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ABSTRACT. Methane monooxygenase (MMO) is a non-heme-iron-containing enzyme which consists of 3
protein components: a hydroxylase (MMOH), an NAD(P)H-linked reductase (MMOR), and a 138-residue
regulatory protein, component B (MMOB). Here, NMR spectroscopy has been used to derive interactions
between MMOB and reduced and oxidized states of MMOH (245 kDa). Differential broadening of MMOB
resonances ifH-1*N HSQC spectra acquired at different molar ratios of MMOH indicates interaction of
both proteins, with MMOB binding more tightly to oxidized MMOH as observed previously. The most
broadened backbone NH resonances suggest which residues in MMOB are part of the MMOH-binding
interface, particularly when those residues are spatially close or clustered in the structure of MMOB.
Although a number of different residues in MMOB appear to be involved in interacting with oxidized-
and reduced-MMOH, some are identical. The two most common segments, proximal in the structure of
MMOB, are f-strand 1 with turn 1 (residues 386) anda-helix 3 going into loop 2 (residues 161

112). In addition, the N-terminus of MMOB is observed to be involved in binding to MMOH in either
redox state. This is most strongly evidenced by use of a synthetic N-terminal peptide from MMOB (residues
1-29) in differential broadeningH TOCSY studies with MMOH. Binding specificity is demonstrated

by displacement of the peptide from MMOH by parent MMOB, indicating that the peptide binds in or
near the normal site of N-terminal binding. The N-terminus is also observed to be functionally important.
Steady-state kinetic studies show that neith&2a-29 MMOB deletion mutant (which in fact does bind

to MMOH), the N-terminal peptide, nor a combination of the two elicit the effector functions of MMOB.
Furthermore, transient kinetic studies indicate that none of the intermediates of the MMOH catalytic
cycle are observed if either th®2—29 MMOB mutant or the N-terminal peptide is used in place of
MMOB, suggesting that deletion of the N-terminus prevents reaction of reduced MMOH witha®
initiates catalysis.

Methane monooxygenase (MMJatalyzes the efficient  latus (Bath) (1—3). These enzymes appear to be both
cleavage of the stable €H bond of methane to yield structurally and mechanistically similar. The enzyme from
methanol in an NAD(P)H- and £dependent reaction. The M. trichosporiumOB3b consists of three independent protein
soluble form of the enzyme has been well characterized from components: a 245 kDa hydroxylase component (MMOH)
both the type Il methanotropethylosinus trichosporium  having an ¢Sy), subunit structure, a monomeric 38 kDa
OB3b and the type X methanotrophethylococcus capsu-  reductase component (MMOR), and a monomeric 15 kDa
regulatory protein termed component B (MMOBY)(
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The effects of MMOB on catalysis are mediated through important for catalysis, it is not known whether the well-
the formation of a specific complex with the subunit of ordered core region also has effects or whether both the
MMOH (14). As a result of this complex, the rate of multiple N-terminal and the core regions must be present to enhance
turnover is increase up to 150-fold, the rate constant for the catalysis.

reaction with Qis increased lOOO'fOIdLe), the rate constant The structural fold of the core of MMOB does not Suggest
of formation of the reactive catalytic cycle intermediate any obvious areas of MMOHMMOB interaction. Some
compound Q Q) is increased 40-fold @), the redox jnsight into the specific areas where this interaction occurs
potential of the diiron cluster is shifted by132 mV (15),  was gained through observation of the perturbation of
the regiospecificity for oxidation of complex substrates is relaxation characteristics of specific NMR resonances when
dramatically altered](1), and the spectroscopic features of the oxidized form of MMOH MIMOH ) from Me. capsu-
the diiron cluster are qhanged, suggesting a Conformati_onahatus (Bath) was added to its species-specific MM
change at the active sit€é3—16). These effects on catalysis  However, this study was complicated by two aspects of the
are very dramatic such that essentially@accumulates in  interaction related to the function of MMOB. First, the
the absence of MMOB, and the time to complete a single complex forms with a dissociation constant in the nanomolar
turnover at 4°C is shifted from a few seconds to over 10 range near neutral pH14, 19. This suggests that the
min. We have proposed ) that the major role of MMOB  exchange rate may be relatively slow compared with the

is as an Q-gating protein that allows molecular oxygen to  NMR time scale and also requires that the measurements be
bind and be activated much more efflClently. However, our made on very low concentrations of proteins so that a

recent studies have shown that MMOB affects the rate popu|ation of free MMOB exists in solution as required by

constants of steps throughout the catalytic cyai®.( the technique. Second, the important interactions of MMOB
Although it is clear that structural changes occurring in that lead to the great enhancements in the rate,dfi@ling
the MMOH-MMOB complex must be responsible for the  and activation occur with reduced MMOWMMOH ) rather
regulatory effects described above, neither the specific naturethanMMOH °*, and thus a determination of the interactions
of the interaction nor the structural changes are known in in the reduced complex is likely to be necessary to understand
detail. Recently, the X-ray crystal structure of MMOB, ( this role of MMOB in catalysis. Fortunately, both of the
6, 18 and the NMR solution structure of MMOBL9, 20 problems can be addressed by using NMR spectroscopy to
have been determined for MMO components isolated from study the interaction of the complex that contaifis|OH '.
both M. trichosporiumOB3b andMe. capsulatugBath).  This is true because we have previously shown that the
Based on the MMOH structure, a hypothesis for an interac- affinity between MMOH and MMOB is directly coupled to
tion site between MMOH and MMOB was developed in  the redox potentialls). The large negative shift of the redox
which MMOB was proposed to bind in a “canyon” that exists potential of MMOH in the complex requires that the
between the twax3y protomers and exposes the protein dissociation constant increase by &8orders of magnitude,
surface over the buried binuclear iron site. The structural pringing it into the range where rapid exchange and a

dimensions of MMOB would allow it to bind in this canyon, significant amount of free MMOB can be expected at NMR-
thereby exerting its effects on the binuclear iron cluster. accessible concentrations of the components.

Unfortunately, neither MMOB nor its complex with MMOH Here two aspects of the MMOBMMOH interaction are
has been s_uccessfully crystalllzed_ from either of the com- investigated using heteronuclear NMR spectroscopic tech-
monly studied methanotroph species. Co.nsequen.tly, X'rayniques. First, the complex of MMOB witMMOH ', and
crystallography could not provide the desired details of the for comparisonMMOH °%, is studied to identify areas of

MMOB__M.MO.H surface interactions. ) interaction on the MMOB surface. Second, a peptide with
One distinctive feature of the MMOB solution structure o same composition as the N-terminal of MMOB is

Is the presence of both a well-ordered core region (residuesyenared, and its effect on catalysis as well as its interaction
36—;26) and dlsordere_d N- (reS|dqe335) .and C-terminal | \ith MMOH % and MMOH  is investigated.

(residues 12+138) regions. Some indication of the manner

in which MMOB interacts with MMOH has come from the ExpERIMENTAL PROCEDURES

observation that proteolysis of the N-terminal region of

MMOB from Me. capsulatugBath) readily occurs during Materials and Common MethodSommon reagents were
purification, leading to a protein that is progressively less the highest grade available and were obtained from either
able to enhance the rate of catalysis as larger sections ofSigma (St. Louis, MO) or Aldrich Chemicals (Milwaukee,
this region are remove®{, 29. Proteolysis occurs most  WI). Molecular biological reagents were purchased from
readily between M12-G13 and Q29-V30. Mutation of either Invitrogen (Carlsbad, CA), Qiagen (Valencia, CA),
residues within these regions d&fle. capsulatus(Bath) or New England Biolabs (Beverly, MA). DEAE Sepharose
MMOB to those found in equivalent positions iNl. and Sephadex resins were products of Pharmacia (Piscat-
trichosporium(OB3b) MMOB made the protein resistantto away, NJ).?H,O (99.9%) was purchased from either
proteolysis and loss of function. Another indication of the Cambridge Isotope Laboratory (Andover, MA) or Isotec, Inc.
importance of the N-terminal region has been derived from (Miamisburg, OH).*>NH,CI (99%) and uniformly labeled
recent mutagenesis studies bf. trichosporium OB3b 13C-glucose (99%) were obtained from Isotec, Inc. (Miamis-
MMOB in which the only two histidines in the protein (H5 burg, OH). Water was purified from deionized water using
and H33) were altered, leading to significant changes in the a Millipore reverse osmosis system. Common methods,
rate constants for specific steps in the @inding and including media and agar plate preparation, preparation of
activation steps in the catalytic cycle via an unknown freezer permanents and competent cells, plasmid transforma-
mechanism 17). While it is clear that the N-terminus is tions, plasmid minipreparations, restriction enzyme digests,
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and other DNA manipulations, were performed as described was applied with 256t1) x 1024 (2) complex data points
in Maniatis et al. 23) or in the product literature attached to and spectral widths of 2000 Hz id (**N) and 9000 Hz in
the individual kit or enzyme. t2 (*H) dimensions. Proton homonuclear 2D TOCSY and
Bacterial Growth and Purification of Recombinant MMOH NOESY were used to investigate structural features of the
and MMOB.Bacterial growth ofM. trichosporiumOB3b MMOB N-terminal peptide, as well as peptid&MOH
and the purification of MMOH were as reported previously interactions. A spectral width of 7000 Hz was used in both
(1, 24. Recombinant MMOB was prepared from BL21(DE3) t1 andt2 dimensions, with 256t1) x 2048 (2) complex
or BL21(SI) strains oE. coli containing plasmid pBWJ400 data points being collected. Raw data were converted and
in which the position ofmmobhad been optimized with  processed by using NMRPip28) and were analyzed by
respect to the T7 promoter and ribosome binding site using NMRDraw. Prior to fast Fourier transformation, raw
contained in the pT7-7 vector as previously descritied. ( data were zero-filled to double the size of data points
Preparation of MMOB N-Terminal Deletion Mutarfhe collected, and a 75shifted squared sine-bell function was
mutantmmobgenes and the initial recombinamimobgene multiplied in the time-domain to enhance resolution!th
were sequenced by the University of Minnesota Microchemi- ®N HSQC experiments, a gradient-enhanced version of the
cal Facility to confirm the constructs. To construct th2— pulse sequence was used wherein solvent suppresion was
29 mutant MMOB, the plasmid containing thhemobgene achieved using the gradients. In 2B NMR spectra, the
(pBWJ400) was treated with the restriction enzynhd WATERGATE sequence was used for solvent suppression.
and BsiXI| in order to effectively cut the DNA sequence HSQC Mapping of the MMOB Binding InterfaddSQC
encoding MMOB residues-138. The double-stranded oli- mapping was applied to study the binding interface between
gonucleotide shown below was then constructed that would MMOB and MMOH. **N-labeled MMOB was mixed with
insert into the cut plasmid to restore residues 1 and3® both oxidized and reduced forms of unlabeled MMOH.

Samples containing 0.1 mM MMOB were titrated with 0.01,
5-TATGCAGGTCGTCCACGAGTCCAACGCC-3 0.03, 0.07, and 0.10 mMNVIMOH °< and 0.03, 0.10, 0.13,

3-ACGTCCAGCAGGTGCTCAGGTT-5 0.17, and 0.20 mMMMMOH ", and HSQC spectra were
acquired at 25°C for each sample. The intensity of

Preparation of MMOB-MMOH NMR SamplesAnaerobic resonances from MMOB in the presence of MMOH was
sample handling techniques and the preparatidvilOH ' normalized against the intensity of resonances from a 0.1
have been previously described by Fox et &). (n brief, mM sample of free MMOB.

MMOH and methyl viologen (0.1 mol/mol of MMOH) were N-Terminal Peptide of MMOBT 0 investigate the role of
made anaerobic in 25 mM potassium phosphate buffer, pHthe N-terminus of MMOB, an N-terminal peptide (residues
6.8, in a 3 mLconical bottom reaction vial that was Teflon- 1—29) with an amidated C-terminus was made using solid-
sealed. The enzyme solution was made anaerobic by flushingophase peptide synthesis and was HPLC-purified at the
the reaction vial with oxygen-free argon gas for 30 min at 4 University of Minnesota Microchemical Facility. TOCSY
°C. Anaerobic sodium dithionite was then added stoichio- and NOESY spectra were acquired in order to characterize
metrically (1 mol of reducing equiv/Fe or 2 mol of reducing the structural features of the peptide and its interaction with
equiv/active site) to reduce the MMOH. The reaction was MMOH. For the free peptide, NMR spectra were recorded
allowed to proceed on ice for about 30 min to ensure that with a sample containing 0.4 mM B peptide in 25 mM
the MMOH was fully reduced. AnaerobiéN-MMOB and potassium phosphate buffer (90:1Q4D,0), pH 6.8. For
2H,0 were added directly to tHdMOH ", and the resulting B peptide-MMOH interaction studies, 0.2 mM B peptide
mixture was then transferred into an argon-filled NMR tube was titrated with MMOH at B-peptide:MMOH ratios of 1:1,
that had been subjected to several vacuum/argon cycles. Th&:1, 4:1, and 8:1 for the oxidized form and with MMOH at
NMR tube was then sealed by fusing the top. All samples B-peptide:MMOH ratios of 1:1 and 2:1 for the reduced form.
made to study MMOB-MMOH interactions contained 0.2 'H TOCSY spectra with a mixing time of 60 ms and NOESY
mM 13N-MMOB, and variable amounts of MMOH in 25  spectra with mixing times of 50, 100, 150, 200, and 250 ms
mM potassium phosphate buffer, pH 6.8, 10%0D were acquired. “Knock-out” experiments were designed to

Nuclear Magnetic Resonance (NMR) SpectroscieidyOB test the specificity of B peptide binding to MMOH. In this
was dissolved in 0.6 mL dH,0 or?H,0 containing 25 mM experiment, 0.16 mM MMOB was added to a sample
potassium phosphate, pH 6.8. The pH was adjusted by addingcontaining 0.2 mM MMOH and 0.2 mM B peptide. If the N
microliter increments of 0.1 M NaOH or 0.1 M HCI to the terminus of MMOB competed with B peptide for binding,
sample. In?H,0, the pH was adjusted for the deuterium it was expected that B peptide would be displaced or
isotope effect. The solvent deuterium signal was used as a‘knocked out” from the MMOH binding site upon addition
field-frequency lock. The chemical shifts are quoted in parts of MMOB. This was assessed via analysis of TOCSY
per million (ppm) downfield from sodium 4,4-dimethyl-4-  spectra.
silapentanesulfonate (DSS). Steady-State Kinetic Measuremerfisr multiple turnover

All NMR measurements including 2B4-15N-HSQC @5), reactions using nitrobenzene as an assay substrate, reaction
2D NOESY @6), and 2D TOCSY 27) were done on a  rates were monitored at 407 nm for release of the product
Varian Unity Inova 800 MHz spectrometer equipped with p-nitrophenol € = 15 mMt cmt at pH 7.6, 25°C) using
an H/C/N triple-resonance probe ary/z triple-axis pulse an Agilent Technologies (Palo Alto, CA) 8453 W\Wis
field gradient unit. All spectra were acquired atZa Carrier spectrophotometer. In all cases, the concentrations of reaction
frequencies fot5N andH were positioned at 116 and 4.7 components were as follows: 1uM MMOH active sites
ppm, respectively. To study MMOBMMOH interactions, (MMOH,¢), 1.0uM MMOR, a variable amount of MMOB,

a gradient sensitivity-enchanced version of 2'N HSQC 1.2 mM nitrobenzene, 0.4 mM NADH in 50 mM MOPS,
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Ficure 1: H-1%H HSQC spectra of MMOB'H-1N HSQC NMR spectra of*N-labeled MMOB are shown for free MMOB (panel A) and
for MMOB in the presence oMMOH " at a 1:1 MMOB:MMOH molar ratio (panel B). Protein concentration was 0.2 mM in 25 mM
potassium phosphate at pH 6.8 and°@ Resonance assignments (not indicated here) are given in Changl&)al. (

pH 7.6. The activity for mutated MMOB was normalized to presence of oxidized MMOH, resonance broadening in
the maximum activity using wild-type MMOB. Concentra- MMOB most probably results from weaker binding to
tions of wild-type MMO components and their respective  MMOH and not from the spin state of the diiron complex.
activities were determined as previously describkd2d). If MMOB were binding close to the diiron center of reduced-

Stopped-Flow Absorption Spectroscopsansient absorp-  MMOH (within about 20 A), the effects on NMR relaxation
tion measurements were all performed using an Applied would be substantial and would involve many more reso-
Photophysics Ltd. SX.18MV stopped-flow spectrometer nances than observed here. Since this is not observed,
equipped with the SK.1E extended spectra-kinetic accessoryMMOB must be binding MMOH far enough away from the
(Leatherhead, United Kingdom)yIMOH " was prepared as  active site to avoid any significant effect on relaxation. It
described above and then transferred to one of the stoppedshould be noted that the crystal structures of the oxidized
flow drive syringes, being careful not to introduce oxygen. and reduced forms of MMOH show that the diiron cluster
The second syringe contained MMOB and substratein O is buried at least 12 A from the surface of the protein. Thus,
saturated 50 mM MOPS, pH 7.0 (unless otherwise indicated). barring a major conformational change in MMOH, the closest
The syringes were allowed to incubate at°@ (unless approach of the peptide backbone of MMOB to the cluster
indicated otherwise) for at least 10 min prior to mixing and is likely to be greater than 15 A independent of where it
collecting data. For all experiments, @as added in large  binds on MMOH.

excess over MMOH. The intermediates compoun&)afd The presence of differential resonance broadening ob-
Q were monitored by following the reaction at 700 and 430 served as a function of the MMOB:MMOH molar ratio
nm, respectively. indicates that molecular interactions are occurring between

MMOB and MMOH '. To exclude the possibility of non-
RESULTS specific binding, controls were run in which bovine serum
Interaction between MMOB arfdMOH'. Upon addition ~ albumin (BSA) was added to théN-MMOB solution in

of MMOH ' to a solution oft*N-labeled MMOB (0.2 mM),  equimolar and in 5-fold molar excessi-""N HSQC spectra
1H-15\ HSQC spectra demonstrate that resonances of MMOB on *N-MMOB samples containing BSA were indistinguish-
are differentially broadened depending on the MMOB: able from those run offN-MMOB in the absence of BSA,
MMOH molar ratio. Figure 1 shows HSQC spectra for free indicating that resonance broadening in the presence of
MMOB (panel A) and for MMOB at a 1:1 MMOB:MMOH MMOH was the result of specific interactions between
molar ratio (panel B). Resonance assignments (not indicatedMMOB and MMOH. Also, given the fact that MMOB
here) are given in Chang et all9). In the presence of this  resonances are still observed at the 1:1 MMOB:MMOH ratio,
amount ofMMOH ', HSQC signals from MMOB either are ~ €xchange between MMOB and MMOH must be relatively
not observed or are significantly reduced in intensity, with fast on the NMR chemical shift time scale. This, in turn,
the strongest remaining signals being attenuated to about 259uggests that binding is relatively weak, consistent with a
of that observed with free MMOB. Reduction in signal dissociation constant in the micromolar range as reported

intensity is proportional to the amount of resonance broaden-previously @4, 13. If binding were strong, one would
ing. In reduced MMOH, the ferromagnetically coupled anticipate the absence or near-absence of resonances at the

Fe(ll)—Fe(ll) cluster, having a net sp= 4, could have a  1:1 ratio and uniform reduction in resonance intensities at
considerable effect on the relaxation of MMOB resonances higher ratios. Moreover, the preservation of spectral disper-
if MMOB were binding close to the iron atoms in MMOH. sion indicates that the conformation of MMOB in the
This effect on relaxation depends on the inverse sixth power MMOH-bound state is relatively unchanged from that of free
of the distance between MMOB and the iron center, as well MMOB (19).

as on the lifetime of the MMOBMMOH complex. In This process of HSQC mapping has led to the identifica-
oxidized MMOH, the antiferromagnetically coupled Fe(Hl) tion of MMOB resonances that are more broadened in the
Fe(lll) cluster has a net spi@= 0 such that it will have no  presence oMMOH . For each residue in MMOB, Figure
effect on relaxation of MMOB resonances. Because MMOB 2A plots the change in resonance intensity normalized to
resonance intensities are overall much larger, i.e., lessthat from free MMOB (see Experimental Procedures). Data
broadened, in the presence of reduced MMOH than in the are shown for an MMOB:MMOH molar ratio of 1:1. The
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bottom of the figure. In fact, most highlighted residues visible
in the orientation at the bottom are those that partially
protrude through the structure from the orientation of MMOB
shown at the top. This is partly a consequence of using
backbone NH resonance broadening (as opposed to side-
chain resonance broadening) to derive potential binding site
residues. In this regard, the orientation shown at the top
presents the surface that most probably defines the actual
interaction domain wittiMMOH ".

Interaction between MMOB and Oxidized-MMOWith
MMOH °% resonances of MMOB are also differentially
broadened, again indicating a molecular interaction be-
tween MMOB andVIMOH °* as known from other experi-
ments (4, 15. However, forMMOH °* at the same 1:1
MMOB:MMOH ratio, reduction in signal intensity is sig-
nificantly greater than the 25% noted earlier witiMOH ',

HSQC resonance intensity from MMOB in the presence of MMOH dropping to less than 5% of that observed with free MMOB.
has been normalized to the HSQC resonance intensity from free This difference in the degree of MMOB resonance broaden-
MMOB (see Experimental Procedures) and plotted here versus theing observed between reduced and oxidized forms of MMOH

residue number in MMOB. Data are shown for MMOB in the is consistent with MMOB binding more strongly dMO-

presence oMMOH " (MMOB:MMOH molar ratio of 1:1) (panel | . .
A) and in the presence IMOH °* (MMOB:MMOH molar ratio H than toMMOH " and provides the rationale for using

of 3.3:1) (panel B). Secondary structural elements are illustrated MMOB:MMOH ratios greater than 1:1 when working with

in the middle of the plots as coiled lines far-helices and the oxidized state of MMOH in order to more accurately
rectangular boxes gstrands. determine differential broadening among MMOB resonances.
Although the degree of resonance broadening observed at
the 1:1 MMOB:MMOH molar ratio is consistent with the
known binding affinity of MMOB forMMOH " (micromolar
range) (5), binding of MMOB to MMOH °* has been

Table 1: The Top 30 Most Broadened Residues of MMOB in the
Presence of MMOH

secondary structure

reduced system oxidized system

N-terminus (1-36) F24,A26,H33 H33 reported to be in the 26100 nM range 14). At the low
strand 1 (37-43) VS&\Z/:‘S'A{?O'V“’ N36,L40 end of this range, the system probably would fall into the
turn 1 (44-46) D46 D46 slow exchange regime on the NMR chemical shift time scale,
helix 1 (47-62) A50,I51 V56,L57 and one would not expect to observe such broadening effects.
loop 1 (63-66) Rather one would observe two distinct sets of resonances,
strand 2 (67 72) V68 167 one for free MMOB and one for bound MMOB. Given the
turn 2 (73-74) A73,G74 lecul iaht of th |

strand 3 (75-80) W77 A80 molecular weight of the MMOBMMOH complex, reso-

turn 3 (81-82) nances from bound MMOB would be highly broadened and
strand(éé(88)387) I8g8 I82,8D87 would probably not even be observed. The most likely
turn 4 A A ; i i
helix 2 (89-95) E90 E90.G92,L95 explanation for the observed resonance broadening is that

turn 5 (96-99) the actual dissociation constant for the binding of MMOB

helix 3 (100-107)
loop 2 (108-114)

strand 5 (115118)
turn 6 (119-120)
strand 6 (12+125)

C-terminus (126-138)

V101,D103,L104,L105 V101,Y102,1106
N107,v108,5S110,T111,T111,V112

V112, R114
L118 A115,T117,L118
T120 G119
F122 K121,F122,1124,
T125
E127

to MMOH °X is at the higher limit of that range, i.e., 100
nM.

Figure 2B plots the change in NH resonance intensity for
each residue in MMOB, normalized to that from free
MMOB, in the presence dIMOH °* at a MMOB:MMOH
molar ratio of 3.3:1. The most broadened MMOB resonances
(top 20%) belong to residues listed in Table 1 under the
column titled “oxidized system”. As with the “reduced

most broadened MMOB resonances (top 20%) are associategystem”, these residues are highlighted in red in the NMR-
with residues listed in Table 1 under the column titled derived structure of free MMOB (Figure 3, left). Orientations
“reduced system”, and Figure 3 shows the NMR-derived of MMOB shown at the top and bottom are the same as
structure of free MMOB 19) with these residues highlighted those shown at the right for the reduced system. Although
in red. The two structures shown in the column labeled in the oxidized system highlighted residues are generally
“Reduced system” are related by a 286tation in the plane  more distributed throughout the structure of MMOB, a good
of the page. For the most part, highlighted residues are number of them are the same as those observed in the
proximal to each other and identify an area on the surfacereduced system (L40, D46, 186, A88, E90, V101, T111,
of MMOB that forms at least part of the interaction interface V112, L118, and F122), and some of these are part of the
with MMOH . The structural elements in MMOB that surface area identified above as the MMOB binding region
comprise this binding surface arise primarily frgistrand to MMOH . However, because other affected residues are
1 (A37—M43), a-helix 3 (S106-N107), and loop 2 (V108 scattered throughout the structure of MMOB, the situation
R114). The orientation of MMOB shown at the top in Figure with MMOH °X in terms of identifying a binding domain,

3 displays more solvent-exposed surface area than does thés not as easy to explain as wiMMOH ', where residues
backside of that orientation (180otation) shown at the  from one surface patch essentially can account for most
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Oxidized system Reduced system

Ficure 3: NMR-derived structure of MMOB with interacting residues highlightdiiR-derived structures of MMOBI1Q) are shown.
According to Table 1, residues that are highly broadened are highlighted in red (those most broadened) or in yellow. Structures at the left
are for MMOB interactions with oxidized-MMOH, and structures at the right are for MMOB interactions with reduced-MMOH. Structures

on the bottom have been rotated 186lative to those at the top of the figure. The structurally nondiscript N-terminus, which is positioned

at the bottom of each structure, has been omitted for clarity.

broadened resonances. Three possibilities may help explairbinding of MMOB toMMOH °*is stronger than ttMOH ',
this. First, it could be that more of the surface of MMOB is differential resonance broadening may be more difficult to
indeed required to interface wiMMOH °X. Second, because assess. Third, also due to stronger binding, changes in
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ppm ppm [MMOB:MMOH ratios of 3:1 (B), 2:1 (C), and 1:1 (D)].
Py 9 Notice that in addition to a reduction in intensity, H33
; resonances are shifted as the MMOB:MMOH ratio is
decreased. This is quantified in the plot at the top of Figure
4 which shows the H33HN and HSN chemical shift
differences versus the MMOH:MMOB ratio. These shifts
are greater fot>N than for'H due primarily to the greater
. ppm range accessible teN. No information is available on
B e the other N-terminal histidine, H5, because its assignment
MMOH/MMOB is ambiguous. The question then arose as to why only H33
and no other HSQC cross-peaks were observed to shift (only
broaden). The most likely explanation is that the more
internally mobile N-terminus falls in the appropriate ex-
change regime and the histidin&pis different in the
MMOH-bound state. Notice also that the histidine resonances
are shifted more upfield as the bound state population is
increased. This chemical shift trend in H33 cannot simply
be due to variations in the actual solution pH for two
reasons: (1}°N and'H resonances varied monotonically
as a function of the MMOH:MMOB ratio, and (2) no other
cross-peaks in these HSQC spectra dHATOCSY spectra
(not shown) were shifted. Unfortunately, side-chain reso-
nances of H33, that would have been better indicators for
the histidine protonation state, could not be observelHin
TOCSY spectra. Assuming that chemical shift changes in
o5 56 84 T 52 50 85 55 84 81 80 these'N-*H backbone resonances do reflect the protonation
1Y (ppm) state of H33, an upfield chemical shift is consistent W|_th the
_ ) _ presence of a less protonated state of histid2®. (If this
FiIGURe 4: HSQC expansions showing H3Bour expansions of —\yere g0, the histidinelfy in the MMOB-bound state would
HSQC spectra of MMOB acquired in the absence (A) and in the be Iowe’r than that in unbound MMOB. One bility f
presence oMMOH " [MMOB:MMOH ratios of 3:1 (B), 2:1 (C), - - i " possibility for
and 1:1 (D)]. Notice that in addition to a reduction in intensity, this is that the MMOB histidine is proximal to carboxylate
H33 resonances are shifted as the MMOB:MMOH ratio is group(s) on the surface of MMOH.
decreased. This is quantified in the plot at the top of the figure  |nteraction of MMOB N-Terminal Peptide with MMOH.
y;:ggsiusz&rgHﬂﬁfﬂl—gNBa:gﬁol—il?’N chemical shift differences  gjnce the question of the role of the MMOB N-terminus is
' ’ crucial to fully understanding the function of MMOB in its
modulating effect on MMOH in the MMO system, additional
NMR experiments were performed with a synthetic N-
terminal peptide from MMOB (residues-29: MSSAH-
NAYNAGIMQKTGKAFADEFFAEEN, ‘B peptide’) to as-
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MMOB conformation, internal motions, and/or microscopic
binding affinities at the level of individual residues can have
greater effects on the relaxation and broadening of resonance

in this exchgnglng system. . sess whether this segment of MMOB by itself can interact
MMOH Binding Interface Also lmlves f[he N-Terminus i, MMOH. The rationale for using a peptide was that
of MMOB AT‘O‘her group of MMOB residues th.at fqrms binding to MMOH should be weaker than for parent MMOB
part of the mtgr_acnon mterfa_ce with MMO_H' n elther which would shift the system into a faster chemical shift
red_uced or OX|d|_ze_d states, is found \_N'th'n N-t_ermlnal exchange regime and hopefully improve the ability to observe
rQS|dues +34. This Is supported by two.hr.u.as of evidence. interactions and transfer NOEs (TRNOEs) with MMOH in
First, even though both C- and N-termini in free MMOB v 1o oy states. Initially, sequenti&l assignments for B
are highly internally mobil&(19), several resonances arising peptide were made by analysis of homonuclear TOCSY and
from N-terminal residues are considerably more broadenedNOESY spectra. Based on observed sequential NOE con-
than those from C-terminal residues (Figure 2). Since SOME o ctivities and, in some cases on a process of spin-system

resonances frqm N-terminal residues iq free MMOB have elimination, most B peptide resonances could be assigned
not been assignedl®), a complete picture is absent. (Table 2)

However, within the first 10 residues, resonances from H5 The first interaction studies were carried out using
and Y8 have been assigned, and both are significantlyMMOH  with B peptide to MMOH ratios of 1:1 and 2:1. B
broadened relative to C-terminal residues, as well as to manypeptide concentration was held constant a.t 0.2 mi\/l' and
wit_hin the structured part of the protei_n. The secondlsline of changes in B peptide resonance intensities were as:sessed
evidence comes from the observathn thet and N _using TOCSY spectra as exemplified in Figure 5 for free B
resonances OT H33 are Chem.'c'?”y Sh'fted. as tl_1e MMOB' peptide (panel A) and for B peptide:MMOH ratios of 2:1
MMOH ratlo is changed. This is exemplified in Figure (panel B) and 1:1 (panel C). On addition MIMOH ' at a
Ié\l/lAl\\/I_ODBWhIt%h st;)ows fou’rA\expzn_sut)r?s of HSQC sﬁpgﬁr? for 2:1 ratio, most resonances from B peptide were too broad
in the absence (A) and in the presenc to be observed, while those belonging to C-terminal residues

and alanine methyls were least broadened (see Figure 5). At
2S.-L. Chang et al., unpublished data. a ratio of 1:1 where a larger population of B peptide is in
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Table 2: Proton Resonance Assignments for B Peptide

residue NH aH SH others
M1
Sy 4.53 3.89,3.83
S& 4.41 3.86,3.8
A4 8.11 4.15 1.36
H5 2H7.91
4H 7.0
N6 4.59 2.72,2.66
A7 8.3 4.19 1.23
Y8 8.03 4.49 3.1,2.96 2,6H 7.06
3,5H6.77
N9 4.55 2.73,2.63
Al10 8.2 4.19 1.26
G11 8.23 3.87
112 7.76 411 1.83 y1H 1.38, 1.12
y2H 0.84
0H 0.8
M13 8.29 4.4 2.01,1.95 yH2583,2.45
Q14 8.26 4.26 2.04,1.94 yH2.32
K15 8.35 4.31 1.79,1.72 yH1.41,1.34
oH 1.61
eH 2.92
T16 8.08 4.33 4.2 yH 1.16
G17 8.37 3.96,3.91
K18 8.09 4.24 1.71,1.61 yH1.41,1.34
eH 2.92
Al19 8.14 1.32
F20 453 3.09, 3.02
A21 8.3 4.19 1.28
D22 8.1 4.43 2.63,2.57
E23 8.19 4.1 1.79,1.76 yH1.94,2.04
F24 8.09 4.49 2.96, 2.89 2,6H 7.08
3,5H7.24
4H 4.41
F25 7.98 4.48 3.03,2.92
A26 8.21 4.19 1.3
E27 8.24 4.15 1.99,1.88 yH2.22
E28 8.48 4.19 199,19 yH22
N29 8.37 4.63 2.77,2.68

aThe exact order of the chemical shifts for S2 and S3 is ambiguous.

Chang et al.

those from the mid-region of B peptide (G11, 112, Q14, A21,
E23) increased in intensity, and those from the N-terminus
were still too broad to be observed. This information,
summarized in Figure 6 (middle bar graph), indicates that,
as with the reduced form of MMOH, the C-terminal segment
of B peptide (A26, E27, E28, N29) interacts least strongly
with MMOH °X, whereas the mid-segment and N-terminal
segment interact more strongly. Interestingly, S2 and S3 side-
chain resonances from B peptide were not observed in the
presence oMMOH % whereas they were observed with
MMOH " (Figure 6). Also, side-chain signals from E27, E28,
and N29, which show up in the presenceMiIOH °%, are
absent in the presence MIMOH'. 112 appears in the
presence of both reduced and oxidized forms of MMOH.
These data indicate that while the interaction of B peptide
with reduced and oxidized forms of MMOH is similar, there
are some differences which may be related to changes in
microscopic binding at the level of individual residues due
to slight shifts in the conformation of MMOH that depend
on the enzyme’s oxidation state.

Even though B peptide has been shown to interact with
MMOH, the question of binding specificity arose. In other
words, does B peptide bind MMOH at the same site as does
parent MMOB? To answer this, a displacement experiment
was performed in which MMOB (0.16 mM) was added to a
solution containing 0.2 mM B peptide and 0.2 mM MMOH.
TOCSY spectra shown in Figure 7 exemplify the results.
The TOCSY spectrum in Figure 7A is for 1:1 B peptide:
MMOH without added MMOB, and the TOCSY spectrum
in Figure 7B is with added MMOB. Upon addition of
MMOB, most resonances from the B peptide regain their
intensity. Besides C-terminal residues A26, E27, E28, and
N29, residues A4, A7, A10, T17, A19, F24, and F25 in the
NH- side-chain region and residues S2, S3, and the AMX
spin systems including H5, N6, Y8, and N9 show significant
increases in intensity. In addition, the H5 ring 2H and 4H

the bound state, additional resonances become broadened arr@ésonances are upfield chemically shifted as the MMOH:B
therefore unobservable, and only those arising from the sidepeptide ratio is increased, suggesting a decrease inkhe p
chains of S2, S3, the alanines, N29 (weak), and those fromof H5 in the MMOH-bound state. The displacement of B
backbone groups of 112 (weak), E27, and E28 can still be peptide by MMOB indicates that B peptide indeed binds
identified in the TOCSY spectrum. This information is specifically and to the same site on MMOH as does MMOB.

summarized in Figure 6 (top bar graph) which plots relative

The NMR solution structure of free MMOB indicates there

resonance intensities of groups through the sequence. Theas no obvious regular secondary structure at the N-terminus.
height of the bars in the graph is proportional to backbone However, CD data indicate that there is additional helix
(hatched) and/or side-chain (shaded) resonance intensity. Notontent in the protein other than that which resulted from
only do these data indicate that B peptide interacts with the NMR-derived structurel@). This implies that there
MMOH ", they also suggest that C-terminal (residues A26, should be additional, transient helix formed at the N-terminal
E27, E28, N29) and N-terminal (residues S2, S3) segmentsand/or C-terminal segments of MMOB. For free B peptide

of B peptide interact least witMMOH ', whereas the mid-

in solution (Figure 8A), few conformationally informative

segment of the peptide interacts more strongly with the NOEs are observed in NOESY spectra. However, one-NH
enzyme. For this analysis, it was assumed that the appearancBlH NOE between E23 and F24 does suggest the presence
of alanine methyl resonances was merely due to their of a chain reversal at the C-terminal end of the peptide. In
relatively high internal mobility and consequent narrower contrast, in the presence MMOH °X, B peptide gives a

line widths.

Results with MMOH %, while similar, are somewhat

number of transfer NOEs (TRNOES) that not only supports

the idea of B peptide binding to MMOH but also indicates

different. In this case, experiments were carried out at B formation of structure in the MMOH-bound state. As

peptide toMMOH °*ratios of 8:1, 4:1, 2:1, and 1:1 with the

illustrated in Figure 8B, TRNOESs include NHNH NOEs

B peptide concentration again being held constant at 0.2 mM.between E23 and F24, F24 and F25, F25 and A26, and F24
At a ratio of 1:1, the only signals remaining in the TOCSY and A26, and ong,i+3 NOE between E28H and A26
spectrum were from 112, A26, E27, E28, and N29 and from NH. These TRNOEs are diagnostic of helix formation from
alanine methyl groups (Figure 7A). At the 2:1 ratio (data residues E23 to A26. Most other TRNOESs, such as those
not shown), resonances from the C-terminus remained strongpetween Y8 NH/ring and ApHj3, are short range, with the
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Ficure 5: TOCSY spectra of B peptide in the absence and presendBV@dH . TOCSY spectra are shown for free B peptide (A) and
for B peptideMMOH ' ratios of 2:1 (B) and 1:1 (C). Assigned cross-peaks have been labeled. On additidmaQ@ifl " at a 2:1 ratio, most
resonances from B peptide have disappeared, while those belonging to C-terminal residues and alanine methyls are least broadened.

B peptide : MMOH(re) = 0.2 : 0.2

i A B
A.7
W @ BB - “ade
e b 1 i A
MSSAHNAYNAGI MQKTGKAFADEFFAEEN | £27 - -
- B8 E?ZS K
_
E E.27
B peptide : MMOH(ox) = 0.2 : 0.2 Y . . -p22
e’ < o
P 3 N2 N29 F24
Gﬂll
4 . . 27623 e s
o BT M 28 QI;T.A;;?GZG .
[ MB P F25

B m 8 9 1 1 85 83 81 W 11
1
H (ppm)

FIGURE 7: TOCSY spectra of B peptide in the absence and presence
of MMOH °x. TOCSY spectra are shown for B peptide in the
presence of 1:MMOH ©°% (A) and in the presence of INIMOH ©*

and 1:0.8 MMOB (B). Assigned cross-peaks have been labeled.

L AT
GKAFA
Ficure 6: Summary of TOCSY resonance broadening in B peptide.

Relative resonancne/ intensities of groups through tt?e seq‘iler?lce ofbility of A2—29 MMOB to cause the buildup of intermedi-
B peptide are plotted for B peptide in the presence ofMMOH * atesP andQ in the MMOH catalytic cycle was examined.
(top bar graph), in the presence of MMOH °* (middle bar graph),  In stopped-flow single-turnover reactions in whia2—29
e nemt o ne s bl nchgone MOB in Ocygenated butfer was rapidy mired it
(hatched) and side-chain (shaded) fesonance intensity. MMOH ', it was observed that nB (700 nm) orQ (430
nm) accumulated in the reaction. This is illustrated in Figure
9 panel B, where the time courses@fformation and decay
exception of one TRNOE between 153 and K154/yH, reactions for wild-type anA2—29 MMOB are compared.
(data not shown) that is also consistent with helix or turn It should be noted that in both the steady-state and transient
formation within the mid-region of the peptide. In any event, kinetic experimentsA2—29 MMOB was supplied over a
these data suggest that on binding MMOH, the N-terminus wide concentration range for assurance that loss of ability
of MMOB may adopt a helical conformation. to act as an effector did not result simply from weaker
The N-Terminal Region of MMOB Is Necessary for Its binding to MMOH. Binding of MMOH andA2—29 MMOB
Function. To ascertain whether the flexible N-terminus of was also examined directly using both NMR and fluorescence
MMOB from M. trichosporiumOB3b is functionally im- spectroscopies. Quenching of the intrinsic tryptophan fluo-
portant, a deletion mutant was constructed that lacked rescence of MMOH and2—29 MMOB was observed upon
residues 229 (A2—29 MMOB). NMR spectra of the  mixing, showing that these two proteins do bind, albeit with
purified mutant protein showed that deletion of residues less affinity than observed for the wild-type paldj (data
2—29 does not significantly affect the structure of the well- not shown). HSQC mapping using2—29 MMOB has
folded part of MMOB. However, the mutant was found to indicated that essentially the same residues as with wild-
be inactive as an enhancer of MMO steady-state activity eventype MMOB are affected on binding MMOH (data not
when combined with B peptide (see Figure 9, panel A). To shown). Finally, it was found that B peptide by itself did
determine if this deficiency in increasing MMO turnover rate not cause enhancement of either steady-state turnover or
was accompanied by loss of other MMOB functions, the or Q formation.
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Ficure 8: Transferred NOEs from B peptide in the presence of
MMOH °x. NOESY spectra of B peptide are shown for the free

peptide (panels A) and for the peptide in the presence of 8:1
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MMOH ©°x (panels B). In both sets, panels at the bottom show the Ficure 9: Functional assays fax2—29 MMOB mutant. Panel A:

NH—NH region of the NOESY spectrum, while panels at the top
show theaH/upfield-NH region of the NOESY spectrum. In the
presence oMMOH °X, B peptide gives a number of transfer NOEs
(TRNOES), some of which are labeled in the figure, that are
diagnostic of helix formation.

DISCUSSION

Results presented here demonstrate that the well-ordere

core region of MMOB and also its N-terminal segment both
contain residues that form the binding interface with MMOH

A2—29 MMOB lacks the ability to enhance MMO steady-state
activity. The steady-state activity was measured by following the
production ofp-nitrophenol at 404 nm. The assay included 1 mM
MMOH 4, 1 mM MMOR, variable MMOB, 1.2 mM nitrobenzene,
0.4 mM NADH in 50 mM MOPS, pH 7.6, at 28C. The activity

values were normalized to the maximum value calculated for the
wild-type MMOB. Note: The addition of up to 50 equiv of the

1-29 peptide did not affect the lack of activity of th&2—29
MOB samples. Panel B:A2—29 MMOB cannot enhance Q
ormation. Q was monitored at 430 nm over 102 s by using stopped-
flow absorption spectroscopy (single-wavelength detector). For
MMOB (upper trace), the final reaction included 281 MMOH ¢,

in both its oxidized and its reduced states. In fact, the 25uM MMOB, in 50 mM MOPS, pH 7.0, at 4C. For the bottom

N-terminal segment, which is highly internally mobile and

trace, 10uM A2—29 MMOB and a 20Q«M aliquot of the +-29

conformationally disordered in the unbound state, becomesPeptide were included instead of the full-length MMOB.

at least partly helically structured when bound to MMOH.
While it is known from previous studies that structural
changes occur in MMOH as a result of complex formation
with MMOB (11, 14, 15, 16, 3632), this study provides
insight into which residues of MMOB facilitate this change.
In particular, it provides the first view of the essential
interaction between MMOB anfIMOH ', the complex in
which the novel @gating function of MMOB that initiates
catalysis occursl@). In the following sections, these findings

R114). Aside from this surface patch in the well-ordered
region of MMOB, residues from the N-terminus (F24, A26,
H33) also particpate in binding tiMOH ", as well as in
facilitating the regulatory function of MMOB. In studies with
the MMOB N-terminal peptide, it is also evident that other
N-terminal residues are involved in binding to MMOH.
Moreover, TRNOEs indicate that when bound to MMOH,
the N-terminal peptide becomes at least partly helical in

are discussed in the context of the structural and mechanisticgyrcture. The region of the peptide with the clearest evidence

studies of the components of MMO.

Defining the MMOB-MMOH Binding InterfaceThe well-
ordered region of MMOB is composed of two folding
domains: onefoff (A37—G82) and ongfaoff (A83—
T125) (19). The first domain is folded such that thehelix
runs almost parallel to the antiparall@isheet comprising
the first threeg-strands. In domain twqj-strand 4 leads
into a helix-loop—helix motif with both helices being short

for helical structure formation runs from E23 to A26. Note
that in HSQC mapping studies with parent MMOB, both
F24 and A26, which are part of this helical segment in the
peptide, were identified as residues involved in binding. In
terms of residue type, most of the “binding” residues listed
in Table 1 are hydrophobic (21/30 or 67%). This is consistent
with the observation that binding interfaces of protein
protein interactions tend to be highly hydrophobic for

two-turn helices, and the segment between helix 3 andrelatively strong binding in an aqueous environment. The

B-strand 6 is more like a long loop containing sh@wstrand
5. N-terminal residues-129 are highly mobile and, therefore,
structurally disordered.

The primary interaction surface on MMOB in complex

other types of residues break down as follows: polar
uncharged residues, 4 (N107, S110, T111, T120); positively
charged residues, 2 (H33, R114); and negatively charged
residues, 3 (D46, E90, D103). These may be important in

with MMOH " has been highlighted in Figure 3 and defines directing the binding orientation when docking to MMOH.

a reasonably contiguous patch of surface on MMOB that is

comprised of residues (see Table 1) primarily frGrtrand
1 (A37—M43), a-helix 3 (S100-N107), and loop 2 (V108

In the MMOH *—~MMOB complex, the composition of
MMOB residues identified as primarily interacting with
MMOH °*maintains about the same balance of hydrophobic
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(20/30) and polar residues as MMOB in complex with  when MMOH is oxidized Kq in the nanomolar range), it is
MMOH . In fact, the composition, and in some cases the likely that either a faster association or a slower dissociation
identity, of polar residues is essentially the same, with 4 polar rate constant will result in a longer lifetime of MMOB in
uncharged residues (N36, T111, T117, T125), 2 positively the bound state for the oxidized complex. Consequently,
charged residues (H33, K121), and 4 negatively chargedsince the bound-state MMOB resonances will relax relatively
residues (D46, D87, E90, E127). WilthMOH °X, however, rapidly, the experimental sensitivity will be decreased. Also,
a clear interaction surface on MMOB cannot be readily there will be a significant decrease in the ability to distinguish
identified because resonances that are broadened in HSQ@ntensity differences between resonances belonging to resi-
spectra of MMOB, in the presence BIMOH °X, arise from dues that are directly part of the MMOB binding interface
residues throughout the sequence, and no single surface patcfitom those that are outside of the binding interface. This at
is apparent as is the case with the MMOGBMOH ' least partly explains why the most perturbed residues of
complex. Nevertheless, a number of residues are the samé/IMOB, in the presence dfIMOH °X, are more distributed
as those observed in the reduced system (L40, D46, 186, A88,throughout its structure. The interaction between MMOB and
EQO0, V101, T111, V112, L118, and F122), and, therefore, MMOH is much more readily studied using the reduced
the same surface area identified as the MMOB binding region system because the dissociation constant falls in the micro-
to MMOH " is also involved in binding taMMOH °%. The molar range, shifting the complex into a more favorable
previous report on the interaction between regulatory protein NMR exchange regime. As a result, it is easier to distinguish
B and the oxidized state of hydroxylase frvie. capsulatus  differences between residues directly involved in binding
(Bath) 20) shows that residues W78 (W77 in MMOB), L96 than those not directly involved.
(L95 in MMOB), G97 (G96 in MMOB), F100 (F99 in Although it is unknown where MMOB binds specifically
MMOB), D108 (N107 in MMOB), G114 (G113 in MMOB), = on MMOH, it has been pointed out that association of the
R115 (R114 in MMOB), and Y117 (Y116 in MMOB) are  symmetrical MMOHoSy protomers structurally creates a
most affected upon binding of MMOB thIMOH °*. Even deep groove or “canyon” over the binuclear iron s@ethat
though only L96 is the same in our studies for the oxidized is one candidate for the MMOB binding site. This canyon
system from M. trichosporium OB3b, the regions are is near the active site of MMOH and has a substantial
essentially nearly the same. negatively charged surface potential. Because there is some
Because only 11 of the 30 most affected interfacial evidence that the most important MMGHUMOB inter-
residues are observed in both the reduced and oxidizedactions are, at least partly, electrostatic in natuiBd),
systems, the orientation of MMOB binding to MMOH is searching the structural surface of MMOB has led to the
probably different for these 2 oxidation states. This is the identification of a few positively charged areas that may be
first direct evidence that the binding surface is altered by important for MMOB to bind to MMOH. The most clustered
the redox state of MMOH. In the reduced system, the affected positively charged area in MMOB is near a turn between
residues are located in strand 1, helix 3, and the loop. residues K58 and K63. Current results from HSQC mapping,
However, in the oxidized system, although the affected however, appear to refute this model because the- K&
residues are distributed throughout the sequence, to asegmentis positioned away from the surface on MMOB that
significant extent, they are concentrated in helix 3, the loop, interacts withMMOH '. Resonances from residues K58
strand 5, and strand 6. Helix 3 and the loop define at least K63 are even less perturbed upon binding MMOH than are
one interfacial region on MMOB common to binding to both most other resonances. Moreover, these data show that
redox states. negatively charged residues in MMOB are more perturbed
At least two explanations may account for apparent than are positively charged residues, suggesting that these
differences in MMOB residues that are found to be involved negatively charged residues on MMOB interact with posi-
in the MMOB—MMOH binding interface upon reduction of  tively charged residues on the surface of MMOH. In this
MMOH. First, there may be a genuine difference in the regard, the same can be said with MMOB binding to
surfaces involved on MMOB, MMOH, or both. In each case, MMOH %,
the relative orientation of MMOH and MMOB might change. MMOB N-Terminus Interactions and FunctioAnother
Alternatively, there might be little shift in orientation, but major finding from this study is that the N-terminus of
rather, a significant reorganization of the binding surface MMOB, which is highly mobile and structurally disordered
through conformational change. Presently, one cannot dis-in the free protein, also interacts directly and specifically
tinguish between these possibilities. However, the fact that with MMOH in both redox states and affects its function.
several of the same residues are present in the MMOB In addition, transfer NOE data indicate that the N-terminal
binding interface independent of the MMOH oxidation state peptide in the bound state possesses elements of helical
suggests that the MMOB binding surfaces at least overlap. structure. This information is consistent with that derived
In addition, because effects of complexation are readily from analysis of CD data which suggested that the flexible
observed in the redox potential of theVIOH °* diiron cluster N-terminus (and/or C-terminus) does form additional helix
(15 as well as in the MCD and EPR spectroscopic conformation not differentiable as well-structured helix by
characteristics of the reduced MMOH metal centerl6), NMR (19). The primary region of this N-terminal peptide
it seems likely that MMOB binds in a site near the MMOH that forms a helix runs between residues E23 and AZ26.
active site. This suggests that the MMOB binding sites on Weaker evidence also suggests helix or at least chain reversal
MMOH are also at least proximal. The second reason that within the 112 to K15 segment. Such lack of clarity may be
different MMOB residues may appear to be involved in caused by any number of experimental variables that can
oxidized and reduced complexes relates to experimental
sensitivity. Since binding in the complex is much tighter  3B. J. Wallar and J. D. Lipscomb, unpublished data.
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contribute to attenuating the magnitude of TRNOEs; for T111A, was prepared which modified the region from
example, stronger binding with the mid-segment of peptide hydrophilic to hydrophobic and reduced the size of each of
may lead to differential relaxation terms within the peptide. the residues. Remarkably, this mutant accelerated steady-
In fact, residues in the N-terminal peptide that do interact state turnover of large substrates such as furan and nitroben-
more strongly with MMOH are generally localized within ~ zene by 2-fold, while leaving the specific activity for methane
the N-terminal and mid-segment of this peptide. The C- unchanged. In this case, transient kinetic studies showed that
terminal region appears to interact less strongly with MMOH. the G activation phase of the catalytic cycle was unaffected,
A functional role for the N-terminus of MMOB is but the substrate reaction witp and product release
evidenced by activity studies which indicate that when an segments were significantly altered. For large substrgles,
N-terminally derived peptide from MMOB or an N-terminal reacted 3-fold faster, and the products were released 2-fold
deletion mutant of MMOB that contains only the well- faster, accounting for the steady-state results. In contrast,
ordered portion of the protein, or a combination of the two, methane was observed to react 7-fold slower v@thbut
is used, the enhancement of MMO activity characteristic of product was released at the usual rate. These results indicate
the native MMOB is not observed. Furthermore, transient that mutation in this region causes highly specific changes
kinetic studies show that none of the intermediates of the in the interaction of MMOH and MMOB in accord with the
catalytic cycle form, suggesting that truncation of the NMR results. The results were interpreted in the context of
N-terminal region slows the reaction at the point of initial altering the ease of access of large substrates to the active
O, reaction with reduced MMOH. Since the NMR data show site, which is one way to account for many of the observed
that the residues most affected by binding to MMOH are effector functions of MMOB. Other mutations within the
the same for MMOB and the deletion mutant of MMOB, well-folded region of MMOB near positions that have been
and that the N-terminal peptide apparently occupies the sameshown here to be strongly affected in tOH " complex,
site on MMOH as the N-terminal region of MMOB, it is including residues 26, 101, 104, 105, 114, and 117, have
likely that the two regions of MMOB must be covalently been made, and all lead to nearly complete loss of function.
joined in order to enhance the rate of turnover. Additionally, However, transient kinetic studies have yet to be done to
the data are most easily interpreted under the assumptiondetermine the specific step(s) of the catalytic cycle that is
that interactions from both regions of MMOB are important (are) affected.
for catalysis.
Mutations of NMR-Detected Interfacial ResiduBssed
in part on preliminary results from the current study, several
S|te-spec_|f|c mu.tatlons of MMOB were madd 4. The 1. Fox, B. G., Froland, W. A., Dege, J. E., and Lipscomb, J. D.
changes in function caused by the mutations strongly support (1989)J. Biol. Chem. 26410023-10033.
the conclusions of the current study in terms of (i) the specific 2 \woodland, M. P., and Dalton, H. (1984) Biol. Chem. 259
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