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Mutational and structural analyses of the regulatory protein B of
soluble methane monooxygenase from Methylococcus

capsulatus (Bath)

Hans Brandstetter'2*, Douglas A Whittington', Stephen J Lippard’

and Christin A Frederick?

Background: The soluble methane monooxygenase (sMMO) system in
methanotrophic bacteria uses three protein components to catalyze the selective
oxidation of methane to methanol. The coupling protein B (MMOB) both
activates the carboxylate-bridged diiron center in the hydroxylase (MMOH) for
substrate oxidation and couples the reaction to electron transfer from NADH
through the sSMMO reductase. Although the X-ray structure of the hydroxylase is
known, little structural information is available regarding protein B.

Results: Wild-type protein B from Methylococcus capsulatus (Bath) is very
susceptible to degradation. The triple mutant protein B, Gly10—Ala, Gly13—Gin,
Gly16—Ala is resistant to degradation. Analyzing wild-type and mutant forms of
protein B using size exclusion chromatography and circular dichroism
spectroscopy suggests that the amino terminus of MMOB (Ser1-Ala25) is
responsible for the proteolytic sensitivity and unusual mobility of the protein. We
used the stable triple glycine protein B mutant to generate an affinity column for
the hydroxylase and investigated the interaction between MMOH and MMOB.
These results suggest the interaction is dominated by hydrophobic contacts.

Conclusions: A structural model is presented for protein B that explains both
its proclivity for degradation and its anomalous behavior during size exclusion
chromatography. The model is consistent with previously published
biophysical data, including the NMR structure of the phenol hydroxylase
regulatory protein P2. Furthermore, this model allows for detailed and testable
predictions about the structure of protein B and the role of proposed
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recognition sites for the hydroxylase.

Introduction

The soluble methane monooxygenase (sMMO) system of
methanotrophic bacteria consists of three component pro-
teins that catalyze the conversion of methane to methanol
at ambient temperature and pressure (equation 1):

CH, + O, + NADH + H* - CH;0H + H,0 + NAD* (1)

sMMO is of interest for several reasons. First, it could
provide a cost-effective way to produce methanol (to be
used as an energy source) from the plentiful natural reser-
voirs of methane gas [1]. Second, methanotrophic bacteria
are valuable for bioremediation of the environment [2,3].
This function takes advantage of the broad range of sub-
strates that can be oxidized by sMMO [4,5]. In addition, the
flux of methane released naturally by methanogenic bacte-
ria is efficiently controlled by methanotrophs that prevent
much of it from reaching the atmosphere [6]. Finally, atten-
tion has focused on the catalytic mechanism of the sMMO
protein system because of its ability to activate C-H bonds,
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as well as its structural relationship to ribonucleotide reduc-
tase R2 [7] and other nonheme diiron proteins [8].

The sMMO hydroxylase (MMOH) is a homodimer (o,,3,7,,
251 kDa) that contains a catalytic diiron center in the four-
helix bundles of its o subunits [9]. Upon addition of
NADH, the sMMO reductase component (MMOR,
38.6 kDa) reduces the diiron{III) hydroxylase in two
coupled electron-transfer steps forming the diiron(II)
enzyme. The coupling protein B (MMOB, 15.9 kDa) and
MMOR tune the redox potential of the diiron center to
prevent formation of the functionally inactive mixed-
valent Fe(Il)Fe(III) species [10]. Moreover, in the Meshylo-
coccus capsulatus (Bath) system, only in the presence of
protein B is the fully reduced MMOH able to hydroxylate
alkyl substrates with dioxygen, after which it returns to
the resting diiron(III) oxidation state {11]. The intimate
association between protein B and the hydroxylase is
reflected in the sMMO operon, where the gene encoding
MMOB is inserted into the MMOH gene cluster. Despite
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its central role in the sMMO system, there is little struc-
tural information available about protein B, partly because
of its intrinsic instability [12,13]. Recently, the structure of
a functionally related protein P2 was determined by using
nuclear magneric resonance (NMR) spectroscopy [14].
The P2 polypeptide is required for activity of the multi-
component enzyme phenol hydroxylase, and the P2 gene
is similarly integrated into the three genes that code for
the phenol hydroxylase subunits [15].

In the present study, engincered MMOB mutants were
used to characterize further the instability of the wild-type
protein. Although Gly13 is the primary cleavage site, alter-
ing this residue alone does not make the protein signifi-
cantly more stable [13]. Instead, resistance to degradation
was conferred on the protein by mutating three glycine
residues near the amino terminus of the polypeptide. We
also present data using point and truncation mutants of
MMOB that directly link the amino-terminal polypeptide
Ser1-Ala25 to the anomalous mobility of the protein on
size exclusion chromatography. This result has significant
implications for a recent report claiming that MMOB from
Methylocystis sp. strain M is a dimer, based on its behavior
during size exclusion chromatography [16]. MMOB
binding to the hydroxylase was also strengthened by high
salt, suggesting a predominantly hydrophobic interaction
between the two proteins. Finally, we present a model for
the structure of MMOB that integrates the NMR results
on the related P2 protein of phenol hydroxylase with sec-
ondary structure predictions; our model is consistent with
all available experimental data on MMOB.

Results and discussion

The G10A-G13Q-G16A MMOB mutant protein resists
proteolytic degradation

During preparation of MMOB from M. capsularus (Bath),
we and others have observed a prominent double band on
15% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE), corresponding to the full-length
protein and a degradation product [12,13]. By amino-ter-
minal sequencing, we determined the major scissile bond
to be Met12-Gly13 (Table 1), a result confirmed by mass
spectrometry (Table 2). In addition, amino-terminal
sequencing revealed the presence of a minor isoform start-
ing with Glyl6 (Table 1). These degradation products
were observed for protein obtained either from native
M. capsularus (Bath) cells or, by recombinant means, from
Escherichia coli, suggesting proteolysis with glycine as the
preferred amino acid after the cleavage site, the so-called
P1” position [17]. Analysis of the M. capsuiarus (Bath)
MMOB sequence identified a cluster of three glycine
residues, two of which (Gly10 and Gly16) are conserved in
the Methylosinus trichosporium OB3b and Methylocystis sp.
strain M systems (Figure 1) {18]. We therefore tested the
effect of these three glycine sites on protein stability using
site-directed mutagenesis.

Table 1

Three amino termini identified by sequencing of wild-type
protein B from M. capsulatus (Bath).

AA1 # AA2 # AA3 # AA4 # AA5 #

S 1 \' 2 N 3 S 4 N 5
G* 13 L 14 K 15 G 16 K 17
G 16 K 17 D 18 F 19 n.d.t

AA, amino acid (using single-letter amino-acid code). #, Residue
position (protein B sequence assignment, cf. Figure 1). *The amino
terminus at Gly13 is consistent with [13]. *No amino acid could be
unambiguously determined, because this species was less than 5% of
the total protein content.

The single-site mutant Glyl3—Gln (G13Q) replaces the
P1’ residue of the major cleavage site with the correspond-
ing amino acid in the M. zrichosporium OB3b protein, for
which no degradation has been reported in the literature. A
similar mutant was described previously [13]. In addition,
we examined the triple mutant G10A-G13Q-G16A. Both
constructs carry an amino-terminal His,-tag provided by
the pET-15b vector (Novagen), which can be proteolyti-
cally cleaved using thrombin. This feature facilitated
detection of amino-terminal degradation by affinity chro-
matography on a Ni¢* column. The relative stabilities of
the proteins were judged under identical storage condi-
tions (10 mM Tris pH 7.5, 50 mM NaCl, 1mM DTT,
1 mM EDTA, 4°C). Both wild-type MMOB from M. capsu-
Jarus (Bath) and the single glycine mutant G13Q began to
degrade within days to weeks, as analyzed by SDS-PAGE
and Ni?* binding. To a first approximation, this result is
consistent with published data that report a 1.2-fold stabi-
lization of the G13Q mutant relative to wild-type protein
[13]. The published mutant protein differs from our con-
struct only in the leading amino-terminal amino acids,
which originate from the fusion vector into which the pub-
lished construct was cloned. The presence or absence of
the amino-terminal His,-tag did not affect protein stability.

By contrast, the triple glycine mutant G10A-G13Q-G16A
completely resisted proteolysis at 4°C. The homogeneity
of this mutant was demonstrated by 15% SDS-PAGE and
Ni2* affinity binding for the tagged protein. The stability
of this protein is not due to the amino-terminal His,-tag
because, after its removal by thrombin cleavage, there
was also no evidence for degradation determined using

Table 2

Mass spectral data to confirm cleavage of wild-type protein B
at Met12-Gly13.

Protein species Calculated mass Observed mass

S1-A140
G13-A140

15,853 Da
14,629 Da

15,851 Da
14,630 Da*

*These data are consistent with [13].
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Figure 1
Sequence alignment of related hydroxylase 1 10 20 20 40
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. . . . m| M S VFIAFQA
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protein. Considering the high sequence P2 ®SS LvyIaFQD
similarity within the first three amino acids, the 50 60 70 80
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L X N ) B-trich SDEIDAIIEDIVLKG GKAKNPSIVVEDKAGFWWIKADGATIETID
(italics) is most likely post-translationally B-stM SDEIDAITIEEMVLKG GKAKNPSIVVEDKAGFWWIKADGAILIEID
. L TMOD GDLVEPVIETAEIDNPGEKE ITVEDRRAYVRIAAEGELILT
processed by a bacterial methionine T3MO SSITAGVIEAAQEDNPGEKS IRIDDKLAYVRIDTDGELILR
aminopeptidase (38,39]. The amino-terminal | BRC, N EEIIIVIERIITONIS pyyIiEToLYEITAITEIIIL
g|ycinec|usterisshaded.B-Caps,proteinBof P2 NDNARYVVEAIIQDNTPH AVVQHHPAMIRIEAEKRLETIR
the sMMO system from M. capsulatus (Bath). 0 100 110 120 130
B-trich,proteinBofthesMMOsystemfrom g-caphs CDEISELLGRQFNVYDFLVDVSSTIGRAYTLGNKFTITSELNGLEL
- . B -tricl AAEAGELLGCKPFSVYDLLINVSSTVGRAYTLGTEKFTITSELMGTL
M. trichosporium OB3b. B-st.M, protein B of %;Ast.M AAEAADLLGKPFSVYDLLVNVSSTVGRAYTLGTKFTITSELMGL
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theSMMOSyStemfromMethylocysnssp T3MO RATLEEALGRPFKMSELEVNLSSFAGRIETTDDYVRFY Y
StrainM.TMoD’proteinDofthetoluene_ TomC RETIEEQTGRPFDLQOQQOLHVNLVTLSGHIDEDDDQLTLS W
PH3_ac AETVSEKLGQNWDIQELQLNMITLGGNVDEDDDSFTLK 4
4-monooxygenasesystemfromPseudomonas P2 RETVEENLGRAWDVQEMLVDVITIGGNVDEDDDRFVLE W
mendocina. T3MO, cofactor protein of the
toluene-3-monooxygenase system from B-caps PRELEDYEA .
0 : B-trich DRALTDI
Pseuqorrfiogas pllcket;lt.)Tme, cofactor Y CEALED:
protein of the toluene/benzene-2-mono- MaD DKTM
T3MO EKTL
oxygenase system from Pseudomonas sp. TemC QH
. _ac N
PH3_ac, cofactor protein from the phenol P2 KN Chemistry & Biolog
. 1y y
hydroxylase system from Acinetobacter

calcoaceticus. P2, cofactor protein P2 from
the phenol hydroxylase system from
Pseudomonas putida. This figure was
prepared using the program ALSCRIPT [40].

SDS-PAGE or by amino-terminal sequencing after storage
for more than 7 months. This stability was confirmed for
several preparations of the triple glycine mutant.

Glycine residues can serve as protein hinges [19], and, by
eliminating them, protein conformation is expected to
become more rigid. This enhanced rigidity is likely to
contribute to the stability of the triple glycine mutant to
proteolysis. Moreover, because tertiary structure protects
proteins from degradation [20,21], one might conclude
that the amino-terminal region is partly flexible and
exposed to solvent.

Activity measurements revealed that the full-length G13Q
mutant retained full activity, whereas the G10A-G13Q-
G16A mutant displayed only about half the catalytic activ-
ity of wild-type MMOB (Table 3). The presence of the
amino-terminal His,-tag did not affect activity. By contrast,
the amino-terminal d(3-25)B truncation mutant (see
below) lacked catalytic activity, consistent with the dimin-
ished activity for the natural degradation product d(1-12)B,
referred to as B’ [13]. The decreased catalytic activity of
the G10A-G13Q-G16A mutant could be related to the
reduced flexibility in the amino-terminal hinge region or to
steric clashes in MMOH recognition, introduced by the
sidechains of the mutated amino acids. The retention of
activity in the G13Q mutant is consistent with the fact that
homologous B proteins from the M. trickhosporium OB3b and

Methylocystis sp. strain M systems contain glutamine in
place of glycine at position 13 [16].

The anomalous behavior of full-length MMOB mutants in
size exclusion chromatography

To investigate further the role of the amino terminus in
determining properties of the protein, we prepared the
deletion mutant d(3-25)B, which is analogous to the
toluene monooxygenase cofactor protein (Figure 1). Size-
exclusion chromatography was performed with the full-
length proteins, as well as with the deletion mutant, using
a Pharmacia Superdex 75 gel filtration column. Whereas
the truncated mutant d(3-25)B ran as expected for its mol-
ecular weight (13 kDa), the wild-type MMOB and the

Table 3

Catalytic activities of protein B mutants.

Protein B Specific activities (nmol min~! mg~")
Wild-type 5091 +1143

G13Q 3988 + 755
G10A-G130Q-G16A 1662+ 115
Hisg-G10A-G13Q-G16A 2284 + 222

d(3-25)B 0

The catalytic activity of MMOB was determined by monitoring
propylene oxide formation during steady-state conditions after adding
purified MMOH, MMOR and NADH [371. d(3-25)B, truncated version
of MMOB.
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CD spectra of full-length and truncated protein B mutants. The blue
spectrum corresponds to the truncation mutant d(3-25)B and the red
5 spectrum to the full-length mutant G10A-G13Q-G16A.
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Size exclusion chromatography of protein B mutants. The expected
masses for the truncation mutant d(3-25) protein B (13 kDa) and the
wild-type and full-length mutants (16 kDa) are indicated by dotted lines.

full-length G13Q and G10A-G13Q-G16A mutants eluted
at a retention volume corresponding to molecular weights
almost twice their expected values (28 £ 2 kDa; Figure 2).
These results suggest either that the amino-terminal
segment of MMOB causes dimerization or that it pro-
trudes from the globular fold, projecting into the solvent
in such a manner as to reflect an anomalously large appar-
ent size. To investigate the possibility of dimer formation,
we carried out multiple gel filtration experiments in the
presence of cither high salt, 1.5 M NaCl, or detergent,
1.0% Triton-X-100, over a MMOB concentration range
from 1-50 mg/ml (0.05-2.5 mM). In each instance we con-
firmed the previous elution volume; no protein was
detected at the elution volume corresponding to a 16 kDa
protein as determined by UV absorption spectroscopy and
Coomassie-stained SDS gel electrophoresis. The small,
but significant, differences in the behavior of wild-type
MMOB and the G13Q and G10A-G13Q-G16A mutants on
size exclusion columns further support the conclusion that
the conformation of the amino-terminal segmenc is critical
for producing the observed retention volumes.

This behavior of MMOB provides valuable structural
information. Its anomalous mobility, similar to the ten-
dency of the protein to degrade at the amino terminus, is
consistent with the interpretation that the amino-terminal
part of polypeptide is unusually flexible, a property
enhanced by the cluster of glycine residues Gly10, Gly13
and Gly16.

Circular dichroism spectroscopic study of truncated and
full-length MMOB mutants

Far-UV circular dichroism (CI)) measurements reveal an
overall B-folded structure for both the truncated d(3-25)B
and full-length G10A-G13Q-G16A MMOB mutants
(Figure 3). The CD spectra of the two full-length
mutants, G13Q and G10A-G13Q-G16A, are virtually iden-
tical (data not shown). The spectrum of the full-length
mutant (Figure 3, red) reveals two resolved local ellipticity
minima, in contrast to the CD spectrum of d(3-25)B,
which does not have a resolved second minimum
(Figure 3, blue). In addition, the center of the main
minimum of G10A-G13Q-G16A at 209 nm is slightly blue-
shifted compared with that of d(3-25)B at 211 nm. The
o-helical content therefore is slightly greater in the full-
length protein compared with the truncated MMOB
mutant d(3-25)B. Conversely, the relative contribution of
B sheet appears to be higher in the truncated protein.

The similarity of the CD spectra of the full-length MMOB
mutants to the d(3-25)B truncation mutant confirms that
the latter indeed forms the folded core of MMOB, consis-
tent with the sequence-alignment analysis (Figure 1). On
the basis of the CD data, the secondary structure of this
folded core is dominated by B sheets. The slight changes
in the CD spectrum of the full-length mutant G10A-
G13Q-G16A suggest additional a-helical content.

A three-dimensional structural model for MMOB

The sequence alignment analysis of cofactor proteins
related to MMOB (Figure 1) clearly reveals a conserved
core with variations in the amino-terminal regions that
probably confer specificity for the respective hydroxylase
enzymes [22]. The 28% sequence identity between
M. capsulatus (Bath) MMOB and the P2 cofactor of the
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Figure 4

(a) Topological diagram of the protein B
model, detailing the sources of information
derived from homologous modeling using P2,
secondary structure prediction and
anomalous sizing behavior. (b) Integration of
all derived structural information into a three-
dimensional ribbon representation of

protein B. This figure was generated using the
program MOLSCRIPT {41].

(b)

S44 L1056 Nt10O

Sheet A

Sheet B

Chemistry & Biology

phenol hydroxylase from P. patida, for which an NMR
structure is available [14], suggests the two proteins share
common folding features [23].

In an independent line of investigation, we used reliable
secondary structure prediction methods for MMOB [24,25].
In order to cross-check the validity of the two approaches,
we first confirmed that the secondary structure elements
predicted for MMOB were consistent with the correspond-
ing NMR solution structure of P2. Although the secondary
structure derived from P2 is not identical to that of MMOB
in every detail, the former provides an unbiased estimate
for the latter. The only irreconcilable segment was
Asn100-Leul05, which 1s predicted to adopt an extended
conformation but corresponds to a helix in the P2 structure
(helix a4, red in Figure 4a). This helical conformation was
quite variable within the 12 models comprising the NMR
structure ensemble, however (PDB entry code 1hqi) [14].
Two structures (models 2 and 11) adopt a rather distorted
backbone geometry in the segment corresponding to helix

o4, and fail to exhibit the usual o-helical hydrogen-
bonding pattern. For segments where no homologous P2
structure is available (insertions in MMOB compared with
P2), the secondary structure prediction algorithms identi-
fied three elements (green in Figure 4a). These features
are an amino-terminal helix that probably spans
Gly10-Ala25 (G16-A25 having highest confidence values,
on the basis of the PHD program; ol); a B strand that
extends from Val30-Ser34 (31,); and a short carboxy-termi-
nal helix from Leul31-Asp137 (a5). The secondary struc-
ture derived from homology modeling and secondary
structure prediction methods, shown in Figure 4a, is fully
compatible with the CD data for both the full-length and
truncated MMOB mutants (Figure 3).

To model the three-dimensional structure of MMOB, we
integrated information obtained from its homology to P2,
the predicted secondary structure elements for the
sequence insertions, the CD spectroscopic data of the
truncated and full-length MMOB mutants, analysis of
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Table 4 Figure 5
Probing the accessibility of Cys88 by chemical modification.
kDa 1 2 3 4 5
% Protein modification 94— ==
Protein B 15 minat 4°C 15 min at 22°C  Unfolded protein 67— o
- D
Wild-type MMOB 8 28 100 43—| . ‘ - |-p
d(38-25) MMOB 3 26 100 o -
30— e
proteolytic fragments, and the gel filtration chromato-
graphic results for the MMOB mutants. We conclude that 00—
the polypeptide Asp26-Alal40 folds into a globular core - . - |y
domain, whereas the putative Gly10-Ala25 helix is ' ® |-B
exposed and protrudes into the solvent. We anticipate, 14— .
therefore, that strand B1, will be integrated into the core,
participating in either antiparallel sheet A or sheet B Chemistw&BirM

(Figure 4a), with helix al protruding from the resulting
compact fold. From the spatial restraints of the P2 struc-
ture, strand Val30-Ser34 can extend only sheet A, and not
sheet B, in a geometrically sensible way. It was energeti-
cally more favorable to allow strand B1, to form hydrogen-
bond contacts with strand B2,, but the alternative sheet
extension with strand B3, could not be excluded. The
extension of strand 4, by two amino acids Ser126-Glu127,
predicted by the secondary structure algorithm, results in a
length matching that of the strand B2, determined in the
P2 solution structure. The position of the two helical turns
of 5 is restrained by the structural core, but only weakly
restricts its precise orientation. The amino-terminal helix
ol is similarly anchored by strand B1,, but lacks further
intramolecular interactions to stabilize its orientation rela-
tive to the protein core. There is a strong crystallographic
precedence for the existence of such helical arrangements,
including IF3 [26] and pilin [27]. In the case of multicom-
ponent protein systems, similarly exposed helices often
serve as intermolecular recognition elements, as exempli-
fied by the o subunit of the G-protein heterotrimer [28].

The ribbon diagram presented in Figure 4b integrates the
conclusions from the approaches just delineated into a
three-dimensional representation of MMOB. The sole cys-
teine residue, Cys88, appears to be exposed to the solvent
(Figure 4b, blue segment). We attempted, therefore, to test
the accessibility of this residue by chemically modifying its
thiol group. In the native folded state, Cys88 could be mod-
ified only to a limited extent by 5,5'-dithio-bis(2-nitroben-
zoic acid) (DTNB) or Ellman’s reagent (Table 4),
indicating limited accessibility of the residue to the solvent.
The truncated d(3-25)B mutant exhibited the same dimin-
ished accessibility. These results suggest that Cys88 may
be shiclded by interactions with the neighboring residues
Asn28 or GIn29, but not by the amino-terminal helix oc1. In
addition, these findings support the strand arrangement in
sheet A as depicted in Figure 4 and indicate an affinity of
the loop region connecting helix ol and the first strand B1,
for the core of the protein.

Stabilization of hydroxylase binding to the immobilized protein B
column at high ionic strength. Lane 1, molecular weight markers;

lane 2, 1 M NaCl wash fraction; lane 3, Ni2* resin after high salt wash;
lane 4, 0 M NaC! wash fraction; lane 5 Ni2* resin after no salt wash. At
1 M NaCl, hardly any hydroxylase could be washed off the protein
affinity column (lane 2), whereas significantly more hydroxylase is
observed in the wash fraction in the absence of salt (lane 4) on a
Coomassie stained 13% SDS-PAGE gel.

Proteolytic cleavage of MMOB has been reported to occur
between GIn29 and Val30 [13,16]. Neither by amino-termi-
nal sequencing nor by SDS-PAGE could we identify this
proteolytic event, not even for G10A-G13Q-G16A samples
that were analyzed after more than 7 months storage. This
apparent discrepancy might be due to trace amounts of pro-
teases or inhibitors. The reported cleavage site is located
before, not within, sheet A and would therefore be consis-
tent with our three-dimensional model of the protein.

Because of its conformational degrees of freedom, we
cannot rule out the possibility that the segment of MMOB
from Asn5-Met12, located before the free helix al, could
fold back onto the protein core. It was, however, modeled
to be exposed to solvent (Figure 4b). It might then func-
tion to anchor MMOB to MMOH during complex forma-
tion through hydrophobic interactions that are described
in more detail below. Such a role would be consistent with
the diminished MMOH binding and coupling properties
of B, d(1-12)B [29], and wicth its lower activity [13].
Experiments with zero-length cross-linking reagents indi-
cate that MMOB binds to the o subunit of MMOH [30].
The E and F helices of the o subunit, exposed in the
canyon region of the protein [9], are particularly attractive
as a putative binding site for MMOB. In addition to the
loop Asn5-Met12, helix Glyl10-Ala25 might therefore be
involved in helix-helix contacts with the hydroxylase.
Both hypotheses can be tested by site-directed mutagene-
sis, for instance by altering the hydrophilicity of
Asn5-Met12 or by introducing a helix-breaking proline
residue into the al helix.
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Since the submission of this paper, two NMR solution
structures of MMOB have become available [31,32].

High salt conditions strengthen the binding of the sMMO
hydroxylase to MMOB

The His,-tag enabled us to immobilize reversibly the
degradation-resistant triple-glycine MMOB mutant on a
Ni?* resin, thereby generating an affinity column for the
hydroxylase. The hydroxylase could not be eluted from
the mutant MMOB column using high sale (Figure 5,
lane 2). In fact, slow elution of the hydroxylase from the
MMOB column was significantly higher at low ionic
strength than at 1 M NaCl (Figure 5, lane 4). The molar
ratio of hydroxylase to MMOB bound to the column after
the low salt wash (lane 5) is clearly diminished when com-
pared to that after the high salt wash (lane 3).

Remarkably, in agreement with this behavior, both the
hydroxylase and MMOB are very soluble and can be con-
centrated to >100 mg/ml without precipitating. MMOH-
MMOB binding appears to be characterized by a deli-
cately balanced network of interactions that are dominated
by hydrophobic contacts. Specific and reciprocal recogni-
tion elements are yet to be fully elucidated.

Significance

Protein B (MMOB) serves as an essential cofactor in
the soluble methane monooxygenase system of
methanotrophic bacteria. We present the first detailed
secondary-structural analysis of MMOB. The data are
consistent with a prominent amino-terminal o helix that
protrudes into the solvent. This feature is related to the
proteolytic instability of MMOB and its anomalous size
observed in gel-filtration experiments. Using sequence
analysis and mutagenesis, we identified a glycine hinge,
G10-G13-G16, positioned at the start of the amino-ter-
minal helix. By eliminating this hinge, we generated a
catalytically active triple mutant that fully overcomes
MMOB degradation. With the amino-terminally His-
tagged G10A-G13Q-G16A mutant we have demon-
strated a way to affinity purify the hydroxylase,
facilitating removal of trace contaminants from
MMOH. Clearly, the precise functional role of struc-
tural elements like the glycine hinge awaits a crystal
structure of the MMOH-MMOB complex. To
approach this aim, complex crystallization at high ionic
strength appears to be a promising approach, given the
reverse-phase binding of the hydroxylase and MMOB.
Finally, the structural analysis of MMOB presented in
this paper provides a rational framework within which
further experiments can be planned.

Materials and methods
Cloning enzymes, vectors and bacterial strains

The restriction enzymes Ndel and Xhol were purchased from New
England Biolabs; all others were obtained from Gibco. Proofreading

Vent polymerase, calf intestinal alkaline phosphatase (CIP), and T4
DNA ligase were purchased from New England Biolabs. 5,5"-Dithio-
bis(2-nitro-benzoic acid) (DTNB), Triton X-100, and urea were obtained
from Sigma Chemical Company.

The vector pKK223-3 and the /ac 19 host, Escherichia coli strain JM105,
were obtained from Pharmacia. The pET-15b vector and the E. colf host
strain BL21(DE3) were purchased from Novagen. E. coli strain
XL1-Blue (Stratagene) was used to prepare recombinant plasmids.

The 10 kb plasmid pCH4, which contains the complete M. capsulatus
(Bath) sMMO operon, was a generous gift from J.C. Murrell (University
of Warwick, UK).

Construction of mutant protein B expression vectors

All DNA manipulations were performed according to standard techniques
{33]. The cloning of all MMOB mutants was carried out by employing a
standard hot start polymerase chain reaction (PCR) protocol, utilizing the
proofreading Vent polymerase. Because every MMOB mutant gene has
fewer than 450 bases, the complete B construct gene was amplified by
PCR using pCH4 as template DNA. The primer sequences were designed
by using the Wisconsin Program Package [34]. The forward {fw) and
reverse (rv) primers used for the individual mutants are G13Q: fw (60 b)
5-TGCATTCATATGAGCGTAAACAGCAACGCATACGACGCCGGC-
ATCATGCAGCTGAAAGGC-3'; rv(33 b) 5"-ATGTCACTCGAGTTACG-
CGTGATAGTCTTCGAG-3'". The Ndel and Xhol restriction sites are bold
and italicized. G10A-G13Q-G16A: fw (69 b) 5-TGCATTCATATGAGCG-
TAAACAGCAACGCATACGACGCCGCCACATGCAGCTGAAAGCC-
AAGGACTTC-3', with the Ndel restriction site bold and italicized. The
reverse primer was the same as that used for the G13Q mutant. d(3-25)B:
fw (42b) 5-GAAACAGAATTCATGAGCGTAGACGAAAACCAAGTG-
GTCCAT-3"; v (64 b) 5-GTGATAAGCTTATTAGTGATGGTGATGGT-
GATGCAGCTCACTAGTAATGGTGAA-3’, with the EcoRl and Hindlll
sites bold and italicized and the Hisgtag indicated in bold. This deletion
mutant also removes residues 129-140 at the carboxyl terminus of
MMOB. After digestion with the respective restriction enzymes, the PCR
products were purified using a Qiagen PCR kit. Genes for the G13Q and
G10A-G13Q-G16A mutants were inserted into the multiple cloning site of
the vector pET15-b, which provides an amino-terminal Hisg-tag, using T4
DNA ligase. The gene for truncation mutant d(3-25)B, corresponding to the
cofactor of toluene monooxygenase, was cloned into the multiple cloning
site of the pKK223-3 vector. To improve efficiency, digested vectors were
dephosphorylated with CIP and gel-purified (Qiagen) before ligation. The
ligated DNA was transformed into salt-competent XL1-Blue cells. Plasmids
containing the desired mutant MMOB genes were identified by restriction
digests of DNA isolated from plasmid mini-preparations [33]. All
sequences were verified by cDNA sequencing using an Applied Biosys-
tems Model 373 Stretch DNA Sequencer. Competent BL21(DE3) (for
G13Q and G10A-G13Q-G16A) or JM105 (for d(3-25)B) cells were trans-
formed with the constructed expression vectors.

Expression and purification of B mutant proteins

The transformed E. coli cells, carrying the plasmid coding for the
mutants of MMOB, were grown in 11 quantities of LB ampicillin
(100 ug/ml) medium with vigorous shaking at 37°C to an optical density
of Aggp = 0.6-0.8. The cultures were then induced with 0.5-0.9 mM iso-
propy! B-p-thiogalactopyranoside (IPTG) and grown for another 3 h. The
cells were harvested by centrifugation, washed with 10 mM Tris pH 8.0,
10 mM B-mercaptoethanol (BME), 100 mM NaCl, and the cell paste was
stored at —80°C until used. Cell growth and expression conditions for
the JM105 cells, carrying the toluene monooxygenase cofactor analog
d(3-25)B, were identical to those of the BL21(DE3) cells. Cells were
resuspended in 10 mM Tris pH 8.0, 10 mM BME, 100 mM NaCl, 1 mM
EDTA with a standard protease inhibitor mixture present, sonicated and
cleared by centrifugation (100,000 x g for 1 h). All protein purification
steps were carried out at 4°C. All three mutants carry either an amino-
terminal (full-length mutants) or a carboxy-terminal (truncated mutant)
Hisg-tag. The filtered (0.2 um) supernatant was therefore applied to 5 ml
of a Ni%* resin suspension (Pharmacia) and washed with 50 ml buffer
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containing 30 mM imidazole (pH 8.0), 5 mM BME, and 0.5 M NaCl, fol-
lowed by 50 ml of 30 mM imidazole (pH 8.0), 5 mM BME, 20 mM NaCl.
For purification of the Hisg-tagged protein, material was eluted from the
Ni2+ column with 65 mM imidazole (pH 8.0), 5 mM BME, 20 mM NaCl.
To remove the Hisg-tag, the protein was cleaved with thrombin while still
bound to the Ni2* beads. Digestion was carried out overnight at 4°C
and stopped by addition of 1 mM phenylmethylsulfonyl fluoride (PMSF,
Sigma). As in the wild-type MMOB purification protocol, the protein was
then loaded onto a Q-Sepharose column (Pharmacia), washed with
150 mM NaCl, and eluted with a 160-350 mM NaCl gradient. Fractions
were pooled based on Coomassie-stained SDS-PAGE analyses. The
concentrated sample (Centriprep, Amicon, 10kDa molecular weight
cutoff), was finally loaded onto a Superdex-75 column (Pharmacia),
which was equilibrated against the running buffer (256 mM MOPS
pH 7.0, 1 mM BME). Protein concentrations were determined from A,g,
by using the extinction coefficient calculated from the amino acid
sequence. The concentrated protein (20 mg/ml) was drop-frozen in
liquid N, and stored at —80°C. From 1 i of cell culture, more than 10 mg
of protein was obtained for each mutant with a purity of better than 99%
based on SDS-PAGE. To monitor degradation resistance, amino-termi-
nal sequencing was performed using an Applied Biosystems Model
477A Protein Sequencer.

Mass spectrometry

All mutant proteins were confirmed by matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectral analysis using a
Perceptive Biosystems Voyager-DE mass analyzer. The spectrometer
was operated in positive ion mode at an acceleration potential of
25 kV. The samples, at 1 mM concentration, were mixed with the sinap-
inic acid matrix and, after air drying for 10 min, washed with 0.1% triflu-
oroacetic acid. Spectra were calibrated with myoglobin. The
determined masses match well with the calculated masses, indicating
that all start methionines are cleaved. The calculated masses are listed
in parentheses. His;-G10A-G13Q-G16A 18,107 Da (18,115 Da);
G10A-G13Q-G16A (thrombin cleaved) 16,361 Da (16,364 Da);
Hisg-G13Q 18,089 Da (18,087 Da); G13Q (thrombin cleaved)
16,333 Da (16,336 Da); d(3-25)B 12778 Da (12783 Da).

Size exclusion chromatography

All analytical gel filtration experiments were performed on a Pharmacia
fast protein liquid chromatography (FPLC) system using a Pharmacia
Superdex 75 HiLoad 16/60 gel filtration column at 4°C. The column was
calibrated with the following protein standards: ribonuclease A, 13.7 kDa,
chymotrypsinogen A, 25.0kDa, RuvC, 37.2kDa, and bovine serum
albumin, 66.4 kDa. Based on multiple runs, the retention volume errors
are less than 1%. The molecular weights of the calibration proteins were
plotted semilogarithmically versus the partition coefficient K, to deter-
mine the apparent molecular mass of the sample. K, is defined as the
ratio (V,~Vg)/(V,=Vy). V,, V, and V, represent the elution, void and total
column volume, respectively [35], with V,=32 mil and V,= 115 ml.

Chemical modification of Cys88

Protein concentrations were determined from A,,, measurements.
Samples were prepared in 0.1 M sodium phosphate, pH 8.1. Urea (7 M)
was included to produce denatured samples. Protein solutions and cys-
teine standard solutions were mixed with DTNB by gentle shaking for
15 min. The amount of modified cysteine was then determined spectro-
scopically by measuring the absorbance at 412 nm. The amount of mod-
ffied cysteine was quantitated against standard solutions containing
known amounts of cysteine and the percent of modification was calcu-
lated by reference to the originally determined protein concentration.

Circular dichroism spectroscopy

Protein samples were dialyzed against buffer containing 10 mM Tris
pH 7.5, 50 mM NaCl. CD measurements were performed at 4°C on a
Jasco Spectropolarimeter J-7156 using a 0.1 cm quartz cuvette. To
avoid pipetting errors, protein concentrations were determined from
A,g, measurements made on the CD samples. The concentrations

were 11.3x10M and 7.9 x 10-8 M for d(3-25)B and G10A-G13Q-
G16A, respectively. All spectra were baseline corrected by calibration
with the dialysis buffer. Spectra were scanned from 250-185 nm at a
speed of 50 nm/min, band-width of 1.0 nm, and resolution of 0.1 nm.
Ten runs were accumulated and averaged. Noise reduction was per-
formed on the normalized spectra, employing Fourier filtering methods
as implemented in the Jasco software. CD measurements are reported
as mean residue ellipticity, ©, in degrees x cm2 x dmol~.

Sequence alignment, secondary structure prediction and
model building

Sequence alignments were calculated by using the program AMPS [22],
in which the Dayhoff mutation data matrix was employed to determine
multiple alignments. The results for the multiple alignments were robust
over a broad range (2.0-15.0) of input gap penalties. By contrast, pair-
wise sequence alignment calculations were in general not robust, but
very much depended on the input parameters. The secondary structure
and solvent accessibility were calculated by using the automated PHD
algorithm [24,25]. In this method, the neural network employed by the
PHD algorithm was trained by a set of high-resolution X-ray protein struc-
tures, not including the NMR results for protein P2. The target MMOB
sequence was aligned with protein sequences of higher than 30% iden-
tity, for which a common protein fold is assumed. The reliability of the pre-
dicted secondary structures and solvent accessiblites is weighted by the
PHD program based on the agreement within the aligned protein
sequences. The three-dimensional model building and subsequent
energy refinement were carried out by using the program MAIN [36].
Sidechains of homologous regions of the P2 protein were replaced by
the MMOB counterparts, and the few conflicting geometries were manu-
ally corrected. The structure was then expanded by applying ideal struc-
tural topologies for the inserted segments. This structure was then
regularized by energy minimization. In addition to conformational energy
terms for bond, angle, and dihedral angle geometries, and a nonbonded
van der Waals potential, the energy function included a harmonic energy
term which restrained the C,-positions of the homologous segments to
the P2 C,, coordinates with a force constant of 10 kcal/(mo! A2).

Salt dependence of hydroxylase binding to MMOB and

enzyme activity assays

All binding studies were performed at 4°C. Growth of M. capsulatus
{Bath) cells and purification of the hydroxylase component were carried
out as described previously [37]. Hisg-tagged MMOB mutants were first
applied to 1 mi of suspended Ni2* beads and equilibrated for 30 min
under continuous gentle shaking. To remove weakly bound MMOB from
the Ni2* resin, it was washed with several column volumes of 25 mM
MOPS pH 7.0, 1 mM BME, 0.5 M NaCl. The resin was resuspended in
1 ml of the previous washing buffer and gently mixed for 15 min with a
total of 1.5 mg of hydroxylase, corresponding to a MMOH to MMOB
molar ratio of 1:3. The resin was poured back to the column and then
washed with five column volumes of 256 mM MOPS pH 7.0, 1 mM BME,
1 M NaCl buffer. A sample from the column resin was taken for analysis
by SDS-PAGE (lane 3, Figure 5). Next, the column was washed with
five column volumes of 26 mM MOPS pH 7.0, 1 mM BME, 0 M NaCl
buffer. Again a sample was taken from the column resin for analysis
(lane 5, Figure 5). Finally, fractions following both the high and low salt
washes were loaded onto the SDS-PAGE gel (Figure 5, lane 2 and 4,
respectively). Enzymatic activity was monitored by propylene oxide for-
mation, as described previously [37].
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