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Abstract

Effector proteins alter the kinetic or catalytic course of many oxygenase reactions. One of the first oxygenase effectors to be

described was putidaredoxin, which serves to gate electron transfer into oxy-P450cam. In the nonheme, methane monooxygenase

(MMO) system, the B-component (MMOB) serves a distinct effector function by gating substrate and oxygen into the active site of

the hydroxylase component (MMOH). Here the binding parameters and binding surfaces of the MMOB–MMOH complex are

determined by site-specific labeling, fluorescence titrations, chemical cross-linking, and MALDI-TOF peptide identification. Based

on these data, a model for the bimolecular complex is described and a hypothesis for the structural basis for the effector function is

elaborated. The bearing on the putidaredoxin effector function is discussed.

� 2003 Elsevier Inc. All rights reserved.
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In the late 1960s, the cytochrome P450cam system was

shown to consist of three protein components through

pioneering work in the laboratory of I. C. Gunsalus

(Gunny) [1]. The P450 containing component was

clearly the site of oxygenase chemistry, but an NADH
and FAD dependent reductase and the Fe2S2 cluster

containing protein putidaredoxin were also required to

observe sustained turnover. Two or three components

were also shown to be essential for the function of

mammalian P450s principally through work in the lab-

oratories of M. J. Coon, D. Y. Cooper, O. Rosenthal,

and R. W. Estabrook [2–4]. The presence of multiple

components in these systems fostered consideration of
the interaction of the proteins and the roles that such

interaction might have on the progress and/or regulation
qAbbreviations used: MMO, methane monooxygenase; MMOH,

hydroxylase component of MMO; MMOB, B component of MMO;

MMOR, reductase component of MMO; EDC, 1-ethyl-3(3-dimethyl-

aminopropyl)carbodiimide; BADAN, 6-bromoacetyl-2-dimeth-

ylaminonaphthalene.
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of catalysis. It was soon recognized that component

interactions in oxygenase systems play sophisticated

roles that transcend delivery of reducing equivalents.

Early in 1970, the Gunsalus laboratory embarked on

a study to define the intermediates in the catalytic cycle
of P450cam using kinetic approaches [5,6]. Study of the

binding reaction of O2 to one-electron reduced P450cam
revealed an oxy-complex that decayed slowly in the

absence of putidaredoxin and could thus be trapped and

characterized. The discovery of this complex allowed the

recognition of a fundamental level of regulation in this

system. The electron required to form the oxy-complex

could derive from many sources, but that required to
breakdown the oxy-complex to yield the reactive form

of P450 could only be efficiently transferred from re-

duced putidaredoxin [5,7]. Gunny applied the term

“effector” to describe this interaction to differentiate it

from nonspecific electron transfer. Later we showed that

the requirement for reduced putidaredoxin was not ab-

solute, such that oxidized putidaredoxin, rubredoxin,

apo-rubredoxin, cyt. b5, apo-cyt. b5, and lipoic acid
could fulfill this role, albeit poorly [7,8]. The activity

elicited by the apo-proteins suggested that a critical

protein–protein interaction independent of electron
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transfer was at the root of the effect. It was clear that the
effects of putidaredoxin on the product forming second

electron transfer reaction could be saturated, implying

that a complex was formed. Also, chemical and enzy-

matic modifications of the putidaredoxin were used to

show that specific residues, notably the C-terminal Trp

of the protein, greatly influenced the stability of the

complex [9]. Although these experiments revealed the

effector role of putidaredoxin, the rationale for regu-
lating the reaction in this way was not apparent.

In recent years, the work of the corresponding author

has turned to non-heme oxygenase systems that catalyze

oxygen insertion reactions into unactivated C-H bonds

equivalent to the hallmark chemistry of P450. These

systems, in particular methane monooxygenase (MMO),

are also composed of several protein components

[10,11]. Looking back on it now, our early work with
Gunny prepared us to seek functions beyond what

might seem to be obvious roles for the MMO compo-

nents. Indeed, the MMO system does employ an effector

protein (MMOB) with some of the properties of puti-

daredoxin, but without an electron transfer role, thereby

allowing these two aspects of the oxygenase reaction to

be clearly resolved [10,12]. In contrast to the P450cam
system, the rationale for the effector role of MMOB is
beginning to emerge and some new aspects of this

intriguing interaction are reported here.
Materials and methods

MMO components were isolated from Methylosinus trichosporium

OB3b as previously described [10,13]. Steady state assays were per-

formed using methane, furan, or nitrobenzene as substrates as previ-

ously described [10,13,14]. All of the mutations were made in the

MMOB gene located in plasmid pBWJ400 and were performed using

the QuikChange system from Stratagene (La Jolla, CA) according to

the instructions from the manufacturer. Cross-linking of MMOB to

MMOH and separation of the cross-linked MMOB–MMOHa-subunit
were performed as previously described [12]. In-gel proteolytic digests

were preformed using the method of Shevchenko et al. [15] and

MALDI-TOF mass spec was performed at the University of Minne-

sota. Fluorescence spectra were obtained using an ISS K2 Fluorome-

ter. BADAN labeling was performed by incubating the A62C mutant

of MMOB with a 6-fold excess of BADAN for 2.5 h at 4 �C followed

by quenching with cysteine and removal of the excess reagent by

Sephadex G25 gel chromatography.
Fig. 1. Fluorescence emission spectra of A62C–BADAN labeled

MMOB. The top spectrum (light solid line) represents 200 nM BA-

DAN–A62C MMOB in 50mM Mops, pH 7.0, at 25 �C. The bottom

spectrum (heavy solid line) is the spectrum after the subsequent ad-

dition of 400 nM MMOH (active sites). After this initial quenching,

NaCl was added to the final concentrations of 500mM (dash-dot line).

The loss of quenching suggests breakdown of the complex. Addition of

Triton X-100 to 0.1% to the original complex caused little change in

the spectrum (dashed line), suggesting the complex remains intact.

Excitation wavelength, 394 nm.
Results

Binding characteristics

The MMO system consists of a reductase (MMOR),

a cofactorless effector (MMOB), and an oxygenase
(MMOH) containing a bis l-hydroxo-bridged diiron

cluster at the active site [10,16]. Together these compo-

nents catalyze the following mixed function oxidation

reaction:
NADHþHþ þ CH4 þO2 ! NADþ þ CH3OHþH2O

MMOR contains both an FAD and a Fe2S2 cluster,
thereby combining the electron transfer roles of the

P450cam reductase and putidaredoxin in a single protein.

MMOH is a dimeric protomer with each protomer

containing a, b, and c subunits. The crystal structure of

MMOH has been solved and shows that the diiron

cluster is buried 12�AA below the surface in a cavity with

no connection to the bulk solvent [17,18]. Previous

cross-linking studies employing EDC have shown that
MMOB and MMOR bind to the MMOH a and b
subunits, respectively [12]. Steady state kinetic studies

showed that the rate of catalysis increases as the

MMOB:MMOH ratio increases until it saturates at

about a 1:1 (active sites) ratio [10,12]. At higher ratios,

the rate decreases, presumably due to formation of in-

hibitory complexes [12].

To quantitatively evaluate the affinity and properties
of the MMOB–MMOH complex, site-directed mutants

of MMOB have been generated. One of these was

based on the predicted secondary structure of MMOB

that placed residue A62 at the surface. This position

was later confirmed by the solution structure of

MMOB obtained using NMR approaches [19]. Muta-

tion of A62 to cysteine (A62C) results in a protein that

elicits the full activity of MMOH and causes no change
in the MMOB:MMOH ratio required to maximize the

turnover rate. Because MMOB contains no other

cysteines, the A62C mutation allows specific spin and
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fluorescence labels to be covalently incorporated using
maleimide or haloacetyl adducts of probes. Labeling of

A62C with BADAN fluorescent probe again causes

no catalytic changes. Fig. 1 shows that the fluorescence

emission spectrum of BADAN–MMOB is partially

quenched and red shifted when MMOH is added,

providing a direct demonstration of complex formation.

The nature of the interactions that stabilize the

complex was probed by adding salts or detergents and
observing the effects on the fluorescence spectrum. As

shown in Fig. 1, addition of 500mM NaCl to the

preformed complex results in nearly the full restoration

of the fluorescence spectrum of the uncomplexed

BADAN–MMOB, while addition of detergents causes

no effect. The results are consistent with a complex

stabilized by critical ionic linkages.

Titration of the BADAN–MMOB with MMOH
(Fig. 2) shows that the observed dissociation constant

depends strongly on the oxidation state of the diiron
Fig. 2. Fluorescence titrations of MMOH binding to BADAN–A62C

MMOB. 200 nM BADAN–A62CMMOB in 50mMMops was titrated

with (A) oxidized MMOH or (B) fully reduced MMOH at 25 �C. Free
MMOH was calculated from using the fraction bound assuming a 1:1

complex (per MMOH protomer) is formed. Excitation wavelength,

394 nm.
cluster. We have shown that the redox potential of
MMOH shifts )132mV when MMOB is present, indi-

cating that binding and redox energies are coupled in

this system as in P450cam [20]. Thus, the MMOB com-

plex transmits effects of some sort to the buried diiron

cluster.

Structure of the complex

The symmetry of the dimeric protomer of MMOH

creates a “canyon” between the two halves of the mol-

ecule that may provide a component binding surface.

We have begun a cross-linking study that allows the

binding surfaces to be described. After cross-linking
MMOH and MMOB with EDC, the cross-linked

MMOB–MMOH a-subunit unit was isolated by SDS–

PAGE and digested with trypsin or chymotrypsin. Then

the molecular weights of the resulting peptides were

determined by MALDI-TOF MS for comparison to

non-cross-linked samples. Normally, this technique does

not allow direct detection of cross-linked peptides; ra-

ther they are detected as peptides missing from the mass
spectrum after cross-linking. An example is shown in

Fig. 3 for one of the MMOB peptides. The molecular

mass identifies this chymotryptic peptide as that shown

in the figure. Following cross-linking, the peptide dis-

appears, suggesting that it is cross-linked to MMOH.

EDC cross-links solvent exposed Glu or Asp residues in

ionic linkages with Lys. Thus, the peptide shown in

Fig. 3 has six potential cross-link sites (arrows) includ-
ing five grouped acidic amino acids (carboxylate rich

sequence 3 (CRS3)). There are two other CRS sequences

in MMOB. The single Lys in the peptide of Fig. 3 can be

eliminated as a possible cross-link site because it is also

present in an MMOB tryptic peptide that does not dis-

appear after cross-linking, thus one or more of the acidic

residues provides the cross-link site.

The detailed analysis of the cross-linked peptides will
be presented elsewhere. However, the data collected to

date can be summarized as follows: (i) Five peptides on

MMOH and five peptides on MMOB are involved in
Fig. 3. MALDI-TOF spectra of a daughter ion from a chymotryptic

digestion of MMOB alone (left) and after cross-linking to MMOH

with EDC (right). The spectra shown are the sum of 100 different

spectra. The mass of the ion identifies it as that shown above the

spectra based on masses expected from theoretical chymotryptic

digestion of MMOB. Arrows represent potential cross-link sites.



Fig. 5. The effects of MMOB mutants on MMO steady-state kinetics.

The rate of nitrobenzene turnover is plotted as a function of the ratio

of MMOB mutant to MMOH active sites at 25 �C and pH 7.6. The

MMOB mutant concentration was varied from 0 to 10 lM. Other

concentrations: 1lM MMOH active sites, 1lM MMOR, 100lM
NADH, and 1.6mM nitrobenzene.
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cross-links. (ii) All of the MMOB peptides appear on the
same MMOB surface, identifying the binding surface on

this component. (iii) All of the MMOH peptides occur

on the same surface facing toward the canyon, identi-

fying the binding surface on this component. (iv) Two of

the three CRS sequences of MMOB are involved in

cross-linking, consistent with charge stabilization of the

interface described above. (v) The peptides cross-linked

on MMOH form a footprint the size of MMOB, sug-
gesting a docking orientation.

A model for the interaction surface

The structure of MMOB shows that it has an elon-
gated, well-folded core region, and long disordered re-

gions on the C- and N-termini. Our results show that

both the N- and C-terminal regions contain at least one

of the cross-linked residues. By aligning the known

binding surface of MMOB with that of MMOH and

then simultaneously aligning MMOB CRS regions with

strongly positive regions on MMOH-a subunit, a

binding orientation can be found in which all of the
cross-linked peptides line up across a subunit boundary.

In this orientation, the oval shape of MMOB and the
Fig. 4. Model for the structure of the complex formed between MMOB

(black) and MMOH (red). The diiron cluster is shown in aqua.

Interacting residues from MMOB are K44, E53, and D81. Four

additional interacting pairs are omitted for clarity. (For interpretation

of the references to colour in this figure legend, the reader is referred to

the web version of this paper.)
elongated “footprint” on MMOH align, at least seven

specific charge interactions are simultaneously aligned,

and the termini of MMOB are directed toward a cross-

linked MMOH peptide well removed from the others.

This model for the MMOB–MMOHa interaction and

some of the charge pairs are shown in Fig. 4.

The model can be used to predict that MMOB K44 is
a key residue because it is the only positive residue in the

midst of a largely negative region, and it appears to be

positioned adjacent to negative residue MMOH D38. In

contrast, nearby residue MMOB D46 (part of CRS2)

does not have a binding partner in the model. Both

residues were changed and the effects on the steady state

kinetics assessed as shown in Fig. 5. It is seen that only

the modifications at K44 cause a significant change in
the maximum steady state velocity, consistent with the

model proposed. Among the K44 mutants, the K44R

mutant, which conserves the positive charge, least affects

the maximum velocity.
Discussion

The studies described here show that MMOB forms a

specific complex with MMOH-a on the MMOH surface

directly over the buried active site. This suggests a

general mechanism by which MMOB affects the struc-

ture and catalytic properties of the MMOH diiron

cluster. The connections between the proposed juxta-

position of components and the effector roles of MMOB

will now be discussed.
MMOB is known to have many effects on MMOH

and MMO catalysis [10,12,14,21–23] including a 150-

fold increase in Vmax, acceleration of the reaction with O2

by 1000-fold, and alteration of the electronic and spec-

troscopic properties of the MMOH diiron cluster. Based

on an NMR evaluation of the MMOB binding surface
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[24], which correlates well with that presented here, we
have altered many of the key interface residues [25]. In-

dividual MMOB mutants have been found that affect

each step of the catalytic cycle. One mutant that altered

the rates of two steps was N107G/S109A/S110A/T111A

(the Quad mutant). Significantly, these steps were the

reaction of substrate with the reactive oxo-(Fe(IV))2 re-

action cycle intermediate, termed compound Q, and the

product release step. Based in part on this observation,
we proposed a novel role for the effector function of

MMOB [26]. When MMOB binds, it appears to create a

“hole” into the occluded active site of MMOH to allow

molecules the size of methane and O2 to enter, in effect,

converting MMOH into a molecular sieve for methane.

The molecular sieve hypothesis accounts for many

rather vexing observations that have been made over the

years for MMO. For example, it suggests how met-
hanotrophs can select methane as their only grow sub-

strate from a sea of potentially more easily oxidized

hydrocarbons. Also, it can account for our observation

that the deuterium kinetic isotope effect (KIE) for the

methane reaction with compound Q is about 50 [27]

while no isotope effect is observed for the reaction with

ethane [28]. If it is assumed that the methane reaction is

limited by bond breaking while the ethane reaction is
limited by entry into the active site, no isotope effect

would be expected for the latter.

This hypothesis was tested using the quad mutant,

which substitutes small hydrophobic residues for large

hydrophilic residues at the binding surface. The reduc-

tion in residue size at the interface allowed larger sub-

strates to bind more easily and led to an increase in the

rate of ethane turnover as well as the observation of a
KIE for the ethane reaction [28]. The key residue in the

Quad mutation has been identified as T111 by site di-

rected mutagenesis [29]. As shown in Fig. 5, substitution

of a larger residue, T111Y, slows down steady state

turnover, but more significantly, shifts the amount of

MMOB required to saturate the MMOH interaction to

a significantly higher ratio (at least 10:1). Apparently the

binding surface is disrupted.
The discussion above suggests why the effector

function of MMOB is critical to the role of MMO in the

metabolism of the methanotroph. MMOB allows the

organism to specifically oxidize methane. Thus, the large

bond energy of methane can be exploited while avoiding

oxidation of irrelevant substrates with weaker bonds.

The current study provides the first insight into how

the effector function occurs. The model presented in
Fig. 4 is based on an alignment of cross-linked peptides.

Remarkably, although no information from the MMOB

surface modification studies was used in developing this

model, the residues of the Quad mutant are found im-

mediately over the buried active site of MMOH. Resi-

due T111 appears to extend between two MMOH

helicies that support the cluster and also form the walls
of the active site. Thus, it is reasonable that the place-
ment of these specific MMOB residues disrupts the in-

teraction between MMOH helicies and creates the

critically sized hole into the active site.

What lessons about putidaredoxin can we learn from

MMOB? The most important known effector functions

of putidaredoxin is to facilitate transfer of the second

electron required by the reaction stoichiometry [5,6].

This leads to the formation of the reactive p cation
radical species that is equivalent electronically and

chemically to MMO compound Q. Like MMOH,

P450cam has a buried active site. However, the binding

site of putidaredoxin does not appear to be directly over

the active site of P450cam, and accordingly, the binding

of camphor and O2 are not greatly affected by the

binding of putidaredoxin. This suggests that the effector

role of putidaredoxin and MMOB are different. Never-
theless, they both serve to accelerate key aspects of the

catalytic cycle that result in the hydroxylation of specific

substrates before the reactive species can break down to

release toxic activated oxygen species.

Effectors are now recognized as rather common

components of oxygenase systems. However, at the time

putidaredoxin was first recognized as an effector, there

was no precedent for this function in the oxygenase
family, and it seemed unlikely to the corresponding

author at the time that a role beyond electron transfer in

an iron-sulfur protein was possible. This example frames

a very relevant question for all of us whose role it is to

recognize new things: How does one learn to accept the

result of an investigation that is contrary to the obvious?

In the current instance, Gunny listened to the evidence

once, dubbed putidaredoxin an effector, and we were
launched on a new track that has touched many areas of

science and continues to yield fruitful insight to the

present day. If one asked Gunny how he did it, he would

probably say something about training for a lifetime to

learn to listen to Nature in preference to Nature’s in-

terpreters [30].
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