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ABSTRACT. Soluble methane monooxygenase (sMMO) catalyzes the hydroxylation of methane by dioxygen
to afford methanol and water, the first step of carbon assimilation in methanotrophic bacteria. This enzyme
comprises three protein components: a hydroxylase (MMOH) that contains a dinuclear nonheme iron
active site; a reductase (MMOR) that facilitates electron transfer from NADH to the diiron site of MMOH,;
and a coupling protein (MMOB). MMOR uses a noncovalently bound FAD cofactor and a-PFle
cluster to mediate electron transfer. The gene encoding MMOR was clonedi/fetimylococcus capsulatus
(Bath) and expressed Escherichia colin high yield. Purified recombinant MMOR was indistinguishable
from the native protein in all aspects examined, including activity, mass, cofactor content, and EPR spectrum
of the [2Fe-2S] cluster. Redox potentials for the FAD and [2F&S] cofactors, determined by reductive
titrations in the presence of indicator dyes, are g —176 £ 7 mV; FADsgng —266 + 15 mV; and
[2Fe—2Shres —209 £ 14 mV. The midpoint potentials of MMOR are not altered by the addition of
MMOH, MMOB, or both MMOH and MMOB. The reaction of MMOR with NADH was investigated by
stopped-flow U\~visible spectroscopy, and the kinetic and spectral properties of intermediates are
described. The effects of pH on the redox properties of MMOR are described and exploited in pH jump
kinetic studies to measure the rate constant of £307 s for electron transfer between the FAD and
[2Fe—2S] cofactors in two-electron-reduced MMOR. The thermodynamic and kinetic parameters
determined significantly extend our understanding of the sSMMO system.

Methanotrophic bacteria use methane as their sole sourcenydroxylation {, 8, 10).
of carbon and energy. These organisms are of interest for
their role in regulating atmospheric concentrations of meth- CH, + O, + NADH + HT — CH,OH + NAD™ + H,O
ane, a potent greenhouse gd3, (and for environmental 1)
bioremediation application2(3). Chemists are intrigued
by the ability of methanotrophs to oxidize methane selec-
tively to methanol in buffered aqueous solution, using A
dioxygen as the oxidant at ambient pressure and temperature
Methane monooxygenase, the enzyme system that catalyze
this remarkable transformation, has been scrutinized for ove
two decades4—8).

Two classes of MMO have been identified, a copper-
containing, membrane-bound (particulate) form referred to
as pMMO @) and a soluble form, sMMO, that contains
nonheme iron. The sMMO froriethylococcus capsulatus
(Bath) uses three proteins to carry out the reaction in eq 1.
MMOH is a 251 kDa multimeric hydroxylase that houses a

_hri i ; A ; 1 Abbreviations: MMO, methane monooxygenase; pMMO, particu-
carboxylate-bridged diiron active site in each of its two late MMO: SMMO, soluble MMO: MMOH. hydroxylase component

s_ubunits. Reducing equivalents are delivere_d to_the active 5f sMMO: MMOR, reductase component of SMMO: MMOB, coupling
sites of MMOH by MMOR, a 38.5 kDa protein with FAD  protein of SMMO; FADy, FADs, and FAD,, flavin adenine dinucleo-
and [2Fe-2S] cofactors. A 15.9 kDa coupling protein termed tide in its oxidized, semiquinone, and hydroquinone oxidation states,

ot respectively; MMOR.-, MMOR reduced by two electrons; NADand
MMOB serves to couple oxidation of NADH to methane NADH, oxidized and reduced forms of nicotinamide adenine dinucleo-

tide; Fd, ferredoxin; FNR, ferredoxin:NADReductase; PDR, phthalate
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The catalytic cycle of SMMO is illustrated in Scheme 1.
complex of the reduced, diiron(ll) MMOH and MMOB
reacts with dioxygen, proceeding through a series of spec-
?roscopically characterized, transient intermediatds 12).

A diiron(lV) species is believed to be responsible for the
hydroxylation of methanel(, 13). In the final stages of the
reaction cycle, the diiron(lll) centers of MMOH are reduced
by intermolecular electron transfer from MMOR, and
methanol is discharged from the active site. The methane
and dioxygen activation steps of the SMMO reaction have
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Scheme 1

been extensively studied, but until now the electron-transfer
reactions required for catalysis have received little attention.

MMOR has been grouped with other electron-transfer
proteins, including Fd and FNR, PDRg,Hitrate reductase,
cytochromebs reductase, and cytochrome P450 reductase,
on the basis of function and sequence homolaly (5).
Other bacterial mono- and dioxygenases have related sys
tems, including alkene monooxygenase and phenol hydroxy-
lase (6—19). These proteins all use a flavin to convert
reducing equivalents between the two-electron currency of
NAD(P)H and the single-electron units required by metal
centers.

In this article we report a high-yield recombinant expres-
sion system for MMOR, which was instrumental for inves-
tigating its electron-transfer reactions. The yields of MMOR
purified from M. capsulatugBath) are insufficient to carry
out extensive studies of this kind. With a means to obtain
large quantities of highly purified MMOR at our disposal,
we investigated thermodynamic and kinetic properties of its
interactions with NADH. The distribution of electrons
between FAD and [2Fe2S] cofactors in MMOR.- was also
examined, as was the effect of pH on this distribution. The
redox potentials of the MMOR cofactors were determined
relative to one another as a function of pH. By pH jump
methodology, we measured the rate constant for electron
transfer between the FAD and [2F2S] cofactors, providing
the first direct determination of an isolated electron-transfer
step in the sSMMO reaction cycle. The results of these studies
are described herein.

MATERIALS AND METHODS

Materials and General Methods. Td9NA polymerase
was obtained from Gibco BRL (Gaithersburg, MD), restric-
tion enzymes£Ecarl and Hindlll were from New England
Biolabs (Beverly, MA), plasmid pKK223-3 was from
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helium cryostat. UV-visible spectra were obtained with an
HP 8453 diode array spectrophotometer.

Cloning of MMOR.The mmoCgene, which codes for
MMOR, was amplified withTaqgDNA polymerase from the
pCH4 plasmid, obtained from J. C. MurreR2), by using
the following primers: 5CGGAATTRAACATTAAGGAG-
GTAAATTTATGCAGCGAG-3 and 3-TCACAGTACT-
TAAGCTTTTCAGGCCGCCCCGGAC-3which introduced
EcadRI andHindlll sites, respectively, at the ends of the 1093-
bp amplified gene. The resulting PCR product was digested
with Ecarl and Hindlll, as was the expression plasmid
pKK223-3. The plasmid digest was treated with alkaline
phosphatase, extracted with phenohloroform, and pre-
cipitated with ethanol prior to ligation. Ligation products
were transformed int&. coli XL1-Blue cells, and transfor-
mants were selected on LB-ampicillin (Ap, 10@/mL)
plates. Five positive clones were identified, each containing
a correctly sized insert as judged by restriction digest
analysis.

Sequencing of one positive clone, pPRED(AP14), revealed
a point mutation in thenmoCcoding region of this plasmid
that would give rise to a T123l change in the protein
sequence. Site-directed mutagenesis using the QuikChange

protocol (Stratagene, La Jolla, CA) was performed on pRED-
(AP14) with the primers 5GCAGCGAGTTCACACTAT-
CACGGCGGTG-3 and 3-CACCGCCGTGATAGGT-
GAACTCGCTGC-3. Isolation and sequencing of the resulting
plasmid, pRED-K2, revealed that it contained the native
mmoCsequence?2, 23).

Expression and Purification of Recombinant MMQORe
expression plasmid pRED-K2 was transformed iBtacoli
JM105 cells. Cells were grown to saturation at €7 and
with 200 rpm shaking in 100 mL of LB-Ap (10Q2g/mL)
medium. The saturated culture was diluted 100-fold into six
1 L quantities of LB-Ap (100ug/mL). When the culture
reached an OF, of 0.4, 1.0 mL of a freshly prepared and
filter-sterilized 100 mM solution of Fe(NbHL(SQy).:6H,0O
was added to e&cl L of medium. MMOR expression was
induced at Olgyo of 0.6 by adding IPTG to a final
concentration of 1 mM. Expression was continued for an
additional 3.5 h before the cells were harvested. The cells
were disrupted by sonication, and insoluble debris was
removed by centrifugation at 100 0)@Gor 35 min. After
passage through O2n membranes, the soluble fraction was
applied to a DEAE-Sepharose CL6B (Amersham Pharmacia)
column (2.6x 15 cm) equilibrated in buffer A (20 mM Tris,
pH 7.0, 8 mM sodium thioglycolate, and 50 mM NacCl).
Proteins were eluted with an 800 mL gradient of buffer A
to buffer B (20 mM Tris, pH 7.0, 8 mM sodium thioglyco-
late, and 500 mM NaCl). MMOR eluted at approximately
380 mM NacCl. Fractions containing MMOR, as determined
by their optical spectra and SB®AGE analysis, were

Amersham Pharmacia Biotech (Piscataway, NJ), and alkalinepooled and concentrated by ultrafiltration. Further purifica-

phosphatase was from Boehringer Mannheim (Indianapolis,
IN).

The FAD content of MMOR was determined by boiling
a sample of the protein for 3 min, centrifuging for 5 min at
10 00@ to pellet the denatured protein, and measuring the
optical spectrum of the supernatant using™P = 11 300
M~1cmL Iron determinations were made by the ferrozine
method R0, 21). EPR spectra were recorded with a Bruker
EMX spectrometer fitted with an Oxford ESR 900 liquid-

tion was carried out by affinity chromatography on ‘a 5
AMP Sepharose (Sigma) column (2% 11 cm). After
application of MMOR to this column, contaminating proteins
were washed off with 100 mL of buffer A. Most of this
fraction (~80—90%) consisted of MMOR lacking FAD but
containing an intact [2Fe2S] cluster. Elution with buffer

B containing 1 mM NADH afforded>95% pure MMOR,

as judged by SDSPAGE, containing both FAD and [2Fe
2S] cofactors. Pure protein was exchanged into 25 mM
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MOPS, pH 7.0, 1 mM DTT buffer with a Biogel P6 desalting Ci red Ac;
column. A typical preparation yielded 15 mg of pure cC. . o —Ac (3)
MMORI/L of starting E. coli culture. Samples for mass hox - Titotal !
spectrometry were prepared as in 2& RT . [[dye.d RT. (lijed
. . . . . . E=E~ ——In =E° ——In - 4
Redox Potential Determinatiof.he midpoint potentials dye Mgy ([dyeo ) ' nF ([lox]) (4)

of the FADwsq FADsghq and [2Fe-2Skyreq coOuples of
MMOR were determined with a series of reductive titration
experiments in the presence of redox indicator dyes. Each
titration included approximately 36M MMOR and dye in

1 mL of 50 mM potassium phosphate buffer, pH 7.0, at 25
°C. The indicators were phenosafraniig’' (= —252 mV),
anthraguinone-2-sulfonate{ = —226 mV), anthraquinone-
2,6-disulfonate £ = —184 mV), and anthragquinone-1,5-
disulfonate E*' = —174 mV). Titrations with the high
potential anthraquinone disulfonate dyes were very slow to
reach equilibrium. To circumvent this problem, titrations with
high potential dyes were performed with a small concentra-
tion (~10% relative to the anthraquinone dye) of phenosa-
franine.

Relative redox potentials at various pH values were
determined as above, except that no indicator dyes were
included. The difference spectra were fit with component
spectra that had been determined at the relevant2dii (
Without indicator dye, the solution potential is unknown;
thus, the redox potential of each couple was determined
relative to the other redox couples of MMOR. THe,walues
determined from these data were obtained by fitting to
equations following the form of eq 6 (see below).

Stopped-Flow Experimenta Hi-Tech model SF-61 DX2
was used for all experiments, equipped with either a
photomultiplier and a tungsten lamp for single-wavelength
mode or a diode array detector using a 75 W xenon arc lamp

Aliquots of 1-2 mM sodium dithionite were added by  for multiwavelength illumination. The flow system was first
means of a gastight Hamilton syringe equipped with @ made anaerobic by flushing with a solution of sodium
repeating dispenser. Titrations were carried out in a sealeddithionite; alternatively, glucose oxidase, catalase, and 1 mM
quartz cuvette under an anaerobic nitrogen atmosphere. UV glucose were employed. Anaerobic buffer was then used to
visible spectra were recorded after each addition, allowing rinse the flow system. MMOR was made anaerobic by.8
3—10 min for equilibration. cycles of vacuum gas exchange with-fiee N.. NADH

Data were processed by first correcting the spectra for solutions were made anaerobic by purging with fidr at
dilution and then subtracting the starting (oxidized) spectrum least 20 min. Experiments were thermostated atC4
from each spectrum of the titration. Each difference spectrum Concentrations of MMOR were in the +@5 M range and
was then fit as a linear combination of component spectra NADH concentrations were~10 times that of MMOR,
(KaleidaGraph 3.0, Synergy Software, Reading, PA), as except when otherwise specified. Where MMOB was
shown in eq 2. The component spectra, represented byiﬂClUdEd, it was loaded in the syringe with NADH. Data were
A€(2) in eq 2, correspond to the absorption spectral fit (€q 5) to a sum of three or four exponential decays, as
differences for the reduced minus the oxidized states of eachappropriate.
chromophore for 386< 4 < 800 nm.

abs(t) = ZA exp(—kt) + C (5)
AA() = ZA€(A)(AC) 2)

Analysis of Diode Array Spectr@iode array spectra of
MMOR.-, recorded between 1 dr2 s after mixing MMOR
and NADH as described above, were fit as a sum of
component spectra, with the following additional constraints.
The concentration of FARwas equal to the concentration
of [2Fe—2S].q and the total concentration of [2F2S] was
equal to the total concentration of FAD. In MMQR, the
two electrons can reside either both on FAD (Rgr one
on FAD and one on the [2F€S] cluster; for this reason,
the concentrations of FAJY and [2Fe-2S}eq must in
principle always be equal in MMOR..

Procedures for Variable-pH ExperimenEor experiments

Initial protein and dye concentrations were determined by
fitting the starting spectrum to a linear combination of
oxidized protein and dye spectra to make the analysis
internally consistent and eliminate any errors due to inac-
curate extinction coefficients. The chromophores considered
were FADy, FADsq, FADhg, [2Fe—2S)y, [2Fe—2S]eq dyey,
and dye.q The dye and [2Fe2S] spectra were determined
experimentally by titrating the dyes or the MMGRd
domain with dithionite; component spectra of the MMOR
FAD domain were determined by evolving factor analysis

(Specfit, Spectrum Software Associates, Marlborough, MA) which the pH was varied, MMOR was prepared in 1 mM

of a reductive titration24). MOPS, pH 7.0, and mixed with strongly buffered solutions
Concentration differences were converted to ratios of at the desired pH. Buffers used were 50 mM MES for 5.27
reduced/oxidized chromophores according to eq 3. The < pH < 6.30, 50 mM MOPS for 6.3k pH < 7.50, and 50
solution potential was calculated from the ratio of reduced mM TAPS for 7.51< pH =< 8.50. Constant ionic strength
to oxidized dye and related to the midpoint potential of one of 100 mM was maintained in all solutions by addition of
of the MMOR cofactors by the Nernst relationship, eq 4. In NacCl.
principle, each spectrum of a titration provides a measure- To determine thelf, associated with pH-dependent effects
ment of the midpoint potential for each redox couple of on the reaction of MMOR with NADH, the change in
MMOR. In practice, only those spectra for which the solution absorbance at 625 nm avéd s was recorded with the
potential, dye midpoint potential, and estimated MMOR stopped-flow instrument. The data were fit to a sum of three
potential fell within 40 mV of one another were used in exponentials, and the fit parameters were used to calculate
calculating the midpoint potentials of the cofactors. Ass att = 0 s andt = 1 s. The difference between these
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Table 1: Properties of Native and Recombinant MMOR

native MMOR recombinant MMOR
MW measéd (Da) 38545.64+ 3.9 38546.9+ 3.9
Fe content (mol/mol of protein) 1.92 2.06+ 0.05
FAD content (mol/mol of protein) 1.60 1.1+0.1
Amax(nm), pH 7.0, 25C 334,394, 458 334,394, 458
g values (fully reduced) 2.047,1.960, 1.864 2.047,1.958, 1.871

aExpected 38 542.6 Da for apoprotein with N-terminal methionine infa&s reported in re23. ¢ As reported in re5. 9 EPR recorded at 10
K, 50 uW, and 25.7 G modulation amplitude.

two values was computed and plotted as a function of pH.
The relationship defined in eq 6 was used to fit these data

and determine the Ky, where AAmax and AAnin are the 0.0
maximum and minimum values @Ag,s, respectively.
[0]
A — AA_. £-0.2
1+ 10PHP< 2
5

A double-mixing pH jump experiment was carried out by
first mixing 160 mM MMOR with 160 mM NADH to -0.6
generate MMOR.-, followed by mixing with a buffer of
different pH afte a 1 sdelay. To jump to a higher pH value,

LN N B B R N B B B N B )

MMOR and NADH were prepared in 50 mM MES (pH 5.79) 5400 500 600 700 800
and mixed with 50 mM TAPS (pH 9.68). The final pH of wavelength (nm)
the mixture was 8.10. To jump to a lower pH, MMOR and FiGURe 1. Difference spectra for the reductive titratiohaol mL

; i mixture of 29uM MMOR, 3.8 uM phenosafranine, and 38M
NADH were prepared in 50 mM TAPS (pH 8.02) and mixed anthraquinone-2,6-disulfonate by dithionite. Spectr® torrespond

with 50 mM MES (pH 4.82). The final mixture had a pH of 5t addition of 110, 130, 150, 170, 190, 210, 220, and;40

5.78. respectively, of a solution of 1 mM sodium dithionite. Fits (dashed
lines) are superimposed on the data over the wavelength range 380
RESULTS 800 nm.

Characterization of Recombinant MMOReveral experi-  within the error of the measurements. Although MMOH
mental results establish the identity of recombinant MMOR forms complexes with MMOR and MMOB, the latter two
with that isolated from the nativé/l. capsulatus(Bath) do not interact with one anothet(, 27).
bacteria. Table 1 compares important parameters for native Kinetic Behaior of MMOR Reduction by NADHThe
and recombinant MMOR. The cofactor content of recom- reaction of oxidized MMOR with NADH was investigated
binant MMOR was determined to be 1:4 0.1 FAD- and by stopped-flow optical spectroscopy. Preliminary studies
2.06 + 0.05 Fe/mol of protein, respectively, in agreement of this reaction were reported previousty( 28, 29), and
with literature values2b). The UV—visible spectrum was  spectra of intermediates in the reaction were derived from
the same as that of native MMOR. Substituting recombinant fits to the diode array kinetic trace&@). Figure 2A shows
MMOR for native MMOR in SMMO activity assays afforded the time-dependent changes in absorbance at three wave-
identical results. Mass spectrometric analysis gave a molec-lengths, 458, 625, and 740 nm. Fits to these changes are
ular weight within experimental error of the computed value superimposed on the data, reflecting the steps outlined in
for the apoprotein with the N-terminal methionine intact (see Scheme 2. The reduction chemistry begins with NADH
also ref23). In addition, the EPR spectrum of fully reduced binding to MMOR to produce a species with a charge-
recombinant MMOR shows a rhombic signal characteristic transfer interaction between the nicotinamide ring of NADH
of a mixed valence [2Fe2S]" cluster withg values very and the flavin isoalloxazine. The charge-transfer intermediate,
close to those observed for native MMORS]. termed CT1, has a visible band centered at about 575 nm

Redox Potentials of MMQRSelected difference spectra (Figure 2B). Transfer of hydride produces NARNd the
obtained from a reductive titration of MMOR in the presence reduced flavin (FAL)). The resulting species, CT2, has a
of the indicators phenosafranine and anthraquinone-2,6-more intense charge-transfer band that is red-shifteg (
disulfonate are shown in Figure 1. For a titration with a single ~ 740 nm) relative to that of CT1 (Figure 2B). Formation
dye, fitting to the difference spectra required fewer inde- of CT2 is apparent in Figure 2A as an increasé\iy at t
pendent variables (four) than for fits to the raw spectra < 8 ms. Release of NADis observed by the disappearance
(seven). The calculated midpoint potentials for the three of the CT2 band, which occurs simultaneously with electron
redox couples are displayed in Table 2. transfer from FAQqto [2Fe-2S],. The NAD' release phase

Redox potentials of MMOR were also measured in the appears in Figure 2A as a decreaséii for t > 10 ms,
presence of the other two sMMO components (Table 2). due to loss of the charge-transfer interaction between NAD
Complexes of the type MMOH/2MMOR and MMOH/ and FADqand the continuing increase MA,s arising from
2MMOR/2MMOB were examined, as was an equimolar the increasing concentration of FAPThe final species, SQ,
mixture of MMOR and MMOB. The potentials of MMOR  has a spectrum characteristic of FADand [2Fe-2S]eq
in the complexes do not change from those of free MMOR, (Figure 2B).
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Table 2: Midpoint Potentials at 28C and pH 7.0 of MMOR Alone and in Complexes with Other sMMO Proteins
FADoysq (MV) [2Fe—2Shyrea (MV) FADsgng(MV)
MMOR nativet —150+ 20 —220+ 20 —260+5
MMOR recombinant =176+ 7 —209+ 14 —266+ 15
MMOR + MMOB -178+1 —200+ 6 —255+ 4
MMOH/2MMOR —167+ 14 —207+5 —260+9
MMOH/2MMOB/2MMOR —160+ 2 —208+ 6 —258+ 8
a As reported in reR6.
0.06 Scheme 2
| NAD* NAD*
0.05 \
1 MMOR,, EFADOx =M EFADOX
0.04 §> [2Fe-28],x [2Fe-28]ox
do.03 g> W*NADH
] Kq=3.8uM
10-02 NADH
w0, 01 mc1 EFADOX
1 [2Fe-2S]ox
r lk1 =350 51
20[
—NADH
CT1 [—FAD,,
15 |- —[ZFG-ZS]OX
. . P I -1
e T 550 600 650 700 ¢ k2=193s
o L
- _ +
S 1OR NAD
E } c72 [~FADpq
T | [2Fe-2S]0x
°r NAD% ky= 90
ot . N NADT - [NAD?
400 500 600 700 sQ EFADsq Kéﬁ EFADsq
wavelength (nm) [2Fe-28]ieq @ M [2Fe-2S)eq
350 - _
C one step. Specifically, the rate constant for the formation of
r the first observed intermediate, CT1, can be saturated (Figure
300~ 2C). This result implies the existence of a spectroscopically
Ot silent species that forms prior to CT1. This species is termed
~ T MC1 for Michaelis complex 1 (Scheme 2). A fit to the data
2501 reveals &y value of 3.8¢M for NADH binding to oxidized
C MMOR.
200 b e et To investigate the binding of NADto oxidized MMOR,
0 20 40 60 80 100 120 the kinetics of the reaction of MMOR with NADH were

[NADH] (uM)
Ficure 2: Reaction of MMOR, with NADH studied by stopped-

flow UV —visible spectroscopy. (A) Time-dependent absorbance

changes at 458, 625, and 725 nm during the reaction qiN0
MMOR with 200uM NADH at 4 °C. Dashed lines are fits to eq
5. (B) Derived spectra of species (circles, MM@Rliamonds, CT1,;

studied in the presence of varying concentrations of NAD
and at three different wavelengths (Figure 3). As expected,
the reaction is inhibited by NAD The data were modeled
according to Scheme 2 with HopKINSIMBQ, 31). The Ky
value for NAD" binding to MMOR,x was estimated to be

crosses, CT2; triangles, SQ) observed in the reaction. Species~5 uM. In addition, theKq value for NAD' binding to two-

MMOR., CT1, CT2, and SQ are defined in Scheme 2. (C)
Dependence d; (Scheme 2) on the concentration of NADH.

The reduction kinetics of MMOR were also measured in
the presence of MMOB. Addition of-15 equiv of MMOB
to the reaction of MMOR with NADH had no effect on the
reaction rates or spectra of the intermediates.

Complexes of MMOR with NAD(H)he binding that was
observed upon mixing MMOR with NADH was originally
modeled as a single step with an observed rate congtént (

electron-reduced MMOR was estimated from the absorbance
changes at 725 nnt & s after mixing (Figure 3C) to be 70

+ 24 uM. Increased absorbance at 725 nirlas is due to

the formation of a CT2-type charge-transfer complex between
MMOR;.- and excess NAD.

Effect of pH on the Reaction of MMOR and NADFhis
reaction was also examined in buffers at 12 different pH
values in the range 5:3.3. Below pH 5.0, MMOR
precipitates from solution; thus, the pH was kept above this
value to ensure that no protein precipitated in the stopped-

Investigation of the NADH concentration dependence of this flow spectrometer. Figure 4A shows that, at high pH, the
reaction, however, reveals that binding occurs in more thanfinal value of As2s is significantly larger than at low pH. It
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Ficure 3: Product inhibition of reaction of MMO§ and NADH.

Time-dependent absorbance changes were recorded at 458 nm (A

625 nm (B), and 725 nm (C) by allowing a 22:4M MMOR g«
solution to react with 224M NADH in the presence of varying
concentrations (circles, OM; squares, 62.%M; diamonds, 250
uM; crosses, 50M; triangles 1.5 mM) of NAD'.

is also evident that the maximum valuefts is reduced at
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Ficure 4: Effect of pH on the reduction of MMOR by NADH.

(A) The 25uM MMOR, was allowed to react with 25¢M NADH

at 4°C. Traces recorded at 458, 625, and 725 nm are shown for
pH values of 5.35 (circles), 7.10 (squares), and 8.50 (diamonds).
(B) Net change in absorbance at 625 nm as a function of pH. The
dashed line is a fit to eq 6.

titrations of MMOR,« were performed at varying pH values,
and difference spectra were fit as sums of component
difference spectra recorded at the appropriate pH. Since no
redox indicator dye was included, the solution potential was
unknown, and the redox potential of a particular couple was

low pH values. The rates of the processes described indetermined relative to the other redox couples of MMOR.
Scheme 2 are unchanged. The net change in absorbance dthese results are presented in Figure 7. The difference

625 nm between 0 @&hl s as dunction of pH reflects a
process having aky of 6.2 + 0.1 (Figure 4B).

Figures 5A and B display the effect of pH on the reaction
of MMOR with NADH as monitored spectrophotometrically
from 400 to 700 nm. Differences in the initial spectra

between the potentials of the [2F2S] cluster and the
FADsgngcouple Eres — Erapy) varies from 2.8+ 6.3 mV at
pH 5.62 to 83.9+ 11.7 mV at pH 8.01. Fitting the data to
eq 6 reveals alg, of 6.3+ 0.2. The value oEres — Erap1
changes from-45.6+ 3.5 to 31.1+ 3.7 mV over the same

recorded after mixing reveal pH effects on the absorbance pH range, and the corresponding value is 7.3t 0.1 mV.

of MMOR., which arise mainly from changes in the
spectrum of FAD 24). Comparison of spectra recorded at

The pH-dependent difference between the two FAD couples,
Erap2 — Erap1, has an inverted bell-shaped profile with a

1.5 s after mixing at pH 5.27 and 8.01 illustrates the different minimum value of —93.5 + 3.9 mV at pH 7.00 and

distribution of the two electrons among the FAD and [2Fe
2S] cofactors (Figure 5C). To quantify this electron distribu-

approaches a value ef—50 mV at the extremes of the pH
range examined. The twoKp values derived from fits of

tion, the spectra were fit as a sum of the component spectrathe data are 6.6 0.5 and 7.6t 0.9 for the low and high

and the results of the fit are shown in Table 3. The

component spectra used in the fitting were determined at

pH ranges, respectively (Figure 7).
Measurement of Electron Transfer by pH Juripe pH

the appropriate pH. Of the five redox states accessible todependence of the electron distribution among cofactors in

the two cofactors (FAR), sq, ng@nd [2Fe-2Sy e, Only the
spectra of FAR, and FADg undergo significant pH-
dependent changes (Figure 6).

Effect of pH on Relatie Redox PotentialsSThe observed
effect of pH on electron distribution in the kinetically
generated MMOR.- led us to investigate the effect of pH

MMOR makes possible the measurement of electron-transfer
rates in the absence of other complicating factors, such as
the presence of excess quantities of NAD(H). By preparing
MMOR.- at one pH value, it is possible to follow the
redistribution of electrons following a rapid change in
solution pH. Such an experiment was carried out by using

on the thermodynamic redox potentials of MMOR. Reductive the double-mixing stopped-flow method. In the first mixing
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FicurRe 5: (A) Spectra recorded at3 ms intervals by diode array PH

stopped-flow spectrophotometry in the first 68 ms after mixing Ficure 7: Differences between the redox potentials of MMOR at
MMOR with a 10-fold excess of NADH at pH 5.27. (B) As in  varying pH: circles,Eres — Erap1; squares,Erap2 — Erapi;

(A) but at pH 8.01. (C) Spectra were recorded 1.5 s after mixing. diamondsEr.s— Erap2. Dashed lines are fits of the same form as
Key: circles, pH 5.27; squares, pH 8.01. Dashed lines are fits to eq 6.

sums of component spectra.

Table 3: pH-Dependent Distribution of Electrons in MM@R 0.14 b~y
% of tot. cofactor

species pH 5.27 pH 8.01 <§ 0.12
[2Fe—2Sky 99.5 67.4
[2Fe—2S}eq 0.5 326
FAD, 0.3 0.3 0.10
FADs, 0.5 32.6 . .
FADnq 99.2 67.1 P s
Eres— Erap2® —244 mV —-35mV 0.001 0.01time (8)0'1 1

a Artificial difference in redox potential between the [2F2S] and
FAD cofactors computed from the species distribution given in this
table by application of the Nernst equation.

Ficure 8: Equilibration of electrons in MMOR- following a pH
jump. Absorbance at 625 nm is shown as a function of time: circles,
after jump from pH 5.79 to 8.10; squares, after jump from pH 8.02
to 5.78. Dashed lines are single-exponential fits.

event, MMOR was mixed with an equimolar amount of

NADH. Following a 1-s delay, a second mixing event mixing MMOR with NADH (ks = 90 s, Scheme 2), where
changed the pH. The absorbance at 625 nm was followedg|ectron transfer is accompanied by release of NAD

as a function of time after the pH change, as shown in Figure

8. The traces were readily fit to a single-exponential function, p|SCUSSION

and the computed rate constants were 12&2 s for

jumping to a higher pH and 134 5 s! for jumping to a Recombinant MMORThe first high-yield recombinant
lower pH. The rate constant determined using data for both system for expression of MMOR has been achieved. Good
the forward and reverse reactions is 180L7 s . In both yields of pure protein with a full complement of cofactors
directions, the electron transfer between FAD and [2Fe can be obtained in a few days. A previous account detailing
2S] occurred with a greater rate constant than observed uporthe expression oM. capsulatugBath) MMOR in E. coli
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demonstrated the reconstitution of MMOR activity in cell (Figure 2). Formation of MC1 does not alter the spectrum
extracts, but the yield was no greater than that from the nativeof MMOR; its existence is inferred from the kinetic behavior
organism and no purification of the MMOR protein was of the enzyme. In an earlier kinetic study of the interaction
reported 82). Development of a high-yielding recombinant of NADH with MMOR (28), a precomplex of this sort was
system has made feasible the kinetic and thermodynamicproposed on the basis of a linear double-reciprocal plot. A
studies in the present work. The amount of MMOR in subsequent investigatio29) reported that such a complex
Methylosinus trichosporiun®B3b cells is~10% of the did not exist; rather, MMOR and NADH reacted with a
amount of MMOH @3), and only small quantities of MMOR  second-order rate constant of 29 10° M~! s™1. These
(~5—10 mg) can be purified from 100 g ®fl. capsulatus studies were carried out at T&; at this temperature, the
(Bath) cell paste in a routine preparation. With the recom- early phases of the reaction (including CT1 formation) occur
binant system, we can easily obtain the 100 mg quantitieslargely or completely during the dead time of the instrument,
required for extensive kinetic and thermodynamic charac- making their true rate constants difficult to determine. At 4
terization. °C, the temperature used in this study, we find the value of

In addition, the purification of MMOR from the present CT1 formation to be 35078 with saturating NADH. With
recombinant system is more convenient than from the nativethe 2 ms dead time of our instrument approximately 50% of
organism. The protocol has fewer steps, d@hdcoli are the optical change will be observed, enough to make an
simpler to grow tharM. capsulatugBath), because the latter accurate determination of the rate constant. For these reasons,
requires methane for growth and, even under optimal we stand by our proposed mechanism for MMOR reduction
conditions, grows slowly by comparison with coli. The (Scheme 2) involving a precomplex of NADH with MMOR
recombinant system also makes possible mutagenesis studiegrior to the first observed intermediate.

Redox Potentials of MMOR Cofactor§he reduction Next, a conformational change is presumed to occur, with
potentials of the MMOR cofactors determined here are more an observed rate constant of 350,shat gives rise to the
accurate than those reported previous@)( The FADyysq charge-transfer interaction of CT1. Transfer of hydride from

potential we measured is 26 mV more negative than the NADH to FAD ensues with a rate constant of 190%s
published value 46), although the two are within experi- yielding the CT2 species. CT2 has a more intense, lower
mental error of one another, given the larger error in the energy charge-transfer band than CT1. The breakdown of
latter. The method used here has the advantage of treatingCT2 occurs with a rate constant of 90'sSince this process
data from many wavelengths simultaneously and generateds slower than the rate at which it is formed, CT2 builds up
multiple measurements of the redox potential per experiment.to appreciable concentrations under the conditions examined.
In addition, fitting of difference spectra allows the use of  Electron transfer and release of NAre observed to
fewer parameters than would otherwise be necessary. Havingoccur simultaneously, affording the SQ species with reduced
fewer parameters improves the chance of finding a unique [2Fe—2S] and FAR, A more complete description of the
solution for the fit. Our study has also measured the potentialsSQ state is that of an equilibrium between F[2Fe—2S]eq
in the presence of several redox dyes, covering a range ofand FAD,{/[2Fe—2S},. The spectrum of SQ shows maxima
78 mV, thereby decreasing the possibility that systematic at approximately 600 and 650 nm, consistent with a neutral
errors are introduced by a nonideal dy®otein combination.  flavin semiquinone. This information alone does not distin-
Addition of MMOB does not affect these potentials within guish between the possibilities that (i) the electron transfer
experimental error, consistent with other observations indi- and NAD' release steps are independent and coincidentally
cating that no complex is formed between MMOB and occur at similar rates, (ii) the two steps are truly coupled, or
MMOR (10). The midpoint potentials for the MMOR  (iii) one event triggers the rapid execution of the other.
cofactors are also unaltered in complexes with MMOH and Similar behavior was also observed for PDR and(85,
MMOH/2MMOB. Previous studies have revealed that, for 37).
the SMMO ofM. trichosporium(OB3b), binding of MMOR Influence of pH on Redox Properties of MMORgure
to MMOH alters the potentials of the nonheme diiron active 4A shows the effect of pH on the reaction of MMOR with
site of MMOH (34, 35). We show here for the first time  NADH. From single-wavelength stopped-flow data, it can
that the reverse is not true; the potentials of MMOR are be concluded that the kinetics of MMOR reduction by
unchanged in the MMOH/MMOR complex. NADH are not altered as a function of pH (Figure 4A). Thus,
Electron-Transfer Propertie€lectron-transfer reactions  the reducedszs values at low pH measured10 ms after
involving NAD(P)H, flavin, and [2Fe-2S] cofactors have  mixing (Figure 4A) are due to a lower value @bsfor CT2
been studied in detail for other enzymes. Phthalate dioxy- and not decreased concentrations of CT2. Although the
genase reductas&8) and E (37) in particular have been  kinetics of the reaction do not change with pH, the distribu-
well characterized. MMOR, PDR, ands;Eshare similar tion of electrons between FAD and [2F2S] in MMORge-
mechanisms in their reactions with NADH. Each binds is affected by changes in pH. TheKpfor the process
NADH, proceeds through two charge-transfer intermediates, affecting the final value of\ss is 6.2+ 0.1 (Figure 4B).

and finally passes one electron to a [2f2S] center. The From the data collected with the diode array, it is apparent
existence of an MC1-type precomplex has been establishedhat the spectrum of MMOR is altered by pH (initial
for PDR but not for k& (36, 37. spectra, Figures 5A and B). In Figure 5C, the changes in

On the basis of the stopped-flow optical experiments, we electron distribution are demonstrated in the final spectra.
propose the following model for the reduction of MMOR The pH effect on electron distribution is quantified in Table
by NADH (Scheme 2). The initial step is rapid binding of 3. At pH 5.27, nearly all of the MMOR is in the FAR
NADH to MMOR to produce a Michaelis complex, MC1. [2Fe—2S], state. At pH 8.01, there is a mixture of FAD
The Ky value for this interaction is calculated to be /@l [2Fe—2S]x and FADR{[2Fe—2S}eq This observation sug-
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gests that the difference between the [2B&}q and
FADsqnqgcouples Eres — Erapz) Within a given molecule is
diminished at low pH. This pH-dependent change in potential
need not be reflected in the true thermodynamic potentials
for the protein cofactors, since interprotein electron-transfer
reactions cannot occur to establish equilibrium on this time
scale (vide infra). Only thi?\E needs to be considered for
the stopped-flow reaction, because the BARdoX state is
also inaccessible on the time scale studied.

Equilibrium titrations of MMOR at varying pH reveal that
the trueEres — Erap2 difference is also diminished at low
pH (Figure 7). At pH 8.0 the value dfres — Erapz is 83.9
mV, meaning that electron transfer from FA0 [2Fe—
2S] is favorable. At pH 5.6 this value is only 2.8 mV and
there is little driving force for the same electron transfer.
The K, values forEgapz — Erap1 (6.6 + 0.5 and 7.6+ 0.9)
coincide with those found foEges — Erap2 (6.3 £ 0.2) and
Eres — Erapi (7.3 = 0.1), respectively. The agreement of
these values is consistent with the titratable group(s) being
associated with the flavin moiety. In addition, thd&p
calculated for changes Bres — Erap2 cOmpares well with
the K, of 6.2 + 0.1 determined in stopped-flow studies.

An artificial value forEges — Erap2 Under the conditions
employed in the stopped-flow experiment can be calculated
from the species distribution by using the Nernst equation
(Table 3). Doing so reveals thBtes — Erapz increases with
increasing pH, consistent with the thermodynamic experiment
(Figure 7). In fact, the I§a measured in both the titration
and stopped-flow experiments is identical within error
(~6.3). It is not surprising, however, that thg.s — Erap2
values determined in titration experiments, 2.8 and 83.9 mV
at low and high pH, respectively, are significantly different
from those calculated from the stopped-flow data. At least
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Ficure 9: Protonation states of fully reduced FAD.

appears that there is onEassociated witltrap,, measured
as 6.6+ 0.5 and again as 6.F& 0.2, and a secondKy
associated witlEgap1, measured as 74 0.9 and a second
time as 7.3+ 0.1. By this reasoning, there is &pof ~7.3
affecting the value oErap1 and K, of ~6.3 for Erapz, Which
is consistent with the value of 6.2 determined in the stopped-
flow experiment. Furthermore, it appears that there is no
macroscopic i, associated withEres

Presumably, protonation of some group(s) on, or hydrogen
bonded to, the FAD isoalloxazine ring increases the AP
reduction potential relative to that of the [2F2S] cluster.
Specifically, we propose that the N1 position of the flavin

three differences between the kinetic and thermodynamicis a likely site of protonation (Figure 9). In the hydroquinone
experiments may contribute to this discrepancy. The major state, N1 is typically deprotonated at pH 7 and bears
reason is that the titration experiments measure true equi-substantial negative charge, as judged®yand**C NMR
librium differences in redox potential; several minutes were spectral studies for all flavoproteins that have been inves-

allowed to elapse between the addition of reducing agent
and the recording of a spectrum to ensure that equilibrium
was attained. Spectra from the diode array during the
stopped-flow experiment were recorded 1.5 s after mixing
MMORx and NADH. On this time scale, disproportionation
between molecules of MMOR- is slow, and the reaction
does not reach thermodynamic equilibrium. Moreover, the
stopped-flow experiments were conducted 8C4 whereas
the titrations were performed at 2€. In addition, MMOR
was allowed to react in the stopped-flow experiment with
10 equiv of NADH to ensure pseudo-first-order behavior.
As a consequence, the derivA& values are measured for
a mixture of species in which NAD(H) is bound to the
protein. The titrations were performed in the absence of any
such pyridine nucleotide.

The increase 0fres — Erapz With increasing pH must
arise from a decrease iBrapz, an increase irEres Or a

tigated B9). One-electron transfer from FAR(FADH™) to
[2Fe—2S]x removes this negative charge from the flavin,
affording the neutral semiquinone. Protonation of N1 affords
a neutral FAR, (FADH,), thereby rendering electron transfer
to [2Fe-2S] less favorable. Mutagenesis studies of flavodox-
ins also reveal that removing acidic residues in the vicinity
of N1 increases the semiquinone/hydroquinone reduction
potential 40—42). Protonation of the N1 site is also
consistent with the observation of lowegs for CT2 at low

pH. The charge-transfer interaction between the pyridine
moiety of NAD" and FADH will be much weaker than
between NAD and FADH . The measurediy, of 6.2 for
FADpq is within the range of values measured for the N1
position of other flavoproteinsA@). More extensive studies
could further our understanding of the molecular basis of
the pH effects described above. Without additional informa-
tion, however, we cannot completely rule out the possibility

combination of both effects. The evidence suggests that thethat pH effects occur at both FAD and [2F2S] cofactors.

majority of the effect arises from a decreasé&iap,. There

is no pH effect on the optical spectrum of the [2fZ5]
cluster in either redox state, whereas the spectra of jfAD
and FAD are pH-dependent (Figure 638). In addition,
the pH dependence &-ap2 — Erap1 Shows two [K, values
(6.6+ 0.5 and 7.6+ 0.9), each of which is very close to a
pK, determined for one of the oth&E values (Figure 7). It

Intramolecular Electron TransferElectron transfer be-
tween FAD and [2Fe2S], as measured by the pH jump
method, occurs with a rate constant of 18017 s*. This
value probably does not reflect the true rate of electron
transfer. Calculations indicate that electron transfer between
redox centers located 14 A or less apart typically occurs at
rates in the 10-10" s* range 44). The X-ray structure of
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PDR reveals the 8-CHgroup of the flavin and Fel of the
[2Fe—2S] cluster to be separated by 7.2¥5). This distance

is well within the 14 A range predicted to allow very rapid
electron transfer, independent of other factors such as
pathway or the packing density of the intervening protein.
MMOR is expected to have a similar structure, and although
the flavin-to-[2Fe-2S] distance may be greater in MMOR
than in PDR, it is likely to be less than 14 A. We therefore
conclude that the relatively slow rate constant for electron
transfer in MMOR reflects a rate-limiting, preceding step

such as a conformational change of the protein, perhaps one

that is coupled with proton transfer. The link between the
FAD and [2Fe-2S] domains of MMOR may be sufficiently
flexible to allow these two cofactors to be positioned such
that rapid tunneling cannot occur in all conformations.

The greater electron-transfer rate constant measured in the

pH jump, compared to the constant pH (96,4 in Scheme
2), experiments suggests that NAEelease is rate-limiting
in the latter case. In the pH jump experiment, a minority
fraction of MMORye— has bound NAD, owing to the weak
binding constantky ~ 70 uM) and the use of equimolar
concentrations of MMOR- and NAD'.

ConclusionThe studies of intramolecular electron transfer
in the SMMO system described here, coupled with forthcom-
ing structural information about the [2F2S] domain of
MMOR (24, 45), will provide a detailed understanding of
intermolecular electron transfer in the SMMO systetf)(
Electron-transfer steps in the overall catalytic cycle of SMMO
have been the subject of little work until now. With the
availability of large quantities of recombinant MMOR, this
previously neglected aspect of the sSMMO system can now
be investigated. For not only is the hydroxylation of thelC
bond in methane a remarkable feat of chemistry, but the
carefully orchestrated intra- and interprotein electron transfer
steps are as well. Knowledge of these processes will not only
enrich our understanding of the sMMO system but will also
contribute to the general field of electron transfer in biology.
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