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ABSTRACT. The regulatory component MMOB of soluble methane monooxygenase (sMMO) has been
hypothesized to control access of substrates into the active site of the hydroxylase component (MMOH)
through formation of a size specific channel or region of increased structural flexibility tuned to methane
and Q. Accordingly, a decrease in the size of four MMOB residues (N107G/S109A/S110A/T111A, the
Quad mutant) was shown to accelerate the reaction of substrates larger than methane with the reactive
MMOH intermediateQ [Wallar, B. J., and Lipscomb, J. D. (200Bjochemistry 402220-2233]. Here,

this hypothesis is tested by construction of single and double mutations involving the residues of the
Quad mutant. It is shown that mutations of residues that extend into the core structure of MMOB alter
many aspects of the MMOH catalyzed reaction but do not mimic the effects of the Quad mutant. In
contrast, the MMOB residues that are thought to form part of the interface in the MMMWOB complex
increase active site accessibility as observed for the Quad mutant. In particular, the mutant T111A mimics
most of the effects of the Quad mutant; thus, Thrlll is proposed to most directly control access.
Unexpectedly, mutation of Thr111 to the larger Tyr greatly increases the rate constant for the reaction of
larger substrates such as ethane, furan, and nitrobenzen@®wittile decreasing the rate constant for the
reaction with methane. Other steps in the cycle are dramatically slowed, the regiospecificity for nitrobenzene
oxidation is altered, and 10-fold more T111Y than wild-type MMOB is required to maximize the rate of
turnover. Thus, T111Y appears to make a more extensive change in local interface structure that allows
hydrocarbons at least as large as ethane to bind and readwithilarly. As a result, the bond cleavage

rates for methane, ethane, and their deuterated analogues are shown for the first time to correlate with
bond strength in accord with a mechanism in whichHCbond cleavage occurs during reaction of substrates
with Q.

The soluble form of methane monooxygenase (SMMO) substrates, 7). The sMMO system also includes a reductase
(1—4) isolated from methanotrophic bacteria catalyzes the component (MMOR) containing FAD and a [2F2S]
oxygen and NADH coupled conversion of methane to cluster that serves to supply the two electrons required for
methanol with the following stoichiometry: catalysis b, 8) and an effector protein (MMOB) devoid of
metals or cofactors that regulates the react®rd( 10).

NAD(P)H + H' + CH,+0,—~ Transient kinetic studies have shown that the binuclear
NAD(p)Jr + CH,OH + H,0 cluster of MMOH passes through several intermediates
during its catalytic cycle as shown in Schemell-14).
Our past studies have shown that both the oxygen activationBriefly, the resting Fe(lll)Fe(lll) form of the clusteHX)
and the methane oxidation reactions are catalyzed by theis first reduced to the diferrous statd'j that can react with
hydroxylase component of the sMMO (MMOH) utilizing an  O,. This reaction occurs through an intermedi@ten which
oxygen-bridged binuclear iron cluster at the active sife ( the oxygen is apparently bound to the enzyme but not to the
X-ray crystallographic studies show that both the iron cluster cluster. In the next two steps, oxygen binds to the cluster to
and the active site pocket of MMOH are buried within the form intermediateP*, and then with the input of a proton,
protein, and there is no obvious access channel to admitP* is converted to the bridging hydroperoxo intermediate
that exhibits a weak absorbance at 700 A8+(15). Addition
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mutant, MMOB mutant N107G/S109A/S110A/T111A; WT-MMOB, i ioti
wild-type MMOB; MOPS, 3-N-morpholino]propane-sulfonic aciéte” intermediates. Although mechanistically controversl@-

oxidized MMOH: H', reduced MMOH:O, P*, P, Q, T, compounds  24), the following step involves cleavage of the substrate
0, P*, P, Q, and T from the MMOH catalytic cycle. C—H bond and insertion of an atom of oxygen to form the
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Scheme 1: SMMO Catalytic Cycle
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larger hydrophilic residues, thereby adjusting the hole size
of the sieve to accommodate larger molecules.

— e .
/8 2e 0>_ 7 Like many other oxygenase enzymes, sSMMO can catalyze
Fe"l\ /Fe'” Fa N the oxidation of a wide range of substrates. However, the
ReH 0 Hos Hr o only physiologically relevant substrate is methane. Accord-
(y \ ingly, the reaction of methane wit is unique in many
o OH, ways, most remarkably, the fact that the reaction exhibits a
H T P lem x Fe ?H-KIE of ~50 (17), whereas all other substrates exhibit no
Feif \Fem -0 observable isotope effect, 17). Recently, we have shown
ROH that the reaction of) with all substrates occurs in two steps,
\ R P / first forming an intermediate substrate compl€S) (15).
H OH Kinetic studies suggest that the rate-limiting step of this
Fe‘V/O - Q Fe'! Fell process for all substrates except methane is the formation
I R H of QS (15, 34). Since this means that the bond-breaking step
oH \ P ‘4 is only rate limiting for methane, only the reaction with this
RH Few\./FeW H,® substrate shows an isotope effect. Interestingly, an isotope

a2 The reaction is initiated by the reduction of the resting, diferric
state of the enzyme with two electrons. In a multiple-turnover reaction

with all three protein components present, NADH is the electron donor.

effect is induced for the reaction @ with ethane by the
substitution of the Quad mutant for wild-type MMOB (WT-
MMOB) in the reaction 84). We suggested that this is due

In a single-turnover reaction the enzyme is reduced chemically, and to the ability of the Quad mutant to facilitate larger substrate
the only other protein component required for rapid reaction is MMOB. binding and therefore shift the rate-limiting step from binding
The single letter nomenclature for each intermediate in the catalytic to C—H bond breaking in the case of ethane

cycle is in the interior of the cycle adjacent to the appropriate schematic
of the diiron center. The fate of labeled oxygen (filled O) is hypothetical In the current paper, we probe the roles of the individual
although it is clear that one oxygen from @ found in the product. residues modified in the Quad mutant. It is shown that
mutation of specific residues in this region of the MMOB
surface cause profoundly different effects on catalysis at the
completes the cycle. MMOH reactive center. The results support the molecular
MMOB plays a critical role in regulating the rates of sjeve hypothesis, but they also serve to emphasize the
interconversion of several of the intermediates of the Catalytic exquisite effects of protein structure on Cata|ysis for an
CyCle. This was |n|t|a”y reCOgnized by the fact that the brlght enzyme that must generate and control one of the most

yellow intermediateQ was not observed to accumulate if powerful oxidizing reagents found in a biological system.
MMOB was omitted from the single-turnover reactidriy.

This was later shown to be due to the fact that the initial EXPERIMENTAL PROCEDURES
reaction of oxygen with the cluster to form intermediates ) .
P* andP is 1000-fold slower in the absence of MMOBQ). ReagentsAll reager_lts were the hlghes_t grade avalla_ble
It has been shown that this oxygen gating effect is a result @hd purchased from either Sigma (St. Louis, MO) or Aldrich
of the formation of a specific complex between thsubunit Chemicals (Milwaukee, WI).
of the ©By), MMOH and MMOB (25). The complex Bacterial Growth and Protein PurificatiorlMMOH and
formation causes dramatic changes in the spectroscopic andMOR were purified from M. trichosporium OB3b as
electronic properties of MMOH as well as the regiospecificity Ppreviously reported, 35). The growth and purification of
of its reactions with complex substrates¢30). WT-MMOB from the recombinant system usigcherichia
Recently, we have solved the solution structure of MMOB coli BL21(DE3) as the host was performed as previously
isolated fromMethylosinus trichosporiun®@B3b @1) and  reported 81, 33), and the same procedures were used for
identified many residues that might interact with MMOH  each of the mutants used in this work. The optical properties
using NMR approaches3p). Several of the potential  of the mutants were found to be the same as observed for
interaction sites were then modified using site-directed wild-type MMOB except for the T111Y mutant, which
mutagenesis 33). It was shown that specific classes of exhibited an increase in the extinction coefficient at 280 nm
MMOB mutants could be defined that affect the rates of from 20.8 to 22.3 mM* cm™. This small increase in the
individual steps throughout the MMOH reaction cycle. One extinction coefficient is in accord with that expected from
particularly interesting mutant involved changing four grouped the addition of a single tyrosine residuesy = 1.4 mMm™*
MMOB residues (N107G/S109A/S110A/T111A) and was ¢m ). The increased extinction coefficient was consistent
thus termed the Quad mutant. This mutation resulted in anWwith the results of three independent methods of protein
acceleration of the reaction @ with large substrates and ~quantitation: (i) UV absorbance at 280 nm, (ii) the method
also an acceleration of the release of large products ffom  of Bradford @6), and (i) SDS-PAGE band intensity after
We hypothesized that MMOB may regulate the reaction of staining.
MMOH with substrates by facilitating the entry of substrates  Site-Directed Mutagenesi3he construction of the pB-
and release of products on the basis of their size. This WJ400 plasmid containing the WT-MMOB gene has been
effectively converts MMOH into a molecular sieve for previously reported3l). All mutations made to the MMOB
methane and © perhaps accounting for the remarkable fact gene in this plasmid were performed using the QuikChange
that SMMO can selectively oxidize methane in a background system from Stratagene (La Jolla, CA) according to the
of hydrocarbons with weaker-€H bonds. We postulated instructions from the manufacturer. Each mutation in the
that in the Quad mutant, small hydrophobic residues replaceMMOB gene was confirmed by sequencing at the University

terminal product complex’. Release of product front
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Table 1: Oligonucleotides Used to Induce Mutations in Plasmid pBWJ400 Containing the Wild-Type MMOB Gene

MMOB isoform oligonucleotide sequence
DBL1 5 CGACCTTCTCATCAACGTGGCGAGCGCGGTCGGCCGCGCC 3
3 GCTGGAAGAGTAGTTGCACCGCTCGCGCCAGCCGGCGCGG 5
DBL2 5 CCTTCTCATCGCGGTGTCGGCGACGGTCGGCCGC 3
3 GGAAGAGTAGCGCCACAGCCGCTGCCAGCCGGCG 5
S109A B CCTTCTCATCAACGTGGCGAGCACGGTCGGCCGCGCC 3
3 GGAAGAGTAGTTGCACCGCTCGTGCCAGCCGGCGCGG 5
T111A 5 CATCAACGTGTCGAGCGCGGTCGGCCGCGCCTAC 3
3 G TAGTTGCACAGCTCGCGCCAGCCGGCGCGGATG 5
T111Y 5 CATCAACGTGTCGAGCTATGTCGGCCGCGCCTAC 3

3 GTAGTTGCACAGCTCGATACAGCCGGCGCGGATG'S

of Minnesota Microchemical Facility. The oligonucleotides Relative extinction coefficients were determined for each
used to introduce the mutations to the MMOB gene are listed species based upon experimentally determined values from
Table 1. SVD fitting procedures to nitrobenzene single-turnover
Transient Kinetic ExperimentsThe transient kinetic ~ experiments monitored using a diode array detectd). (
experiments were performed using an Applied Photophysics Experimental parameters were identical to those described
SX.18MV stopped-flow spectrophotometer (Surrey, UK). All above for single-turnover experiments using the single
transient kinetic experiments were done under single-turnoverwavelength detector. The rate constants used in the simula-
conditions as reported previouslyl( 15). For experiments  tions were based on experimental values from data that have
monitoring the formation and decay of intermediaeand been previously published in most cas&§, (15). In cases
Q, the buffer was 50 mM MOPS, pH 7 or 7.6 as noted. Where the rate constants were not known, manual iterations
Pseudo-first-order conditions were established with both were performed, and the rate constants were varied system-
oxygen and substrate in large excess over enzyme. Eactatically to achieve a best fit to the data.

experiment contained either 23 or 4% MMOH (active Steady-State Kinetic Experimentdl steady-state experi-
sites), as noted. In most experiments, the MMOB:MMOH ments were performed using an Applied Photophysics
(active sites) stoichiometry was 1:1, except in the case of SX.18MV stopped-flow spectrophotometer. The reaction
the T111Y variant that was present in 10:1 excess becausemixture contained kM MMOH (active sites), M MMOB

of a decreased affinity during turnover for MMOH (see (or 10 uM T111Y), 1 «M MMOR, 100 uM NADH, and
Results). In all experiments monitoring the evolution of ambient concentration of ~2504M). Each steady-state
p-nitrophenol €404 = 15 mM™ cm™ at pH 7.6), 1.6 mM  experiment was performed using 50 mM MOPS at°?5
nitrobenzene was used in 50 MM MOPS, pH 7.6 af@5  and pH 7.6. The same conditions were used in NADH
The concentration of nitrobenzene in each experiment wasturnover experiments whether in the presence of MMOR
made from an appropriate dilution of a saturated (16 mM) alone, or with MMOR and MMOB both present. In the
solution of nitrobenzene (Merck Index). The procedure for absence of substrate, or when the substrates furan or methane
the double mix stopped-flow experiments using T111Y was were used, the reaction was followed by monitoring the
previously described for a study using wild-type MMOB  consumption of NADH at 340 nnefs = 6.23 mM % cm2).

(15). The delay time for the second mix was chosen to be when nitrobenzene was used as the substrate, the reaction

the time of maximalQ formation as determined from the was followed by monitoring the formation of the product
time course monitored at 430 nm in the absence of substrateg-nitrophenol at 404 nm.

at 25°C in 50 mM MOPS, pH 7 (see Figure 9A).

The analyses of the single-turnover time courses at 430
nm monitoring the formation and decay@fand at 700 nm
monitoring the formation and decay &f were performed
using the program KFIT developed by N. C. Millar of Kings
College (London, England). The reciprocal relaxation times
were associated with the appropriate reaction step as
described elsewherd 1, 15).

The steady-state data were analyzed by linear regression
of the linear portion of the reaction time course using the
program KFIT. Saturated conditions were used when meth-
ane or furan was the substrate, and turnover numbers were
calculated by dividing the slope obtained from linear
regression fitting procedures by the appropriate extinction
coefficient and the concentration of MMOH active sites. In
nitrobenzene titration experiments, initial velocities were

The time course for nitrobenzene single turnover moni- ey jated by dividing the slope obtained from the fit to the
tored at 404 nm has at least five species that contribute 1045 py the extinction coefficient fgr-nitrophenol and the
the observed time course, making nonlinear regression fitting -, centration of MMOH active sites.

procedures using summed exponential equations less ac-
curate. Thus, it was determined that the best way to extract
rate constants from the data was by using a combination of
nonlinear regression fitting and simulations using the nu-
merical integration program KSIM also developed by N. C.
Millar. The fitting procedure has been described elsewhere
(33). The following mechanism was used to simulate the
data:

Simulation of Single-Turn@r Time Course at 430 nm with
the T111Y and DBL1 Mutant§he simulation of the reaction
time course of T111Y was completed using the program
KSIM. The simulation was designed such that the rate
constants for the formation and decay of intermediatnd
oxidized MMOH were drawn from experimental data
recorded at 25C and were in agreement with previous
results from our laboratoryl(, 14, 15, 17). The rate ofQ
ok ks ke ke formation in the simulation was determined from a nonlinear
H"—0—P—Q—T—T1—H”+ p-nitrophenol regression fit to the time course at 430 nm with the T111Y
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variant. In the absence of substrates, there are no intermedi-
ates known to occur betwe&hand oxidized MMOH; thus,

it was assumed th& decays directly to the oxidized, diferric
form of MMOH. Because intermediaté3, P*, and P all
form within the dead time of the stopped-flow instrument at
25 °C, the rate constants used for the formation of each of
these intermediates could not be experimentally determined.
Thus, for the formation oD, P*, andP rate constants of
1000, 500, and 25074 respectively, estimated by extrapola-
tion of Arrhenius plots using data collected at lower
temperatures were used. The simulation of the reaction time
course when DBL1 was used was performed using a similar
procedure. Three different features of the simulated time
courses for the 700 and 430 nm data were compared with
the actual data: (i) thema, (ii) the relative amount of
accumulation of each intermediate, and (iii) the ability to fit
the simulations of both the 430 and the 700 nm time courses
with the same rate constants.

HPLC Product AnalysisAll reactions were carried out
under multiple turnover conditions using ;@M MMOH
active sites, .uM MMOR, and 5uM MMOB (50 uM
T111Y), 300uM NADH, and 1.6 mM nitrobenzene in 50
mM MOPS, pH 7.6 to a final volume of 1 mL at 2&. The
reactions were quenched after 20 min with 3% TFA. The £ e 1 Backbone representation of (A) MMOB and (B) the
quenched reaction was vortexed for 30 s and centrifuged for Quad mutant region of MMOB derived from the NMR structure
1 min to remove precipitated protein. of MMOB from M. trichosporiumOB3b (1). The side chains of

; ; . the four residues of the Quad mutant are shown in stick representa-
The entire re_act|on volume was injected onto a HPLC tion. The residues with the side-chains pointing out toward solution
system employing an Alltech Econosphere C18550 x are Ser109 and Thrl111. The residues with the side-chains oriented

4.6 mm column. The mobile phase was a linear gradient from toward the protein core are Asn107 and Ser110. Each residue was
90:10% to 10:90% HPLC grade water/acetonitrile over 15 mutated to alanine. MMOB variant DBL1 contained the mutations
min at a flow rate of 1 mL/min. Products were detected by N107A and S110A, whereas variant DBL2 contained the mutations

monitoring the absorbance at 254 nm and identified based 109 and T111A.

on the known retention times of authentic standards pur- major structural changes do not occur as a result of the
chased from Sigma. Each peak area was determined bymytation. More significantly, it is shown below that these
integration using the System Gold HPLC software from qyutants bind to MMOH with high affinity and promote
Beckman-Coulter, Inc. Because, m-, and p-nitrophenol formation of the intermediates of the MMOH single-turnover

grated peak area was corrected for this value. The percentyiMOH are still fundamentally intact.

product formed reported in Table 4 reflects the total amount  ginetic Analysis of DBL1.The steady-state turnover

of each regioisomer divided by the total amount of product. nympers determined for the reconstituted SMMO system with
DBL1 are listed in Table 2.The turnover numbers using
RESULTS nitrobenzene, furan, or methane as the substrate were found
MMOB Mutants.The four residues of the Quad mutant 0 beé 2-3-fold lower than when WT-MMOB was used in
are located on a loop in the well-ordered central region of the assay. These results show that DBL1 elicits a different
the MMOB structure. To elucidate which residues are Kinetic response than we reported for the Quad mu@s)t (
responsible for the dramatic effects on SMMO kinetics In that case, a 2-fold increase in the turnover number was
observed for the Quad mutant, two subclasses of the quadfound when large substrates such as nitrobenzene and furan
mutant were prepared, N107A/S110A (DBL1) and S109A/ Were oxidized, while no change was noted in the maximal
T111A (DBL2). The two mutants are structurally distinct 2@ Of methane turnover. As shown in Table 2, use of DBL1
because the side chains of N107 and S110 are directed toward? Place of WT-MMOB also resulted in a 3-fold increase in
the core of MMOB, whereas those of S109 and T111 are the rate of NADH consumption in the absence of substrates
oriented toward bulk solution, as can be seen in Figure 1. A for the reconstituted SMMO system. _
sequence alignment shows that both N107 and S110 have The resul_ts of single-turnover _exp_erlments W|th_DBL1 are
homologues in several non-heme monooxygenase effectoPrésented in Table 3. By monitoring the reaction at the
proteins including those from other SMMO systems, toluene Wavelengths where intermediat€s and Q exhibit their
monooxygenases, and phenol hydroxyl&®).(In contrast maximal absorbances, it was found tRawas not observed,
S109 and T111 are strictly conserved only in the sMMo @ndQ built up to only a minor extent when DBL1 was used
systems.
5 .
Structural Integrity.The NMR spectra of these mutants TheKn andVmax values for the steady-state turnover of nitrobenzene
: . D det d f h of the MMOB mutants. |
and the single mutants de_scrlbed below are S|m|Ia_r to that}’g?rgaciigm? %f ﬁ;ﬁgg) ;’nd ?hé/max Va{;‘gsaggieg‘exg‘ﬁ 5\,',??1' ?rr]e
of the structurally characterized WT-MMOB, suggesting that turnover numbers reported in Table 2.
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Table 2: Steady-State Turnover NumBeia the MMOB Mutant$
1.6 mM 1.6 mM 300uM

MMOB none furarP nitrobenzene  methane
none 0.081H 0.002 0.081t 0.003 0.25+ 0.00Z2 0.079+ 0.001
WT 0.13+0.01 1.13+ 0.05 0.3+ 0.01 1.05+ 0.01
Quad 0.045+0.01 1.90+0.05 0.50+ 0.0 1.05+0.01
DBL1 0.37+0.01 0.56+ 0.02 0.1+ 0.01 0.52+ 0.01
DBL2 0.11+0.002 1.40+0.10 0.50+0.01 1.11+0.01
S109A 0.11+0.002 1.114+0.01 0.35+ 0.01 0.89+ 0.01
T111A 0.09+0.001 0.79+0.03 0.38+ 0.01 0.79+ 0.01

T111Y 0.082+0.002 0.15G£0.002 0.04+0.001 0.120£0.001

aAll experiments were performed at 2& and pH 7.6 and are
reported in units of .. All MMO components (active sites) were
present at JuM. The turnover number reported is the average of at
least four different experiments, and the error is the standard deviation.
b The turnover numbers were calculated as described in the Experi-
mental Procedures by monitoring NADH consumption at 340 $ifine

Brazeau and Lipscomb

dramatically when MMOB is present. Because the extinction
coefficients form- and p-nitrophenol at 404 nm are quite
different (0.25 and 15 mMt cm ™, respectively, at pH 7.6),
the yield judged from the optical time course can be
deceiving. As shown in Table 4, the product distribution
determined by HPLC analysis is significantly shifted toward
m-nitrophenol product formation when DBL1 is used but
remains quite different than that observed in the absence of
MMOB. When the observed time course is corrected for the
relative amounts of the two nitrophenols present, the overall
yield is at least 90% of that observed for WT-MMOB,
suggesting that a functional complex is formed. Furthermore,
the observed shift in regiospecificity of product oxidation
suggests that complex formation changes the MMOH active
site structure such that substrates approach the reactive

turnover numbers were calculated as described in the Experimentaloxygen species in a different manner.

Procedures by monitoring-nitrophenol formation at 404 nnd.Turn-
over of nitrobenzene in the absence of MMOB was monitored at 340

nm (comparable to values for turnover in the absence of substrate or
in the presence of methane or furan) and at 404 nm. No increase in

Although WT-MMOB and DBL1 exhibit different time
courses for formation op-nitrophenol under the single-
turnover conditions, as seen in Figure 2B, both time courses

absorption at 404 nm was observed, in contrast to the results observedcan be fit to summed exponential expressions to reveal the

in the presence of any form of MMOB. The rate reported is for the
reaction monitored at 340 nriData from ref33. f Data from current
study. Slightly higher turnover numbers than previously reported were
observed using either wild type and Quad mutant MMOB.

in place of WT-MMOB, as shown in Figure 2A (compare,
for example, with Figure 11). This unexpected observation
prevented us from directly studying the effects of substrates
on the rate ofQ decay in detail.

One possible explanation for the near lack of observable
intermediates stems from our previous observation that
complex formation between MMOH and MMOB is required
to make the initial reaction between diferrous MMOH and
O, nonrate limiting (0). It is possible to determine whether
complex formation occurs in a catalytically relevant way
when DBL1 is used by finding the MMOB/MMOH ratio
that maximizes the turnover number. As shown in Figure 3,
DBL1 causes the turnover number to maximize at ap-
proximately a 1:1 ratio under the conditions used; this is the
same as we reported for WT-MMOB,(25). This suggests
that DBL1 and WT-MMOB each bind to MMOH with high
affinities during turnover. Accordingly, in a steady-state
competition experiment in which DBL1 and WT-MMOB
were present in equimolar amounts, the turnover rate of
nitrobenzene turnover was 0.160.01 s%, or roughly the
average of the turnover rates observed when the individual
MMOBs were used.

A second functional approach to verify MMGBAMOH
complex formation during catalysis is to determine the total
yield of p-nitrophenol from nitrobenzene oxidation in a
single-turnover experiment. The formation of a stoichiometric
MMOB—MMOH complex in this reaction causes the yield
to double in comparison to that from single-turnover reactions
without MMOB or with a modified form of MMOB that
cannot form a complex with MMOHI(Q, 32). As shown in
Figure 2B, the maximum optical change because of product
formation is different when DBL1 is used in place of WT-
MMOB. The lower yield ofp-nitrophenol in the former case
would be consistent with a lack of complex formation.
However, we have shown previously that bgph and
m-nitrophenol are formed during the sMMO catalyzed
nitrobenzene oxidatior3(Q), and the product ratio changes

p-nitrophenol product formation and release rate constants
(33). This analysis shows that the rate constant for the release
of p-nitrophenol T decay) with DBL1 is 3-fold less than
with WT-MMOB (Table 3). The formation rate constant for
p-nitrophenol is decreased about 10-fold relative to the case
in which WT-MMOB is used. However, it remains faster
than that for product release. Thsnitrophenol formation
rate constant has been shown to be equal to the decay rate
constant forQ in previous studies1(l) suggesting that the
reaction betwee® and nitrobenzene is slow when DBL1
is used. This could either arise from an inherently slow
reaction, or more likely, because of a slow step in @e
formation process that limits the concentration Qf
Nevertheless, the formation of the correct products suggests
that intermediat&) forms, albeit in low maximal concentra-
tion.

One approach to determining why intermedia®esndQ
are difficult to observe in the single-turnover cycle using
DBL1 is to study the rate of oxidation of the diiron cluster.
This process is accompanied by a small increase in absor-
bance at 430 nm that is independent of the intense 430 nm
absorbance of). In the past, we have demonstrated this
change by adding a large excess of substrate to the single-
turnover reaction5). In this caseQ decays very rapidly
such that none is observed to accumulate; thus, Rhe
formation reaction is unmasked. In the presence of WT-
MMOB the increase in extinction coefficient arising from
oxidation of the reduced diiron cluster occurs during the
formation of the (hydro)peroxy intermedia®eand normally
occurs with a rate constant of about 26 st 4 °C or at
least 250 st at 25°C. As shown in Figure 2A when DBL1
was used, the oxidation of the reduced diiron cluster
dominates the absorbance change, and the small amount of
Q that accumulates at the maximum is observed as an
overshoot in the time course before a slight decrease in
absorbance to the final value &decays. Fitting the time
course to a two exponential process gives an excellent
representation of the data and yields rate constants of 13.6
and 0.71 sk The rate constant of 0.71%smust be assigned
to the slow step in the overall process that includes formation
of P*, P, andQ because if it were assigned to the decay of
Q, a very significant amount a® would accumulate. The
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Table 3: Rate Constants for Reactions Using MMOB Mutants in Transient Kinetic Studies

experimental  kinetic rate constants (3)
conditions step WT Quad DBL1 DBL2 S109A T111A T111Y
25°CpH 7
no substrate pFormation  >20(Q 2.16+ 0.34 >200 >200 >200 3.43+0.29
QFormation 57 64 2.03 60 65.2+ 3.16 68.0+ 2.47 84.4+ 1.00 60
QPecay 0.14+ 0.01 13.5+0.78 0.15+0.01 0.15+ 0.01 0.15+ 0.01 0.31+ 0.02
1 mM furan QPecay 41+ 3.0 106+ 19 46+ 8.0 88+ 12
0.2 mM furan QPecay 6.0+ 0.1 8.2+ 0.3 5.5+ 0.2 9.1+ 0.3 >15
0.2 mM methane QPes& 6.3+ 0.2 6.4+ 0.1 5.3+ 0.2 5.6+ 0.2 1.6+ 0.07
25°CpH 7.6
no substrate pFormation > 100 0.71+£ 0.04 >100 >100 >100 1.604+ 0.22
QFormation 31 14+ 0.5 40 459+ 0.9 34.6+ 0.7 48.9+ 1.3 40
QPecay 0.21+ 0.02 13.6£0.3 0.23+0.01 0.21+ 0.01 0.21+ 0.01 0.25+ 0.01
1.6 mM QPecay 7 43 0.7% 30 6 40 25
nitrobenzene
TDecay 0.75 1.9 0.25 2.3 0.7 2.3 0.44
4°CpH7
no substrate pFormation 10,2+ 1.6 9.64+ 1.0¢ 0.07 8.6+ 0.7 12.8+ 0.31 0.10+ 0.005
QFormation 2 44 0.1 2.45 0.3 2.5 26+0.1 25+0.1 29+ 0.2 2.5
QPecay 0.044+ 0.001 0.045:0.008" 1.0 0.058+ 0.002 0.05:0.001 0.04A 0.002 0.03+0.001
0.2 mM methane QPec& 244+0.1 21+ 01 2.1+ 0.04 1.9+ 0.04
0.2 mM ethane  QPec&y 3.840.2 5.6+ 0.1

aEach rate constant is the average of at least four different experiments and were determined by nonlinear regression fitting procedures as
described elsewherd 1, 33 and in the Experimental Procedures. The error reported is the standard deviation in the data. The values for rate
constants that are listed in italics were determined by previously published proceti)resiploying a combination of nonlinear regression fitting
and simulation of the observed time courses (see Experimental Procedivak)es under the current conditions found to be slightly higher than
previously reported33). ¢ This rate constant probably arises from a step be@fermation in the cycled From ref33. Q decay in the absence
of substrate also exhibited a second phase with a rate constant of@M131 s?.

pH dependence of the reaction (Table 3) suggests that thepresence of substrate, DBL2 altered the ratQalecay in
slow step is, in factP formation, as described in more detail a manner similar to that which we previously described for
below. This analysis of th€ formation and decay time the Quad mutant. Relative to the reactions in the presence
course suggests that tii decay rate constant is 13.6's of WT-MMOB, larger substrates than methane, such as furan
which is a 50-fold increase over the constant observed usingor ethane, react witl) with an increased rate constant, and
WT-MMOB. large products such ap-nitrophenol are released more
Another possibility for the low build-up of) is thatP rapidly as shown in Figure 4. In the case of methane, the
decay becomes uncoupled fré@formation. However, this  rate ofQ decay was inhibited slightly when DBL2 was used,
is unlikely because the product yield from nitrobenzene although not to the same extent as with the Quad mutant.
turnover is about 90%, so at least this fractiorPahust be As shown in Figure 5, the amount & formed in single-
converted tdQ. A slow step with a rate constant of 0.71's  turnover reactions in the presence of DBL2 without added
prior to Q formation would account for the observed substrate is the same as when WT-MMOB was used. Also,
formation rate constant gf-nitrophenol in the presence of both the formation and the decay rate constant(faare
DBL1 (0.75 s%) because the rate constants of the steps prior unchanged as observed previously for the Quad mutant (see
to Q decay are independent of substrate concentrafidn ( Table 3).
15, 17). Moreover, the great acceleration of the spontaneous  Kinetic Analysis of the Single Mutants of DBLZ0o
decay rate ofQ in the presence of DBL1 in combination determine whether a single residue was responsible for the
with the now rate-limitingP formation would account for  catalytic effects observed in the presence of DBL2 and the
the observed increase in the NADH oxidation rate in the Quad mutant, the single mutants S109A and T111A were
absence of substrates noted in the data shown in Table 2made. The steady-state turnover numbers for the reconstituted
Kinetic Analysis of DBL2The steady-state parameters sMMO system using each mutant are listed in Table 2. These
determined for the reconstituted SMMO system with DBL2 mutants each elicited nearly the same turnover number for
are listed in Table 2. The turnover number using furan or the sMMO catalyzed reaction with nitrobenzene as the
nitrobenzene as the substrate is increased by 1.2- or 1.7substrate. This turnover number is only slightly larger than
fold, respectively, relative to the case in which WT-MMOB  that observed for the reaction using WT-MMOB. When furan
is present. These results are consistent with the rate enhancewas the substrate, the turnover number using S109A was
ments previously observed using the Quad mutant. As canvery similar to that of the reaction using WT-MMOB, but
be seen in Table 2, no change was observed in the turnovethat using T111A was 30% less. The rate of NADH
number for methane oxidation using DBL2, again in agree- consumption by the reconstituted sSsMMO system in the
ment with the effects of the Quad mutant. In contrast to the absence of substrate and in the presence of either single
results obtained in the presence of DBL1, the rate of NADH mutant was approximately the same as when WT-MMOB
consumption by the reconstituted SMMO system was not was used. The turnover number for methane oxidation is
changed when DBL2 was used in place of WT-MMOB.  decreased slightly when either S109A or T111A is used.
The rate constants extracted from single-turnover data Figure 3 shows that, as with DBL1 and DBL2, maximum
when DBL2 was used are presented in Table 3. In the activity was achieved at a 1:1 ratio of MMOB/MMOH active
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] WT-MMOB Ficure 3: Titrations of steady-state nitrobenzene turnover by
g 0.16 4 SMMO with the MMOB mutants. All reaction solutions were at
S 9 25 °C, pH 7.6 as described in the Experimental Procedures. The
§ 0.14 - concentration of each MMOB mutant was varied from O to\2.
5 b The experiment was repeated at least three times at each concentra-
g 012 5 DBL1 tion of MMOB. The entire data set is shown. The lines do not
§ 0.10 ] represent a fit of any kinetic model to the data set.
St
§ 0.08 J Table 4: Product Distribution from Nitrobenzene Oxidation by the
< n Reconstituted sMMO System with MMOBs
0.06 E Percent of Product Formed
0.04 d——r—r—r—r—r—rr—A b T T T MMOB p-nitrophenol menitrophenol
0 2 4 6 8 1020 30 40 50
Time (s) noné 10 90
) _ _ WT 89+ 1.0 11+ 1.0
FiGure 2: Single-turnover reactions with DBL1. In panel A, a DBL1 69+ 0.6 31+ 0.6
single turnover of MMOH in the presence of DBL1 (closed circles) DBL2 89+ 0.6 11+ 0.6
was monitored at 430 nm at 2& and pH 7.6 with no substrate T111Y 84+ 25 16+ 2.5
added. The data represent the average of three different experiments—,
The nonlinear regression fit to a two-exponential process is shown __- 5¢€ ref30.
as the solid line. The parameters obtained from the fitting procedure
were amplitude = 0.013,k; = 13.6 and amplitude 2 —0.0014, DBL2
k. = 0.70. The residual error is plotted on the same scale as the 0.18 4 N\
data. In panel B, single turnover of diferrous MMOH using 0.16 -
nitrobenzene as a substrate was performed in the presence of DBL1. g
The reactions with WT-MMOB (dotted line) and DBL1 (dashed 5 0144 WT-MMOB
line) occurred at 25°C and pH 7.6. Each time course shown <012
represents the average of at least three different experiments. The =
concentration of reactants following mixing in the stopped-flow 8 0.10
was 42uM MMOB, 42 uM MMOH (active sites), and 1.6 mM g 0.08
nitrobenzene. The simulation for both WT-MMOB and DBL1 (solid 'g R
line) is shown superimposed on each data set. %’ 0.06 4
sites for each of the single residue MMOB mutants, 0.04
demonstrating that they have the same optimal binding ratio 0.02 +— T I T T "
as WT-MMOB for MMOH when the enzyme is turning over. Time (s)

The t_lme course of formation using either S109A or FiGure 4: Time course of a single-turnover reaction with 1.6 mM
T111Ain the absence of substrate is the same as when WTqjtrobenzene with DBL2 (dotted line) and WT-MMOB (dashed
MMOB is used (data not shown). However, dramatic changes line). Each time course shown is the average of four different
are observed in th€ decay reaction in the presence of exper_imen_ts. The experimen_tal conditions were identical to those
substrates using T111A. Figure 6 shows the single-turnoverdescribed in the legend of Figure 2B.
time course ofp-nitrophenol formation and release using
S109A, T111A, and WT-MMOB. The data for S109A and time course with 1 mM furan when DBL2, T111A, or WT-
WT-MMOB are nearly superimposable, showing that the rate MMOB are used are shown in Figure 7. Clearly, the rate of
constants of all the reactions frogr formation forward are  Q decay is significantly accelerated in the presence of
unchanged, whereas the time course using T111A resemble§111A, although not as much as when DBL2 was used, as
that of DBL2 (see Figure 4). Accordingly, the rate constant shown by the decrease in the amount @fthat is ac-
for product release using T111A was found to be 23z cumulated atnax as well as the decrease in thex value.
25°C, which is the same as the rate constang-nitrophenol The increase of both the rate constant(fdecay with
release in the presence of DBL2. The rate constant)for furan as the substrate and the rate constant of release of
decay with furan as the substrate is enhanced 2-fold whenp-nitrophenol using nitrobenzene as the substrate in reactions
T111A is used, and this also agrees well with the 2.5-fold with T111A present strongly suggests that T111 is the key
increase observed above using DBL2. The effects orfthe residue to the functions perturbed by the Quad mutant. In



Key Residues for sMMO Regulation by MMOB Biochemistry, Vol. 42, No. 19, 20035625

0.080 - 0.06 -
0.075 4
. 0.05
£ 0.0704
0.04 4
< 0.065 - _ "
5 0.0604 %003 -
2 >
g 0.055 4 0.02 4
§ 0.050 4 0ol
< 0.045] '
0.040 4 0.00 4
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time (s) Molar ratio of T111Y:MMOH (active sites)

Ficure 5: Time course for a single-turnover reaction followed at FIGURE 8: Titration of steady-state nitrobenzene turnover with
430 nm with WT-MMOB (solid line) and DBL2 (dotted line). Each ~ T111Y. The T111Y concentration was varied from O to2Q.
reaction was performed at%C and pH 7. The concentration of All steady-state assays were performed at’€5and pH 7.6 as
protein was 23:M MMOH active sites and 28M of each MMOB described in the Experimental Procedures.

isoform. The data shown represents the average of four separate

experiments. Kinetic Analysis of T111¥n the simplest interpretation

of the molecular sieve hypothesis described in the introduc-

. gﬁ ] TIQA tory paragraphs, the Quad mutant increases access to the
S 0.10 active site by placing smaller residues at a critical component
§ 0.09 4 interface. If the bulk of the residue is primarily responsible
S 0.08 1 for the observed effects, then substituting a larger residue
§ 0.07 1 that is still sufficiently hydrophilic to be placed on the protein
£ 0061 surface, such as tyrosine, might serve to decrease the reaction
2 g-gi rates of large substrates.
< 0.03 One concern raised by the mutation of Thrl11l to a more
0.02 1 bulky residue is that the affinity between MMOB and
0 2 4 6 8 10 MMOH might be altered. Figure 8 shows the rate of
Time (s) nitrobenzene oxidation as a function of the relative T111Y

Ficure 6: Time course of a single-turnover reaction with 1.6 mM cpncentratlon. In contrast to WT-MMOB and the mF‘tamS
nitrobenzene. The data shown are for WT-MMOB (solid line), discussed thus far, when T111Y was used, the reaction was
S109A (open dotted line), and T111A (dashed line). Each time observed to saturate at a binding ratio of 10:1 relative to
course shown is the average of four different experiments. The datapjMOH and MMOR. This indicates that the affinity is

for WT-MMOB and S109A is nearly superimposable. All experi- : . . i
ments were performed at 2& and pH 7.6 with 23:M MMOH decreased by this mutation, at least during turnover. Nev

active sites and 28M MMOB. The simulation (solid line) overlays ~ €rtheless, the fact that the reaction rate saturates at high
each data set. concentrations of T111Y suggests that a complex is being

formed. Because of the appareritO-fold decrease in affinity

0.070 1 between MMOH and T111Y during turnover, all subsequent

£ 0.065 - steady-state and transient kinetic assays were done at a ratio
s 0.060 of 10:1 T111lY to MMOH (active sites). Increasing the
< amount of MMOR present in these reactions did not affect
B0 NS —— the observed rates.
§0-050‘ The effects of T111Y on the sMMO single-turnover
S 0.045 reaction are as dramatic as in the steady-state. As can be
= 0.040 1 seen in Figure 9A, in the absence of substrates, very @ittle
' is formed when T111Y is used (compare with the time course
0.035 4 using WT-MMOB shown in the inset). The reason for this
0.00 002 004 006 008 010 012 0.14 is a large decrease in the rate constant of the rate-limiting
Time (s) step in theQ formation process, from 57.6 5swith WT-

FicURe 7: Effects of 1 mM furan on the time course at 430 nmat MMOB to 3.4 st at 25°C and pH 7. The rate constant of
25°C, pH 7.6. The time courses shown using WT-MMOB (A), Q decay is slightly larger when T111Y is used, 0.31 versus

T111A (B), and DBL2 (C) are the average of at least four different 4 14 <1 with WT-MMOB. Because it has been previously
experiments. The data for S109A were similar to those for WT- h hat the diferric-(hvd . di di
MMOB and are omitted for clarity. The concentration of MMOB ~ Shown that the diferric-(hydro)peroxo intermediafe, di-

and MMOH (active sites) was 28M. The results of nonlinear ~ rectly precede® (11, 14), the decreased rate constant for
regression fitting procedures are overlaid on each data set. Q formation suggests that a significant amounfoivould

build-up when using T111Y if th€® formation step itself is
contrast, S109A causes only minor changes in the rateslow. However, as can be seen in Figure 9A, this is clearly
constants observed for both steady-state and transient kinetiaot the case. The absorbance change at 700 nm is quite small,
studies relative to those observed for WT-MMOB. and more instructively, th&ax occurs at nearly the same
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FiIGUrRe 9: Time courses at 430 and 700 nm with T111Y at’25

and pH 7 (panel A) and with WT-MMOB at 4C and pH 7 (panel

B). The 700 nm data is offset by 0.02 absorbance units to allow a
comparison. The inset in panel A shows the time course of Q
formation and decay with WT-MMOB at 28 and pH 7 with 23

uM MMOH active sites and 2aM MMOB. Following mixing in

the stopped-flow, the concentrations of MMOH (active sites) and
WT-MMOB were 23uM for the experiments in panel B, whereas
the concentration of T111Y was 23MM for the experiments in
panel A. The data at 430 and 700 nm in the presence of T111Y
were subject to nonlinear regression fitting procedures. The fit is
superimposed on the data.

0

Brazeau and Lipscomb

0.18 4 wT-.MMOB

N

0.16 4

<
—_
=
L

e
-
[\
1

T111Y

e
—
(=]
1

o

Absorbance at 404 nm
3

(=
(=
[e
A

0.04 T
10
Time (s)

Ficure 10: Time course at 404 nm from a single-turnover of 1.6
mM nitrobenzene with WT-MMOB (dotted line) and T111Y
(dashed line). The concentration of MMOH was4 active sites.

The concentration of WT-MMOB was 42V, and the concentration

of T111Y was 42QuM because of the decreased binding affinity
of T111Y for MMOH during turnover. The reaction was performed
at 25°C and pH 7.6. The traces shown represent the average of
three different experiments. As described in the text, the simulation
of the time course is superimposed on the data.

(="

for any of the steps up to and includiRgformation resulted
in a satisfactory simulation at both wavelengths.

A different approach to determine which reaction step is
rate limiting is to monitor the pH dependence of the rate
constants. We have previously shown that the rate constant
for P formation decreases substantially as the pH increases
(14). In the case of T111Y, the rate constant for the positive
going phase monitored at 430 nm decreased from 3.4 to 1.6
s 1 as the pH was increased from 7.0 to 7.6, while the rate
of the negative going phase was unchanged (data not shown).
Because only andQ formation reactions are pH sensitive,
and Q formation was concluded not to be the rate-limiting
step based on the arguments presented above, the data are
most consistent witP formation being the rate-limiting step.

time as the species at 430 nm, suggesting that the formationThe same conclusion can be reached from the pH dependence

rate constant foP has been altered. It has previously been
shown thaQ has a broad UV/vis absorbance spectrum that
has a weak but measurable intensity at 700 hiy 15, 37);
therefore, the similarity in thg.axat each wavelength raises
the possibility that the majority of the absorbance at 700
nm in this case may, in fact, be due @ Using the same
reaction conditions, but with WT-MMOB in place of T111Y,
intermediateP is formed within the dead-time (1.46 ms) of

the stopped-flow instrument and is therefore not observed.

of the slow step in th& formation sequence when DBL1
is used, justifying the conclusion drawn above that the
formation of P is rate limiting in that case as well.

The time course of nitrobenzene turnover using T111Y
and WT-MMOB is shown in Figure 10. The difference at
short times is due primarily to the absorbance fi@pwhich
is less in the case of the reaction using T111Y. At the
completion of the reaction, about 75% as much change in
OD from p-nitrophenol formation is observed using T111Y

However, to illustrate the dramatic difference caused by the j, place of WT-MMOB. Product analysis revealed that in

use of T111Y, Figure 9B shows the time course Foand

Q using WT-MMOB at 4°C and pH 7. IfQ formation is

not the step that is rate limiting for the reaction using T111Y,
then it must be one of the steps leading to the formation of
P.

The reaction time courses at 340 and 700 nm were

the presence of T111Y, the product distribution was slightly
shifted, as shown in Table 4. Thus, the decreasggof
m-nitrophenol accounts for about half of the difference in
absorbance change observed in the presence of T111Y as
compared to WT-MMOB. The remainder of the difference

in product formed may be the result of uncoupling at some

simulated using numerical integration techniques as describedpoint in the catalytic cycle when this substrate is used. By
in the Experimental Procedures. The previously determined fitting the entire time course shown in Figure 10, it was found

rate constants for the steps in tQeformation time course
using WT-MMOB were replaced one at a time by the
experimentally determined value of 3.4'dor T111Y. As
expected, a simulation in which theto Q transformation

that the rate constant g-nitrophenol release is 0.44%s
when T111Y is present (Table 3), which is 1.7-fold slower
than when using WT-MMOB and nearly 5-fold slower than
observed using T111A and DBL2. The rate@fecay was

step was slow did not match experimental results shown in determined to be 5.7-fold faster than when using WT-

Figure 9A. However, substitution of the 3.4'sate constant

MMOB.
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st at 25°C when T111Y is used, which is 5-fold slower
0.10 4 than when WT-MMOB is used.
= WT-MMOB . . . .
£ 0.09 J It is possible that the failure to obser@ein the presence
= of substrates derives from a reaction of intermedRater
; 0.08 - one of the othe precursors directly with substrates. This
3 is unlikely in the current case because saturated alkanes are
50074 BN among the substrates that cause this effect, and there is no
2 0.06 indication that any intermediate other th@rcan react with
2] m— these molecules. To show definitively ti@tcan react with
0.05 _I 1y these molecules when T111Y is used, a double mix stopped
- ————————————— 1 flow experiment was performed in which diferrous MMOH
0.0 0.1 02 03 04 05 06 07 08 09 10 was first mixed with T111Y and £xo form Q. After a delay
Time (s) sufficient to allow theQ concentration to maximize, sub-

OF(':GUREdllh Eﬁe?ttﬁ 3\1; %%A%Mogur?rnl ffAtheth@fﬁ%UF?% att_25 strates were added in a second rapid mix. The reaction rate
and pH 7 wi - , , an . The time

courses shown are the average of four different experiments, andconstants for 10@M ethane and 10gM fur.an were much
the data are shown as a dotted line. The protein concentrations afte@réater than when WT-MMOB was used; estimates for the
mixing in the stopped-flow were 30M MMOH active sites and ~ Q decay rate constants are 380 and 11 sespectively.

208 AT AMOS, To Socontaln o L4 asc s 500 A it e NMOH sle-movet rescton ushg
I - - [ 2 ~

MMOH. The nonlinear regression fit (solid line) to the data is WT-MMOB is the large*H KIE of ~50 Obser.ved for
superimposed on the time courses for the cases in which WT- Methane turnover. In the case of T111Y, the KIE is observed

MMOB and T111A were used. The simulation (solid line) to the to decrease te-10. The second-order rate constant(f
data is superimposed on the time course in the presence of T111Y.decay for CQ oxidation is the same when either WT-MMOB
) or T111Y is used (0.65 mM s1, 25°C, pH 7). Thus, the
74 entire change in the KIE can be attributed to a decrease in
1 the rate constant with CHas the substrate. In the case of
ethane, no KIE for th&) decay reaction is observed when
using WT-MMOB, but a value of-3.5 is observed when
using T111Y k = ~3800 mM?* s or ~1100 mM?t s,
for C;Hg or C,Dg, respectively). The rate constant for reaction
of C,D, with Q is ~9 times greater than observed using WT-
MMOB.

DISCUSSION

Rate Constant of Q decay (s)

S50 75 100 125 150 175 200 the interaction between the regulatory protein MMOB and
[Methane] pM the hydroxylase enzyme MMOH profoundly affects the

FIGURE 12: Effect of methane on the rate @fdecay with T111Y dynamics of the interconversion of intermediates at several

and WT-MMOB. The concentration of methane was varied from Steps in the catalytic cycle of the latte( 33). Moreover,

0 to 200uM in the presence of WT-MMOB (open circles) and it appears that structural changes are induced in the active

T111Y (closed circles). The concentrationdafmethane was varied  sjte of MMOH as a result of complex formation with MMOB
from 0 to 200 mM (closed diamonds) using T111Y. The reactions . P
were performed in triplicate, and the entire data set is shown. All that alter both the regiospecificity, and at some level, the

reactions were performed under single-turnover conditions with 23 Chemistry of the oxygen insertion chemist80( 34). Each
uM MMOH and 230uM T111Y at 25°C, pH 7. The data were fit ~ Of these effects of MMOB is important to the physiological

using linear regression to obtain the second-order rate constantfunction of sSMMO because they combine to allow methane
The fit is represented as the solid black line. to be oxidized at a much higher rate than would be expected
) ) . based on its high €H bond stability. The specific mech-
The time course o formation and decay in the presence pnism by which MMOB can affect SMMO chemistry has
of 100uM furan is shown in Figure 11 for single-turnover  proad implications for the mechanisms of the many other
reactions using T111Y, T111A, and WT-MMOB. Unexpect- oxygenase enzymes that utilize effector proteins as well as
edly, noQ was observed to accumulate in the presence of the role of proteir-protein interactions in regulating complex
T111Y. Nonlinear regression fitting of each time course bijological systems. These aspects of this study are discussed
revealed that the rate §f decay for WT-MMOB and T111A  here.
was 6.0+ 0.1 and 9.1+ 0.3 s'%, respectively. To achieve a Potential Mechanisms for Mutant MMOB EffecBur
good fit to the time course in the presence of T111Y using jnitial study of the reactions of the Quad mutant of MMOB
the simulation procedures described above (see Experimentajed to the hypothesis that the amino acid residues in the
Procedures), the rate @f decay had to be fixed to a value  region of the mutations regulate entry of substrates into the
of at least 15 s, so the true value may be significantly  active site of MMOH. The simplest implementation of this
greater. Similar results were obtained when the substrateshypothesis would be the generation of a channel into the
ethane, propane, and butane were used (data not shown). Iactive site as a result of complex formation with the residues
contrast, as shown in Figure 12, the second-order ratein the Quad mutation region forming the mouth of the
constant for the rate & decay with methane is 6.9 mM channel. Changes in properties such as size and hydropho-

0 r v M - i It is evident from both our current and past studies that
0 2
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bicity of these residues might then be expected to affect the Effects of DBL2, S109A, and T111i. contrast to the
rate of entry of substrates that themselves vary in these saméBL1 mutant, three of the mutants involving the residues
properties. In this model, structural changes would be that extend away from the folded core region of MMOB
localized to the residue that was mutated. However, more (DBL2, S109A, and T111A) are all generally similar to WT-
complex models such as changes in local structure of theMMOB in terms of their effects on the reaction. Most
MMOB—MMOH interface or changes in the flexibility of  importantly, each of the reaction cycle intermediates can be
the MMOH structure as a result of mutation might also result observed to form in relatively high yield, and the distribution
in easier passage of larger molecules into the MMOH active of products from nitrobenzene is essentially unaltered. This
site. As discussed below, within the group of mutants studied suggests that there are no major changes in the stability of
here there is evidence for both the simple and the complexthe intermediates, and complex formation causes similar
models for the gating effects of MMOB. However, all of changes to the MMOH active site structure as observed using
the mutants support the underlying hypothesis that MMOB WT-MMOB. The effect of each mutant on SMMO steady-
controls the entry of molecules into the active site. It was state turnover maximizes at about 1:1 mutant MMOB to
the goal of this study to begin to examine the effects of the MMOH, so each mutant binds strongly to MMOH during
individual mutations within the Quad mutation region on catalysis as observed for WT-MMOB. Thus, these mutants
each step of the catalytic process including substrate andmay fall into the mutant class described above in which
product exchange. alteration of the residues that gate entry into the MMOH

Effects of DBL1.The MMOH single-turnover reaction active site changes the access properties into the site without
using the DBL1 mutant exhibits distinctly different kinetic  introducing a new set of global conformational changes. The
behavior and regiospecificity than systems in which either increase in the turnover rate of furan and nitrobenzene in
WT-MMOB or any of the other mutants examined here are the SMMO catalyzed steady-state reactions, the increase in
used. This supports the initial hypothesis that the amino acidthe rate ofp-nitrophenol release in a single-turnover of
residues that extend into the MMOB core structure will have nitrobenzene, and the increased rat&odlecay with furan
a different effect on the reaction than those that point toward as the substrate in the presence of DBL2 are all in good
the likely MMOH interface. The steady-state and transient agreement with the results of the Quad mutant experiments
kinetic results obtained when DBL1 was used suggest thatreported previously. This suggests that one or more of the
neither N107 nor S110 is the residue primarily responsible residues altered in DBL2 are primarily responsible for the
for causing the rate constant increases observed with theeffects of the Quad mutant. In some manner, these mutations
Quad mutant. Thus, they are not the gating residues thatmask or compensate for the effects of the other residues
regulate substrate entry into the hypothetical MMOH mo- changed in the Quad mutant that were revealed using the
lecular sieve. Nevertheless, the kinetic and modeling studiesDBL1 mutant. Of the two single residue mutants, S109A is
indicate that these residues do cause major decreases in theery much like WT-MMOB in all of its effects on catalysis,
rate constants of thB* to P transformation, as well as an whereas T111A is similar to DBL2 and the Quad mutant.
increase in th&) decay rate constant and a decrease in the Consequently, Thrlll appears to be the primary residue
rate constant oT decay, showing that they do perturb the involved in the proposed gating effects of the Quad mutant.
reaction in some fundamental ways. Although some of these One difference between T111A and the Quad and DBL1
effects are reminiscent of those observed in the absence ofmutants is that the increase in the steady-state turnover
MMOB—MMOH complex formation, this is apparently not number for nitrobenzene is slightly less than the increase in
the case because the ratio of DBL1 to MMOH needed to rate constant fof decay. There is also a small decrease in
maximize the rate of steady-state turnover is the same asthe steady-state turnover numbers for methane and furan,
that observed for WT-MMOB. The fact that the regiospeci- which is not expected based on the molecular sieve hypoth-
ficity of hydroxylation of nitrobenzene is different than esis. Because all of the rate constants in the catalytic single-
observed for the reaction both with and without WT-MMOB turnover cycle can be measured and are faster than the
present suggests that this mutation alters the structure of théurnover numbers, this suggests that a step otherTirgecay
MMOH active site so that the substrate is oriented in a unique has become at least partially rate limiting for T111A. One
position. Thus, the DBL1 mutation may fall into the more possibility is that product release actually occurs in two or
complex class of mutations discussed above in which broadermore steps, and only the first is observable using ionization
structural changes on both sides of the MMOB/MMOH of p-nitrophenol to detect the release procéssnother
interface alter catalysis. As discussed above, WT-MMOB possibility is that a structural reorganization is required after
has been shown to alter the structure and/or the electronicproduct release to allow the next cycle to begin and that this
environment near the diiron center and to greatly increaseprocess is not as fast when T111A is used. A third possibility
at least two rate constants in the oxygen activation processstems from the fact that, in contrast to the single-turnover
(25). Thus, it is reasonable to assume that a different set of system, MMOR is present during steady-state turnover. This
changes in the environment of the diiron center might be component has both electron transfer and effector roles, and
caused by a mutation of MMOB. Such structural changes it increases the rate of product release in the wild-type
may account for the effects on both tR& to P transforma- reconstituted SMMO systen25). It is not currently known
tion step and the spontaneo@sdecay reaction, neither of how a change in the MMOB structure will influence either
which require the entry of a substrate into the active site.
These steps might be expected to be independent of the 2Inthe analysis of the Quad mutant time course using nitrobenzene
gating effect of MMOB, but a conformational change in the as the substrate, a intermediate followingT1) was required for an

. . . . adequate fit§3). The optical properties 6f1 were similar to those of
active site might well alter the proton donation need for the p_nitrophenol in solution but with a slightly smaller extinction coef-
P* to P conversion or the inherent stability &f. ficient.
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of these MMOR roles. If these roles are altered, effects on Scheme 2: Hypothesis for the Effects of MMOB and
the steady-state turnover number might be observed. ThereMMOB Mutants at Position 111 on Cataly3is
is currently no way to distinguish between these possibilities.
Effects of T111Ylt was expected that placing tyrosine at
the interface of the MMOBMMOH complex would slow
the binding of large substrates relative to the rates observed
with alanine and threonine in this position. According to the
molecular sieve model, this change should slow the rate
constants of steps in which substrates bind to, or products
dissociate from, the enzyme. In support of the original
premise, the reaction of methane withand the product
release step, as measured Dydecay for nitrobenzene
turnover, are slower than observed for WT-MMOB. How-
ever, there are several observations that suggest T111Y is
not acting as expected according to the model. For example,
the turnover number determined under steady-state conditions
is much less than the rate constant Todecay, suggesting
that the largest effect of T111Y on turnover may come after
product release. Also, the step in which substrate bi@ds,
decay, is much faster for T111Y than for WT-MMOB for
all substrates except methane in direct contradiction to the . :
model. Finally, the spontaneous rate Qf decay in the R < Ty
absence of substrates is faster using T111Y in place of WT-  aThe complex between MMOH and MMOB is proposed to gate
MMOB, suggesting that the inherent stability@fmay have substrates into the active site based at least in part on size. Both T111A
been altered. There are also several observations that suggedfd T111Y appear to increase access to large substrates but for different
the interaction of MMOH with T111Y is different than with  'easons as described in the_text. Th_e dashed circles represent _hypothetl-
WT-MMOB. These include the fact that the affinity of cal access channels or regions of increased structural flexibility.

T111Y for MMOH during turnover examined by the ratio | the case of T111Y, the rate constant®tiecay with 200
required for maximal rate is decreased 10-fold relative to ,M methane was nearly 4-fold lower at 2& than when
the value for WT-MMOB. Also, the regioselectivity of \wT-MMOB was used. This might be interpreted as the new
nitrobenzene oxidation is perturbed, and the slow ste in  tyrosine blocking access to the active site except for the fact
formation is apparently shifted to tfi¥ to P transformation.  that the rate constant for GRs the substrate is unchanged.
These latter changes are argued above to be indicative of agecause larger substrates are observed to react very rapidly
different conformational change in MMOH than is caused jth Q for this mutant, it seems unlikely that the binding of
by WT-MMOB. On the basis of these observations, it seems methane is rate limiting. A selective decrease in the rate
likely that T111Y is a mutant that exhibits both perturbation constant forQ reaction with methane was also observed for
of the substrate gating effect and more global structure the Quad mutant. In that case, it was also observed that the
changes. Thus, T111Y could be described as a hybrid of therate constant for Cpwas unchanged, giving a large decrease
two classes of mutants discussed above. in the KIE (50 reduced to 6) and leading to speculation that

The significant increase in the rate constant of the reactiona large tunneling component of the reaction between the
of most substrates witQ when T111Y is present might have  activated oxygen of) and the methane had been la34)
several origins based on alteration of the interface structure.The contribution of quantum mechanical tunneling in other
However, it is intriguing to consider the possibility that the enzyme systems that catalyze H-atom abstraction has been
need to accommodate the steric bulk of T111Y in the shown to be extremely sensitive to the structure of the active
interface results in an increase in access by forcing asite (38—42). Consequently, even small changes in structure
structural change in MMOH in a region removed from the caused by the MMOB mutants may be sufficient to perturb
normal substrate access point. One model that contrasts thehe specific site in which methane must bind to allow a
effects of the two T111 mutants with WT-MMOB is shown  significant tunneling component. Interestingly, no other
in Scheme 2. This scheme has found some experimentalsubstrate shows evidence for a significant tunneling com-
support in our ongoing structural studfs. ponent in their reactions wit with any form of MMOB,

Q Reaction with Methane in the Presence of Mutant so the putative binding site by may be specific for methane
MMOBs.lIt is interesting to note that for the MMOB mutants,

the rate constant fa@ decay in the presence of methane is 5 The proposal here that the residues of the Quad mutant are near
in most cases smaller than observed when using WT-MMOB. the interface with MMOH and the active site is not supported by a
recent magnetic resonance study udiethylococcus capsulatigath
components, which places the region mutated in the quad mutant away
40ur recent results suggest that, in the MMOMMOB complex, from the MMOH active site 47). However, it is worthwhile noting
MMOB Thr111 occupies a space between two MMOH helices near that placing large spin labeldT) in MMOB from M. capsulatuBath
the active site. If this is the case, then it is reasonable that a smallerat the putative site of MMOHMMOB interaction revealed by the
residue such as Ala would allow passage of a larger substrate withoutmagnetic resonance study was not reported to perturb the interaction
extensive conformational changes. In contrast, a larger residue such avetween MMOH and MMOB. In contrast, placing large groups at
Tyr would not fit in the space occupied by the Thr; thus, a larger position T111 within the quad mutant region clearly perturbs the
conformational change in MMOH might occur, leading to less substrate MMOH—MMOB interaction as shown here supporting this as one
discrimination (Brazeau and Lipscomb, unpublished). interface site.

WT-MMOB (T111)




5630 Biochemistry, Vol. 42, No. 19, 2003 Brazeau and Lipscomb

The increase iMQ decay rate constant when DBL1 is
present also reveals the complex kinetic relation of steps
within the catalytic cycle. For a slow substrate such as
nitrobenzene, it is shown in Table 2 that DBL1 actually slows
the reaction below the turnover rate observed in the absence
of substrate. This may be due to the fact that substrate causes

methane Q to convert rapidly tdl', which decays slowly in the DBL1
case, as indicated in Table 3. Thus, a shift in the rate-limiting
d,-methane step betweerP formation and product release causes the
unusual substrate linked deceleration.
2 Relationship to Small Effector Proteins in Other Enzyme
r r r r r . SystemsA sequence alignment of the effector proteins from
98 100 102 104 106 108 sMMO systems of four methanotrophs shows that the four
BDE (kcal mol") residue sequence V108-S109-S110-T111, which overlaps
Ficure 13: Dependence of the rate Qf decay on bond strength  jith the residues altered in the Quad mutant, is strictly

in the presence of T111Y. The natural log of the approximate ., ed33). Small effector proteins have also been found
second-order rate constant fQrdecay with ethane, methane, and

their deuterated analogues is plotted as a function of thil Bond for other diiron-containing oxygenase enzymes such as
dissociation energy (BDE). The data for ethane dndthane were  toluene-4-monooxygenase (T4MO) frorRseudomonas
obtained from double mix stopped-flow experiments as described mendocina(43), toluene-3-monooxygenase (T3MO) from

in the Experimental Procedures. The data for methanedand  pseudomonas picke(td4), toluene-2-monooxygenase (T2MO)

methane were obtained as in Figure 12. The solid line is a linear from Burkholderia cepacia4 (45), and phenol hydroxylase

fit to the data. P , p yaroxy
from Pseudomonas sgCF600 @6). Sequence alignment

; ; led that the equivalent of position 111 is occupied by
even in the wild-type sMMO system. These results suggest revealec R
that the mechanism of the reaction betw&eand methane  €Ucine in T2MO, phenylalanine in T3MO and T4MO, and

is different than that for other substrates, at least to the extentSC/€UCin€ in phenol hydroxylase. The fact that threonine 111
that tunneling effects play an important role in catalysis. 'S conserved only in the methanotrophs suggests that it may
Use of T111Y to Ealuate the Relationship of Bond play an important role in selecting for methane in accord

u i i

. L i e with the results presented here.
Dissociation Energy to Reaction Rate Constdint interest- Bearing on the Regulation of SMMO Catalysi®ur
ing to note that despite its high bond dissociation energy original study of the effects of MMOB mutants on catalysis
(BDE), methane has one of the highest turnover numbers in

suggested that individual regions in the MMOB structure

steady-state catal)_/3|s a_nd .exh|b|t.s one of the largest rat€ontrol the kinetics of specific steps in the MMOH catalytic
constants for reaction witQ in the single-turnover system.

) . X cycle 33). In that work, four mutants were identified that
On the basis of the current and previous studies, we proposejtereq five different steps in the cycle. The current work
thaﬁ this is due to t_he Comb!“‘?‘?' effects of restricted access,g s that there are at least overlapping effects on the rates
which makes binding rate limiting for large substrates and ¢ qhecific cycle steps for different regions of MMOB. More
tunneling effects specifically on the methane reaction. The agyrictive mutations in the Quad region affect steps in both
exceptlonally. high rate constant for reaction of_ _Iarge the O activation segment of the cycle leading@oand the
substrates withQ and the apparent loss of significant hydrocarbon oxidation segment, which usesQuporeover,

tunneling effects for the methane reaction suggests that, when, hrohaple new step following the last observed intermediate
T111Y is used, the effects of both restricted access andT is revealed in this work and shown to be controlled by

tqnneling are greatly mitigated. Accordingly, as shown in \iMOB in some manner. It now seems better to view
Figure 13, the BDEs ad,-methane, methands-ethane, and  \1\0B as a protein that uses several regions of its structure
ethane now correlate well with the observed rate constantsy, megiate the reaction between the activated binuclear iron
of the reaction withQ reported above. This SUpports  cjyster ofQ and the substrate. There appear to be two aspects
mechanistic theories in which the-& bond of methane is (4 this, both of which are strongly influenced by the structure
broken specifically in th& decay reaction. of the active site. The first is access, which is generally

Oxidase Reaction and Spontane@uBecay.Past studies  enhanced for large substrates by mutations to smaller residues
have linked MMOB to changes in the rate of NADH in the region of the Quad mutant and vice versa. The
consumption in the absence of substr@e\(ve would argue  exception to this is T111Y where organic substrate binding
based on an assessment of the effects of MMOB on themonitored by the rate constant f@ decay is accelerated,
interconversion of intermediates in the reaction cycle that it but product release is slowed. Nevertheless, even in this
affects uncoupled NADH consumption in two ways. First, mutant, alteration of MMOB greatly affects small molecule
MMOB gates Q into the active site of MMOH to allow  access into the active site of MMOH in accord with the
electrons from MMOR to enter an oxygen activation cycle general model that this is a major role for the regulatory
rather than being shunted to oxygen directly to yield protein. The second aspect is a change in the active site
hydrogen peroxidelQ). Second, the current work indicates structure that affects many elements of the metal cluster
that MMOB affects the stability of) as well as the rate  environment and the reaction regiospecificity but most
constants leading to its formation. Consequently, higher importantly appears to establish the conditions for efficient
uncoupled rates of NADH consumption will be observed for C—H tunneling for methane oxidation. The combination of
a mutant MMOB like DBL1, which decreases the stability access and tunneling appear to restore the competitive
of Q by accelerating its decay. advantage to methane that is lost because of its highiC
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bond strength. Mutations in the interface region of MMOB

are, to varying degrees, less able to establish this special
binding site for methane; thus, the competitive advantage

of methane is lost.
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