMO
uncoupled state, © and HO, were detected. As discussed catalytic rate corresponds to the concentration-dependent
below, it is most likely that these uncoupling products arose formation of a complex between T4moD and T4moH. In
from independent reactions of the electron-transfer proteins. contrast, coupling and regiospecificity appear to maximize
Effect of T4AmoD on Regiospecificifjable 2 and Figure  independently in a different concentration regime of T4moD
1 show that complete removal of T4AmoD caused a partial (Figure 1, dashed line), suggesting that these catalytic
loss in the high regiospecificity fop-cresol formation properties arise from intrinsic features of an already formed
characteristic of the complete TAMO complex. The control T4moD—T4moH complex.
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Table 4: Apparent Kinetic Parameters of T4moH Isoforms for Q_OCH°

Toluene Oxidatiof
Vimax K Vimal Ku coupling \
isoform (s™ (uM) (stuM1) efficiency (%)

w4 0w O Do Qo O
HO OH
A B c D

G103L 1.8 9 0.2 81
aDetermined using a complete T4AMO complex reconstituted with with T4moD
the indicated T4moH isoform as described in Materials and Methods. T201  98.1(0.2) 0.4 (0.1) 1.4 (0.1) n.d.
Vimax Values are based on total hydroxylation products. b gg-g a5 <3'§i ! fgf; 12 (8:%
without T4AmoD

T201 71.7(1.0) n.d. 26.2(1.3) 2.1(0.9)
62.6 (0.5) n.d

Q_cm T201G  37.4(0.5) nd. d.
G103L 24.0 (1.3) 1.0 (0.6) 75.0 (1.0) n.d.
’/'/ \\ Ficure 3: Product distributions observed during the hydroxylation
of methoxybenzene by T4moH and the T201G and G103L isoforms
O_ in either the presence or absence of T4moD. Other details as in
H CH; CHj CH3 CH; .
I Figure 2.
HO OH
with T4moD A B ¢ P QCI
T201 96.6 (0.4) 1.8 (0.2) 0.9 (0.1) 0.7 (0.2)

T201G 94.3 (0.4) 0.1 (0.1) 4.5 (0.1) 1.1(0.4)
G103L 24.4 (0.1) 19.7 (0.2) 55.4 (0.2) 0.5 (0.1) l \
without T4moD
T201 63.2 (0.7) 5.5 (0.1) 16.5 (0.3) 14.8 (0.5)
T201G 29.6 (0.3) 2.2(0.1) 56.7 (0.2) 11.5 (0.3)
G103L 5.6 (0.1) 13.3(0.3) 77.4 (0.3) 3.7 (0.4)
HO@— cl cl cl
with T3buV
T201 95.5 (0.5) 2.7 (0.2) 1.2 (0.1) 0.8 (0.2)
G103L 24.4(0.1) 21.3(0.2) 54,3 (0.3) n.d. HG OH
Ficure 2: Product distributions observed during the hydroxylation with T4moD A B ¢
of toluene by T4moH and the T201G and G103L isoforms in either T201  97.9(0.3) 1.7 (0.3) 0.4 (0.1)
the presence or absence of T4moD or the presence of T3buV. All T201G 93.8 (1.5) 1.5(0.3) 4.7 (1.2)

. f : ; . 22.2 (0.9
reactions were performed in the presence of catalase as described GlosL  395(12) 38304 ©9)

in Materials and Methods. For experiments with T4moD, standard without T4moD

deviations observed from 3 n < 10 individual determinations T201 86.4 (0.3) 4.9(0.2) 8.7 (0.3)
are shown in parentheses; for T3buV, the standard deviation was T201G 44.5 (2.6) 2.4 (0.1) 53.1(2.7)
G103L 205 (0.1) 13.8 (0.1) 65.6 (0.1)

from two experiments. n.d., not detected.
) . Ficure 4: Product distributions observed during the hydroxylation
Table 2 also summarizes the role of T4moD in the TAMO- of chlorobenzene by T4moH and the T201G and G103L isoforms

catalyzed oxidations of nitrobenzene and cyclohexane. Bothin either the presence or absence of T4moD. Other details as in
of these substrates were oxidized by T4MO in the presenceFigure 2.
of stoichiometric quantities of T4moD, albeit with rate20-

fold slower than that observed for toluene oxidation. As QNOZ
T4moD was removed from reactions containing nitrobenzene

as the substrate, the product distribution underwent a shift

toward the electronically favored-nitrophenol. At [T4moD]

equivalent to where the regiospecificity of toluene oxidation

was noticeably diminished, nitrobenzene oxidation was not HOONOZ <_=_>7No2 QNOz

observed. Small amounts of cyclohexanol were obtained from

reactions with cyclohexane either in the presence or in the Ho oH

absence of T4AmoD. Since no cyclohexanol was observed in  with T4moD A B ¢

reactions lacking T4moH, and since the addition of catalase L 10200 7900

did not change the yield, cyclohexanol apparently represents Glo3L  3.6(04) 96.4 (0.9) n.d.

the product of a poor substrate of T4AmoH. In the presence  yiwn Tabuv

of T4moD, the oxidation of both nitrobenzene and cyclo- T201  90.1(02) 9.9(0.2) n.d.
G103L 7.4(0.2) 92.6 (0.2) n.d.

hexane was substantially uncoupled (Table 2). No further
investigation of the origin of the decreases in coupling Ficure 5: Product distributions observed during the hydroxylation

" ..~ of nitrobenzene by T4moH and the T201G and G103L isoforms in
efficiency upon removal of T4moD was undertaken with the presence of T4moD. No oxidation of nitrobenzene was observed

these substrates. S o ' ~in the absence of T4moD. Other details as in Figure 2.
Role of the T4moH Acté Site in Determining Regiospeci-

ficity. Table 4 compares the kinetic parameters obtained from effective catalyst of aromatic hydroxylation. The comparabil-
the oxidation of toluene by T4moH and two mutated ity of Vmax values also extends to reactions with the
isoforms. The T201G isoform was described in a previous alternative substrates (Table 3). However, Figure5 8how
study @6); the G103L isoform has been introduced in this that these isoforms give distinct product distributions for
work. These isoforms have appar&hf.xandKy values and toluene and the alternative substrates, supporting the conclu-
coupling efficiencies for toluene oxidation comparable to sion that the T4moH active site residues provide a major
those of the natural enzyme, demonstrating that each is andeterminant of hydroxylation regiospecificitd5, 46).
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A. , hydroxylation when compared to the product distributions
Smethoxybenzens observed from either the natural isoform or the solution-
|toluene catalyzed electrophilic aromatic substitution reactions. The

- [Beorobenzene differences in product distributions of the enzyme and

solution reactions indicate that steric interactions within the
active site of the G103L isoform continue to influence the
outcome of the reaction, even in the absence of T4moD.

Moreover, these interactions lead to an enhanced preference

for ortho hydroxylation.

No isoform (including the natural enzyme, Figure 5) was
capable of nitrobenzene hydroxylation in the absence of
T4moD. Since hydroxylation of nitrobenzene is predicted
to be the most difficult reaction examined on the basis of
2 oT 12016 GioaL nitation H,0,/AgC] electronic considgra_tiqnﬁ%), the oxidizing capability of
T4moH isoform with T4moD T4moH may be diminished by removal of T4moD.

B. Substitution of Other Effector Protein&.previous study

of catalytic cross-reactivity showed that T3buV was able to

substitute for the closely related T4moD in reconstitution of

2 TR IRTRIRIR, the TAMO complex 44), while the more distantly related

T2bmC and S1 [effector proteins of tRseudomonaspecies

JS150 toluene 2-monooxygenasg énd theBurkeholderia

cepaciaG4 toluene 2-monooxygenase/2-methylphenol 6-hy-

droxylase ), respectively] were unable to substitute for

T4moD. A Viqa/Ku comparison for T4moD and T3buV

showed only an-2-fold preference for T4AmoD. Thus T3buV

provides~70% of theVnax value obtained from T4moD at
optimal concentrations, suggesting that these two effector
proteins have overall compatible biological functions. In light
of this catalytic competence, the ability of T3buV to alter
the regiospecificity of T4AmoH-catalyzed reactions was tested.

Table 2 and Figure 2 show that reconstitution of the T4moH

Ficure 6: Comparison of th@arato ortho ratios for (left to right) complex with T3buV gave a regiospecificity for toluene

toluene, methoxybenzene, chlorobenzene, and nitrobenzene give . S . - .
by the indicated T4moH isoforms, nitration in fuming nitric acid rhydroxylanon that was indistinguishable from the regiospeci-

(90), or H,0,-dependent hydroxylation in the presence of AgCl fiCity obtained by reconstitution with T4moD. Moreover, a
(91). A log scale is used on thgaxes of (A) and (B) for clarity similar partial loss of regiospecificity was observed as T3buV
because of the~10*-fold differences observed; substrates are was removed from the heterologous reconstitution reactions
mgrk‘?gsaesngd'g?t}?gr;}”og‘e I'\lnosﬁﬁléo (ﬁ‘))dégﬁ\r,va;;’ %’g?gciggof'r';m (Table 2). The complex of T3buV and the G103L isoform
nitrogenzene by reactants.marked V\r/)ith an asteriskPéBa to ortho of T4AmoH gave a product distribution for toluene that agf_im
ratio observed in the absence of T4moD. Nitrobenzene was notMatched that observed from the complex of T4moD with
oxidized by any T4moH isoform in the absence of T4moD. the G103L isoform within experimental error (Figure 2).
Furthermore, the regiospecificity of nitrobenzene oxidation
The para/orthoratios given by the T4moH isoforms are obtained from the T3bu¥T4moH complex was likewise
compared with results obtained from two different solution indistinguishable from that of the T4meEr4moH complex
reactions in Figure 6. A log scale is used for thaxes and yieldedp-nitrophenol as the major product (Figure 5).
because of the-10*-fold difference in the ratios obtained These results indicate that effector protein binding does not
for these various experimental systems. When T4moD wasuniquely control the regiospecificity of TAMO monooxy-
included in the TAMO complex, both the natural and the genation. In contrast, we conclude that the architecture of
T201G isoforms retained overall high regiospecificity for the T4moH active site provides the primary determinants
para hydroxylation with all substrates examined (Figure 6A). for regiospecificity of toluene oxidation, with T4moD binding
In contrast, the G103L isoform had an apparently increasedproviding an incremental refinement leading to the desired
regiospecificity for ortho hydroxylation with methoxy- biological outcome. Possible origins of this incremental
benzene, toluene, and chlorobenzene in the presence ofefinement are considered in the Discussion.
T4moD (as demonstrated by a decrease inpghe/ortho Electron-Transfer Componentszigure 7A shows the
ratio). Moreover, the G103L isoform gave omhmitrophenol changes in reaction velocity observed as the concentration
(Figure 5) from the oxidation of nitrobenzene and elevated of either T4AmoC or T4moF was varied relative to fixed
percentages ahetahydroxylation products for each of the  concentrations of T4moH and the other components. The
other substrates investigated. Comparison of panels A andines were generated by nonlinear least-squares fitting using
B of Figure 6 showed that removal of T4moD from the the Michaelis-Menten equation as described in Materials
reconstituted enzyme complex caused a decrease pataé and Methods.
orthoratio for all isoforms. This change was most apparent  The data of Figure 7A provide an apparéftx= 3.6 £
with the G103L isoform, where the ratio qfara/ortho 0.2 st and apparery = 2.1+ 0.3uM for T4moC and an
products (Figure 6B) markedly shifted in favor oftho apparentVmax = 3.3+ 0.2 st and apparenKy = 0.14 +

V777

log[para/ortho]

log[para/ortho]

T201 T201G G103L nitration H,0,/AgCI
T4moH isoform without T4moD
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NADH-dependent reduction catalyzed by low concentrations
of T4AmoF) gave primarily @ (>90% vyield relative to total
NADH consumed) with an apparent formation rate30Q
nmol/min) that was only~4-fold slower than the toluene
hydroxylation reaction catalyzed by the complete complex.
The predominance of © as an uncoupling product is
consistent with the Tereactivity of a reduced [2Fe-2S]
center in T4moC with @ For T4moF, a molar ratio of0.1
T4moF per T4moH protomer gave the optimal coupling
(Figure 7B) as well as the maximal rate f@-cresol
formation (Figure 7A). Further increases in the amount of
T4moF (Figure 7B) to an equimolar or higher ratio relative
to T4moH caused a noticeable reduction in coupling ef-
ficiency. Reaction of T4moF alone with NADH in aerobic
buffer gave a mixture of both O (80%) and HO, (20%)
with an apparent total formation rate-{0 nmol/min) that
was~12-fold slower than the rate of the toluene hydroxyl-
ation reaction catalyzed by the complete complex. The
detection of both @ and HO, from the uncoupled reaction
of T4moF is consistent with known reactivities of the iron

N
o
T

L

L sulfur and FAD cofactors present in this compon&i; 66).

Reactions where the concentrations of both T4moF and
T4moC were decreased by 20-fold relative to an equimolar
mixture of T4moH and T4moD gave no change in the
regiospecificity for toluene hydroxylation (Table 1). A 20-
fold decrease of T4moC alone relative to fixed, optimal
amounts of T4moH, T4moD, and T4moF gave no change
in regiospecificity but an~10-fold decrease in the rate of

dotted line) or TAmoF 4, dashed line) on the reconstituted T4AMO product formation. Likewise, substitution of T4moF with

complex: (A) reaction velocity; (B) coupling efficiency. Lines were CO'N root ferredoxin reductase gave no change in the

calculated using the binding models and nonlinear least-squaresregiospecificity for toluene oxidation (Table 1) other than a

fitting as described in Materials and Methods. small increase in benzyl alcohol yield likely due to uncoupled
reactions.

o
(=]

products / NADH (%)
N
[=]

[=]
o T

05 10 15 20
Component / TAmoH Active Site

Ficure 7: Effect of varied concentrations of either T4moll, (

0.03uM for T4moF. An inhibitory complex comparable to
that formed from T4moD44) was not observed from either
T4moC or TAmoF. The apparewa, values determined for i .
the two T4MO electron-transfer components are equivalent _The diiron hydroxylase enzyme family has been naturally
and consistent with the steady-state turnover rate determinedliversified for the oxidation of a variety of different
with respect to either T4moH or T4moD. Moreover, the substrates57—59). Each of these structurally related com-
apparentky value for TAmoC closely matched that deter- Plexes initiates a bacterial metabolic pathway allowing the
mined for T4moD, suggesting that these proteins may target hydrocarbon to be used as the sole source of carbon
contribute to the same catalytic complex. In contrast, the and energy. As compared to the three-component MMO
apparenKy value for T4moF was-15-fold lower than that complex, T4AMO consists of four protein components. This
determined for either T4moC or T4moF, suggesting that difference introduces questions regarding the degree to which
T4moF may be involved in the formation of a different the roles and functions of the effector and electron-transfer
Comp|eX, possib|y invo'ving T4moC and T4moF 0n|y_ As proteins will be maintain.ed, pal’_tilcularly when a Compound
reported previously, no hydroxylation was observed in the Of lower thermodynamic stability than methane is the
absence of either T4AmoC or T4mo$).(However, T4moF  biological substrate.
could be substituted by corn root ferredoxin in reconstitution  Electron-Transfer Proteingn typical assay concentrations,
assays containing T4moC (Table 1), showing that a specific the rates for autoxidation of either T4moF alone or the
electron-transfer complex involving T4moF was not required combination of T4AmoF and T4moC in aerobic buffers were
for catalysis by the T4AMO complex. ~b5—10-fold slower than the rate of toluene hydroxylation
Figure 7B shows the change in coupling efficiency as an in the presence of an optimized ratio of T4moH and T4moD.
individual electron-transfer protein was varied relative to a This difference undoubtedly contributes to the coupling
fixed amount of T4AmoH and the other two components. For efficiency of the reconstituted four-protein complex. T4moF
T4moC, an~2:1 ratio with the T4moH protomer gave the provided both the maximum rate fprcresol formation and
highest level of couplingX90%). The coupling efficiency  the optimal coupling at substoichiometric quantities. Since
for T4AmoC decreased slightly as the ratio of T4moC per T4moF could be substituted by other oxidoreductases includ-
T4moH protomer was increased, withd45% coupling ing corn root ferredoxin NADPH oxidoreductase (Table 1
observed at a molar ratio of 20:1 (data not shown). Reactionand ref 9) and endogenoug&. coli reductases60), the
of T4moC with Q in the same concentrations used for primary function of T4AmoF may be to maintain T4moC in
reconstitution of the complete enzyme complex (with the the reduced state as opposed to forming a discrete, essential

DISCUSSION
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catalytic complex with T4moH. By this assessment, the the original T4moH preparations without inactivation of the
apparent role of T4moF is more limited than those assigned |atter. In the present work, increases in catalytic rate were
to MmoR, which participates in the regulation of MMO shown to correspond to the concentration-dependent forma-
catalysis in a number of way2Q, 41, 42). tion of a complex between T4moD and T4moH (Figure 1,
Previous studies have shown that T4moC is required for solid line). In contrast, coupling and regiospecificity maxi-
steady-state catalysi8)( Here, T4moC was shown to provide mized in a different concentration regime of T4moD,
maximal reaction rates and high coupling efficiency when suggesting that these catalytic properties arise from intrinsic
present in approximately stoichiometric quantities relative features of an already formed T4meD4moH complex. In
to T4moH. Moreover, the steady-state kinetic results (Figures overview, these results correspond to the known properties
1 and 7) indicate that T4moC and T4moD both form of MmoB, supporting the evolutionary relationship of both
complexes of similar affinity with T4moH, perhaps repre- effector protein and diiron hydroxylase components.
senting a catalytically relevant ternary complex. However,  One functional comparison between MmoB and T4moD
since T4moC is an obligate 1earrier, two discrete electron-  is that MmoB binding gives an-150-fold increase in the
transfer events (and possibly two binding complexes) will turnover rate for methane4,( 36), a difficult to oxidize
likely be required in order to satisfy the monooxygenase aliphatic hydrocarbon that can yield only one relevant
stoichiometry of the T4AMO reaction. Other diiron enzymes physiological product. For comparison, T4moD binding gives
(e.g., toluene 3-monooxygenase, benzene monooxygenaseg relatively smaller~20-fold rate enhancement in the
plant acyl-ACP desaturase) also use ferredoxin as anturnover rate for toluene (Table 2) but refines the distribution
intermediate electron donor, underscoring the importance of of four possible product isomers to give the physiologically
this electron-transfer chain configuration and stoichiometry relevantp-cresol as the only significant product.
to the diversity of diiron enzyme function. The participation In the absence of detailed structural characterizations of
of ferredoxin as an intermediate donor represents anotherthe interactions between T4moD and T4moH, changes in
distinction with MMO, where one ternary complex between catalytic rate, coupling, and regiospecificity are currently best
reduced MmoR and resting MmoH can give 2eansfer. rationalized in terms of binding-induced conformational
Whether T4moC binding provides additional inputs to TAMO change. The carboxylate shifts observed in X-ray structures
catalysis related to those identified for MmoR binding in (61—65) and the changes in spectroscopic properts (
MMO catalysis remains an open question. However, a 20- 36, 38, 39, 66—73) and X-ray scattering characteristi&
fold change in the concentration of T4AmoC relative to the observed in other diiron enzymes offer indications of the
other enzyme components or the substitution of T4AmoF by ways that protein binding interactions may influence active
another oxidoreductase gave no changes in regiospecificitysite configuration. One interpretation of the present results
for toluene oxidation (Table 1), suggesting that the T4AMO is that while the T4moH active site provides an overall
electron-transfer components do not directly participate in preference fop-cresol formation in the absence of T4moD,
this aspect of catalysis. binding interactions mediated by T4moD give rise to an
The results show that both T4moC and T4moF yield incremental adjustment of the active site residues that
reduced @ products (i.e., @ or HyO,) that could, in ultimately yield the highest regiospecificity. The relaxation
principle, yield adventitious oxidations or other deleterious of regiospecificity observed in the mutated T4moH isoforms,
outcomes. Uncoupling of the electron-transfer chain has beenaccentuated in the absence of T4moD, may then reflect the
inferred to have an adverse influence on bacterial cell growth presence of several unique, energetically equivalent binding
rates and volumetric productivity during expression of conformations in an incompletely organized active site. Since
recombinant TAMO 11). For reactions such as methane T4moD binding increases the rate of catalysis, complex
hydroxylation or fatty acid desaturation, adventitious oxida- formation may also restrict substrate rotational and transla-
tions would either be energetically infeasible or be easily tional motion during the lifetime of oxidizing intermediates
recognized by an incorrect regio- or stereochemistry. In and contribute to the observed results. Furthermore, the
contrast, for substrates that offer the possibility of more strength of the electrophile is known to play a significant
complex product distributions (such as toluene), or for more role in determining the product distribution in electrophilic
easily oxidized substrate analogues that might be used foraromatic substitution reactions. Since no T4moH isoform was
certain types of mechanistic studies, this recognition may able to oxidize nitrobenzene in the absence of T4maD, it is
be more difficult. Therefore, we considered the possibility possible that the reactivity of the enzyme electrophile may
that adventitious oxidations may contribute to the product be modulated by complex formation in the T4AMO system.
distributions. The increase in benzyl alcohol yield observed This result is distinct from that obtained with MMO, where
when NAD(P)H-regeneration systems were used (Table 1) all substrates that were oxidized by the MmeMmoB
suggests that the use of this method to increase the yield ofcomplex, including nitrobenzene, were also oxidized by
products from slow substrates or to enhance the performanceMmoH lacking MmoB @0). This putative change in the
of catalytically compromised mutated isoforms should be oxidative capability of T4AmoH may also contribute to the

undertaken with caution. increased fraction obrtho products from theortho/para
Effector Protein.The present studies have used recombi- directing substrates.
nant T4AMO proteins individually produced in differeit Use of Mutagenesis in Studies of Diiron Hydroxylases.

coli hosts, which allows reconstitution of the enzyme The X-ray structures of MmoH6(, 74—77) and the NMR
complex without the possibility for trace-level contamination structures of P248), MmoB (79—82), and T4moD 44) have
from an incomplete purification. This overcame a limitation provided an effective basis for analyzing primary sequence
of our initial characterizations of the role of T4moD in alignments and for inferring structural relationships between
catalysis 9), which could not be successfully removed from the different members of the diiron hydroxylase family.
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These structures have also served as the starting point forompared to the natural isoform with respecMgy, Vimad
mutagenesis efforts such as those described here andy, and coupling efficiency (Tables 3 and 4). These

elsewhere 34, 45, 46). comparisons indicate that interactions with the other protein
The apparent/na/Kw specificities of the T4moH isoforms  components as well as the details of the catalytic cycle
studied here for reaction with toluene differed by orMg— attributable to the diiron center are essentially unaltered in

4-fold, while the coupling efficiencies ranged from 81% to this minimally engineered isoform. However, for each
98% (Table 4). Within the set of aromatic substrates substrate examined, the regiospecificity of hydroxylation
examined, the appare¥it,ax values differed by~30-fold and given by the G103L isoform was significantly different from
could be approximately correlated with the electronic proper- that of the natural isoform. These results indicate that a single
ties of the substrates (Table 3). Steady-staig values and amino acid change can potentially lead to the creation of a
coupling efficiencies were not obligately linked, as the T201 catalytically distinct and physiologically relevant diiron
isoform gave an~4-fold slower turnover rate for the hydroxylase variant.
oxidation of benzene as compared to toluene with the same With the exception of nitrobenzene, the regiospecificity
coupling efficiency for both substrates (Table 3), while the of the G103L isoform was substantially shifted towartho
T201G isoform gave a higher turnover rate for toluene hydroxylation in the presence of T4moD. This tendency was
oxidation as compared to the T201 isoform, albeit with enhanced by removal of T4moD from the catalytic complex,
slightly decreased coupling. These results suggest that oncealbeit with the losses in catalytic rate and coupling associated
electrons are transferred from T4moC into the T4moD  with complex formation. For chlorobenzene a large increase
T4moH complex, the remaining aspects of the catalytic cycle in the amount of themetahydroxylation product was
have overall comparable function and performance with observed with the G103L isoform. Previous studies of the
respect to @activation chemistry and toluene hydroxylation reactions of synthetic chlorobenzene epoxides showed that
in each of the various isoforms studied. metahydroxylation products were not observed from the
Lowered coupling efficiency was observed for the non- decomposition of synthetic chlorobenzene 2,3- or 3,4-
natural substrates. The uncoupling observed for nitrobenzenespoxides 92). Furthermore, the lifetime of these chloro-
and cyclohexane may arise either from the inherent challengebenzene epoxides in aqueous solution is relatively 168}y (
of reaction with a chemically difficult to oxidize substrate suggesting that a putative enzymic chlorobenzene epoxide
based on electronic considerations or from the misalignmentproduct could readily difuse from the T4moH active site
of a nonaromatic, nonplanar substrate in the active site, during steady-state turnover. Since the product distributions
respectively. Previous studies of cytochrome P450 enzymesobserved from chlorobenzene with the G103L isoform clearly
have indicated that increased access of so&B); @ltered  deviate from the results of the chemical decomposition
patterns of proton transfe84, 85), release of KO, (86), or experiments, these results further support the role of the
the reduction of stalled activated intermediates by subsequentr4moH active site in orienting the substrate for hydroxyl-
electron-transfer reactions can also lead to uncoupling. Foration, in selectively promoting the rapid decomposition of
the diiron enzymes, each of these aspects is also possiblean enzyme-bound epoxide, or perhaps both.
and, in principle, may be influenced by conformational  gijglogical Imperatie for Regio- or Stereospecificity in
changes provided by proteifprotein interactions. Among  pjiron HydroxylasesIn methanotrophic bacteria, methane
other effects, MmoB binding has been proposed to limH s the only physiologically relevant substrate for MMO as
release from compound P-level intermediat@$),(while a adventitious oxidations of other substrates do not provide a
rapid electron transfer to an activated intermediate is an ggle source of carbon or eneryySince methane and
essential feature of the physiological reactivity of ribonucleo- methanol are achiral, no unique stereochemical imperative
tide reductase R2 componen87(-89) and the NADH  can pe attributed to the biological function of MmoH.
peroxidase activity identified for MmoH frofdlethylococcus In the alkene monooxygenase reactions, a@&% excess
cap_sulatus(Bath) @2). . e . of the (R)-epoxypropane enantiomer has been observed from
. Figure 6 show; }hat reglospeuflcny IS substgnﬂa"y reaction with propene 16). The degree to which this
m_fluenced by sterlc_ mteracthns in the enzyme act_lve SIt€, enantiomeric excess is promoted by effector protein binding
\tl)v)l/t?hinco r%]g(l)ezgl'?’fl\l/lﬁgrsgﬁqilgxtgfgg%%g:gﬁg?ch?elvp?g duct has not been .repo.rted. However, as with T4moH, it is likely
S ) ) . that both the interior surface of the alkene monooxygenase
distributions given either by the TAMO complex lacking active site and effector protein binding will contribute

T4moD or by solution-based oxidations [nitratiodf or substantially to the fidelity of this reaction. Propene-utilizing

H;Oz— andf _@Cbga:alyzz/d Phydrtntxylatlr:)_fr: 9((11)]. In tht‘.a microorganisms consume both epoxide enantiomers arising
absence of TAmoD, theara/orthoratios shifted, suggesting from the alkene monooxygenase reaction due to the coor-

Eg?t gpoedLoclg)Oft;Ze ;fongg?Ts‘tgﬁ:H gﬁ;ﬁ;ﬁﬁ tgent:;g:atﬁmthe dinate induction of isoformic dehydrogenases with stereo-
- ; . ) selectivity for the 2R)- and 2§)-hydroxypropyl-CoM prod-
substrate and the diiron oxidant. Upon consideration of the y x) &-hy ypropy P
changes in regiospecificity observed from the various T4moH
isoforms both with and without T4moD (or T3buV), these % In special cases, adventitious oxidations give products that can be

S - " utilized for growth by methanotrophd)( For example, adventitious
binding interactions must produce a conformational change hydroxylation of chloromethane yields formaldehyde upon nonenzy-

in the substrate binding site, regardless of the identity of the matic elimination of chloride from a putative chlorohydrin intermediate.
amino acids provided in the enzyme active site by the However, this nonenzymatic elimination reaction bypasses a key
T4moH isoform oxidation step required for electron transport and energy conservation
s . . in methanotrophs, the methanol dehydrogenase-catalyzed oxidation of
The reactivity of the G103L isoform of T4moH with all  methanol to formaldehyde. Hence, chloromethane does not serve as a

substrates tested shows that this isoform can be favorablygrowth substrate.
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ucts of epoxyalkane:coenzyme M transfera84).(Thus a
substantial cellular commitment is required to account for
the minor fraction of a potentially toxic product derived from
relaxed regiospecificity.

Bacteria containing the natural isoforms of the diiron
toluene/benzene hydroxylases with regiospecificityoidho
(13), meta(10, 48), andpara (45) hydroxylation of toluene
have been reported. IRseudomonas mendocilkdR1, the
organism from which T4AMO was obtained, the biological
imperative forpara hydroxylation is enforced by the next
step in the metabolic pathway, whepecresol methyl
hydroxylase must form a quinone methide intermediate from
p-cresol in order to complete the water-derived hydroxylation
reaction 05). Consequentlyp- and m-<cresols cannot be
utilized by P. mendocin&R1 (96—98), and their formation
would thus represent a waste of energy and competitive

Mitchell et al.

transversion at two adjacent nucleotides, GEGTTT, with

the sequential conversion of Gy Val — Leu corresponding

to a plausible natural progression given by single nucleotide
changes. In support of this route to evolutionary diversity,
each of these amino acids is found in naturally occuring
diiron hydroxylases. For example, alkene monooxygenase
from Xanthobacterspecies Py2 has a Val residue at this
position, while T2MO fronB. cepaciaG4 andPseudomonas
species JS150 and phenol hydroxylase fieseudomonas
species CF600 each have Leu residues at this position. In
order for these mutations to give rise to a naturally occurring
enzyme isoform, they would likely have to occur in the
context of a host containing the requisite pathways for
subsequent metabolism of the alternative cresol products,
such as that present i1 stutzeriOX1 (103). The incorpora-

tion of the genes encoding these gene clusters and metabolic

disadvantage to the cell. Furthermore, in pure culture, thesepathways on naturally transmissible plasmids could indeed

products of a low-specificity monooxygenation accumulate
as toxic metabolites. In contrast Bb mendocin&KR1, the

facilitate the horizontal transfers required for this putative
enzyme evolution process.

majority of the organisms in the toluene/benzene hydroxylase Rele/ance of T4moH Isoform G103L to Diiron Enzyme

family are capable of using all three cresol isoforms as

Reactvity. Primary sequence alignments7( 59) show that

growth substrates. These organisms convert the cresolmany, but not all, diiron hydroxylases have a Gly residue
isomers into methyl-substituted catechols that are subse-that aligns with G103 in T4moH. This position is adjacent

quently metabolized by the extradiol cleavage pathv@@y-(
103). The extradiol pathway has long been recognized for
tolerance to the position of methyl and other substituents on
the aromatic ring 104), thus providing the necessary
enzymatic versatility to cope with the low regiospecificity
of initial monooxygenase reactions.

Comparison with Other Toluene Monooxygenase Com-
plexes.The toluene 2-monooxygenase frdn cepaciaG4
has been purified and shown to hydroxylate toluene to give
o-cresol and to also hydroxylatecresol to give 3-methyl-
catechol 7). This pattern of reactivity and the lack of
catalytic complementation when the S1 effector protein was
used to reconstitute T4AMO provide functional support for
our assignment of thB. cepaciaG4 enzyme to the phenol
hydroxylase branch of the diiron hydroxylase family tree
(44). In the toluene hydroxylation reaction, the purified
G103L isoform of TAmoH has a turnover numbe20-fold
higher (1.8 st, Table 3) than that reported for the purified
B. cepaciaG4 enzyme [0.09 8 (7)]. However, unlike the
more rapid oxidation of 2-methylphenol catalyzed by Ehe
cepaciaG4 enzyme [0.46°8 (7)], the G103L isoform does
not oxidizep-cresol to yield a catecholic product. Since the
B. cepaciaG4 enzyme has a Leu residue at the same
sequence position as the G103L isoform of T4moH, other,
presently unknown, active site features must give rise to
differences in the primary substrate selectivities observed for

the toluene/benzene and phenol hydroxylase branches of the ™

diiron hydroxylase phylogenetic tred4).

The product distribution given by G103L from toluene
(Figure 2) is comparable to that observed in other naturally
occurring members of the toluene/benzene hydroxylase
branch of the diiron hydroxylase phylogenetic tré&, (13,

48). Thus the enzyme cloned froRseudomonas aeruginosa
JI104 @2) converted toluene to a mixture ofcresol (21%),
m-cresol (42%), ang-cresol (37%), while the enzyme from
Pseudomonas stutze@®X1 produced larger amounts of
o-cresol (50%) than eithgr-cresol (31%) om-cresol (19%)
(percentages estimated from Figure 3 of 18f. In natural
environments, a G103L isoform of T4moH could arise by

to a conserved Glu residue that acts as an iron ligand to the
canonical Fg site. In a related diiron enzyme, the R2
component of ribonucleotide reductase, D84 provides the
corresponding iron ligand to kg105. Recent studies of

an R2 isoform with a D84E mutation (and a distant W48F
mutation that changes electron- transfer rates and stoichi-
ometry) show that the introduced change in metal binding
ligand produces a diferrous center configuration more closely
matching that of diferrous MmoH. This structural change
apparently imparts stability to a compound P-like intermedi-
ate and yields a more efficient self-hydroxylating monooxy-
genase reaction where the O atom incorporated has been
demonstrated to arise from @5, 106). Thus a slight change

in structure can lead to profound changes in the outcome of
the reaction. The catalytic results presented here correlate
substantial alterations of substrate regiospecificity with
changes in a nonligand amino acid at a position adjacent to
the comparable Feiron ligand of a diiron hydroxylase.
Further examination of this region as an important locus of
chemical reactivity within the diiron enzyme active site thus
seems warranted.
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