42 Biochemistry2002,41, 42—-51
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ABSTRACT: The soluble methane monooxygenase (sMMO) fidethylococcus capsulaty8ath) is a
multicomponent enzyme system required for the conversion of methane to methanol. It comprises a
hydroxylase, a regulatory protein, and a reductase. The reductase contains two domains: an NADH-
binding and FAD-containing flavin domain and a ferredoxin (Fd) domain carrying a [2Fe-2S] cofactor.
Here, we report the solution structure of the reduced form of the 98-amino acid Fd domain (Blazyk, J. L.,
and Lippard, S. J. Unpublished results) determined by nuclear magnetic resonance (NMR) spectroscopy
and restrained molecular dynamics calculations. The structure consistsfo$tsands arranged into two

p sheets as well as threehelices. Two of these helices form a hetigroline—helix motif, unprecedented
among [2Fe-2S] proteins. The [2Fe-2S] cluster is coordinated by the sulfur atoms of cysteine residues 42,
47,50, and 82. The 10.9 kDa ferredoxin domain of the reductase protein transfers electrons to carboxylate-
bridged diiron centers in the 251 kDa hydroxylase component of SMMO. The binding of the Fd domain
with the hydroxylase was investigated by NMR spectroscopy. The hydroxylase binding surface on the
ferredoxin protein has a polar center surrounded by patches of hydrophobic residues. This arrangement of
amino acids differs from that by which previously studied [2Fe-2S] proteins interact with their electron-
transfer partners. The critical residues on the Fd domain involved in this binding interaction map well
onto the universally conserved residues of sSMMO enzymes from different species. We propose that the
[2Fe-2S] domains in these other sMMO systems have a fold very similar to the one found hite for
capsulatugBath) MMOR—Fd.

Nature has evolved a variety of enzymatic systems capable Among the best-studied of hydrocarbon oxidizing enzymes
of oxidizing hydrocarbons using dioxygen as the oxidant. is the soluble methane monooxygenase fidethylococcus
Included are cytochrome P450 monooxygend3edlkene capsulatus(Bath). It comprises three protein components:
monooxygenase?f, phenol hydroxylase3], and different a carboxylate-bridged diiron-containing hydroxylase MMOH
toluene monooxygenased 6). Among the most interesting (251 kDa), a regulatory protein MMOB (15.9 kDa), and a
of these systems are the methane monooxygenases (MMOs)reductase MMOR (38.7 kDa}lL{, 19. Three-dimensional
because they have the ability to oxidize methane, the moststructures of MMOH {3—17) and MMOB (18, 19 from
stable of all of the hydrocarbons. This process is of this and another organism have already been reported,
considerable biological, chemical, and industrial importance whereas the MMOR protein has not yet been structurally
(6—10). Both soluble and membrane-bound MMOs are Characterized, despite its important role in the catalytic cycle
expressed in methanotrophic bacteria that use methane a$l1, 20-24). MMOR contains two prosthetic groups, a [2Fe-
their sole source of carbon and energy. 2S] cluster and an FAD moiety, which facilitate electron

transfer from NADH to MMOH. The [2Fe-2S] cluster is
: : - located in the N-terminal region of MMOR. Its spectroscopic
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¥ Structures have been deposited with the Brookhaven PDB databaseEPR _measurementQC(, 22, 24, 23 are similar to those
(PDB ID code 1JQ4). Chemical shifts have been deposited with the exhibited by other plant-type ferredoxins. Both the FAD
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L Abbreviations: Fd, [2Fe-2S] ferredoxin; FNR, ferredoxNADP* example, ref26—28). Only a few [2Fe-2S] protein structures
reductase; MMOB, regulatory protein of methane monooxygenase; solved by nuclear magnetic resonance (NMR) methods have

MMOH, methane monooxygenase hydroxylase; MMOR, methane ; ; ;
monooxygenase reductase; MMORd, ferredoxin domain of MMOR; appeared in the protein data barig), all of them in the

PDR, phthalate dioxygenase reductase; SMMO, soluble methaneOXidized FE'Fe! form of the metal cluster30—35). These
monooxygenase. plant-type ferredoxins contain two iron and two inorganic
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sulfur atoms. They function as one-electron carriers, usually DTT, the protein was frozen in liquid nitrogen and stored at
between membrane-bound ferredoxin proteins in photosystem—80 °C.

| and ferredoxin-dependent enzymes or ferredeNADP* For the'®N-labeled protein, the M9 minimal medium was
reductase (FNR)36, 37). The 38.7 kDa size of MMOR and  prepared usig 1 g L™* **™NH,CI (Cambridge Isotope Labs,
the presence of a paramagnetic [2Fe-2S] domain render it aAndover, MA). Uniform3C labeling was achieved by the
challenging structure to determine by NMR spectroscopy. use of 2 g ! *C glucose (Cambridge Isotope Labs,
In part to facilitate this task, the individual [2Fe-2S] and FAD Andover, MA) in the medium and biosynthetic fractional
domains have been cloned and expressé&ahnerichia col? BC labeling with 10%'C glucose 88). Triple-labeled

In the present paper, we report the NMR solution structure samples were obtained from an M9 minimal medium
of the reduced Fd=€" form of the ferredoxin domain of  supplemented witH*NH,4CI, 1°C glucose, and 70% O
MMOR and an analysis of its interaction with MMOH. (Cambridge Isotope Labs, Andover, MA). Typical prepara-
Ultimately, the knowledge of the reductase structure togethertions led to the isolation of 2 mg¥\,**C2H labeled) to 12
with the three-dimensional structure of MMOH will enable mg (°N labeled) of MMOR-Fd per liter of the M9 minimal
us to discuss long-range electron transfer within and betweenmedium. The concentration of MMOR-d was determined

these proteins. by using an extinction coefficient efsg= 9550 Mt cm™1.2
For the selective labeling of leucine and valine residues,
MATERIALS AND METHODS the plasmid pREB-Fd was transformed into competet

coli DL39 cells (auxotroph for Asp, lle, Leu, Phe, Tyr, and

Expression of MMORFd. To produce an expression .Val). The resulting DL39/pREBFd cells were grown in
system for the methane monooxygenase reductase ferredoxn‘)jln M9 minimal medium supplemented with 0.1 mmoPL

domain (MMOR-Fd) that gives high yields in M9 minimal 1 .
: : . g : Fe(NHy)2(SOy)2-6H,0 and 100 mg Lt? of each of the six
medium required for isotope labeling, the plasmid pRED amino acids. Eithet®N labeled leucine or valine was used.

Fc? containing the gene coding for MMORFd was trans- : X S . ;
) . Reverse selective labeling of arginine residues was achieved
formed into competert. coliBL21(DES3) cells. These cells by growing BL21(DE3)/pREB Fd cells in an M9 minimal

were grown at 37C on an M9 minimal medium supple- : .
. e medium supplemented with 0.1 mmotLFe(NH,)x(SOy)2*
mented with 0.25 mM Fe(NB,(SQ),6H;0 and containing ¢~ ' g LE? INH,Cl and 100 mg L2 natu(ral a)tz)fmdai?]ce

ampicillin (100 mg %) with constant shaking. When the arginine

ODggo Of the cultures reached about 0.6 (0.4 in the case of NMR ExperimentsNMR experiments were performed on

a D,O-containing medium), expression was induced by o
: . . the reduced MMORFd protein in 50 mM Na phosphate
adding IPTG to a final concentration of 1 mM, and another buffer (pH 7.0) with 1 mM DTT, 0.1% Napl and 1 x

%éurgmfiﬁg%ﬁg%ﬁfﬁ;ﬂ;ﬁ dag)?igﬁti;sggt?:rzs(ggg Complete Mini EDTA free protease inhibitor cocktail (Roche

5 min) anbl immediately suspended in 50 mL of a lysis buffer Diagnostics, Germany). The addition of +:3 equiv O.f

(20 mM Tris (pH 7.2), 8 MM sodium thioglycolate, 50 mM NaS,0, reduced the protein. The NMR tubes were filled
A ' under a nitrogen atmosphere and flame sealed.

2I5a ill_ gfnlil)hlill a'\gg?)b_’ éilf; Tv%rZﬁ;ﬂgcéyzsrgmczm iF(;na?cde Spectra were acquired at 750 MHz (Varian Unity Inpva),
for 3 x 2 min using 40% output power with a Branson 60(.) MHz (B_ruker DRX), 500 MHz (Brul_<er DR_X’ Varian
Sonifier 450. The soluble cell extract was separated from Um}y or Varian Inova), or 400 MHZ (Varian Unity P'“$) at
insoluble material by centrifugation (180a§)030 min), 25. C. Backbone resonance assignments were obtalned by
decanted, and filtered through Qu2n membranes. It was using standard three-dimensional heteronuclear experiments

. ; : ; . . (HNCA, HN(CO)CA, HN(CA)CB, HN(COCA)CB, and
dialyzed for 2x 90 min periods against 20 mM Tris (pH HNCO) and selective-labeling techniqued9), Side-chain
7.2), 8 mM sodium thioglycolate, and 50 mM NaCl to assignments were obtained by usiity TOCSY—HSQC
prevent a high salt concentration on the following anion- HCCH-TOCSY, 5N NOESY-HSQC, °C NOESY-
exchange column. - HSQC, H(GC-CO)NH-TOCSY, and (H)C(CO)NHTOC-

The protein solution was loaded onto a DEAE CL-6B gy gxperiments 39). Stereospecific assignments of six
Sepharose_ column equilibrated with 20 mM Tris (pH 7.2), methyl groups were obtained with biosynthetic fractior@l
8 mM sodium thioglycolate, and 50 mM NaCl (buffer A).  |aheling @8). Distance constraints were collected fréfn

After the column had been washed with 50 mL of 85% buffer NOESY—HSQC (100 ms mixing time}*C NOESY-HSQC
A, MMOR—Fd was eluted with an 800 mL linear gradient (80 ms mixing time), and homonuclear proton NOESY

from 50 to 500 mM NaCl at a flow rate of 1.0 mL mih experiments (100 ms mixing time). Spitattice relaxation
Fractions of MMOR-Fd, eluting around 370 mM NaCl,  iyesT, of the 3N amide nitrogen atoms were determined

were pooled on the basis of SBEAGE gel analysis but fiting the respective peak intensities as measured by the
could also be identified because of their intense brownish peak height to a single-exponential fitting functistd( 43).

color. After concentration through a 10 kDa cutoff mem-  gnecira were processed with FELIX (Molecular Simulations
brane, the crude protein solution was applied to a SuperdeXne  san Diego, CA) and analyzed with XEAS¥2j on

75 size-exclusion column equilibrated with 25 mM MOPS - gjjicon Graphics workstations. Dihedral angle constraints for
(pH 7.0), 1 mM DTT, and 200 mM NaCl and eluted at a ¢ andy were obtained with TALOS43).

flow rate of 0.5 mL min®. Fractions containing MMOR Binding StudiesTo characterize the interaction of MMOR

Fd were identified by SDSPAGE gel analysis. After buffer g4 ith MMOH, NMR titration studies were performed in
exchange into 50 mM sodium phosphate (pH 7.0) and 1 mM \, ich 15\ 14 HSQC spectra 0fN-labeled MMOR-Fd were
monitored upon addition of increasing amounts of unlabeled
2Blazyk, J. L., and Lippard, S. J. Unpublished results. MMOH. The titration study was performed at MMORd
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concentrations of 0.2 mM and MMOH/MMORFd ratios At all stages of the calculations, hydrogen-bond constraints
of 1:10, 1:6, and 1:2.4. NMR samples were equilibrated at were introduced for the residues showing typical NOE cross-
4 °C for 1 day before recording the spectra to ensure peak patterns fow helices o3 strands in thé>N NOESY—
complete reduction of both MMOH and MMORFd. To HSQC and3C NOESY-HSQC spectra. For each hydrogen
keep the samples reduced, 60 mM,8&®, and 3 mM bond, two constraints were included into the calculations:
NADH were used as reducing agents, giving rise to a final dwn.-o = 1.8-2.4 A anddy..o = 2.8-3.4 A.

pH of 6.6. These experiments showed differential line  Structures were visualized with the program MOLMOL
broadening of the HSQC cross-peaks upon the addition of (53).

MMOH. As already noted in a related studigj, the Modeling of the [2Fe-2S] Cofactor and Its Bnonment
equilibrium examined by NMR spectroscopy comprises a Because of the paramagnetism of the [2Fe-2S] cluster, signals
small protein in the free state and a large (262 kDa) complex from protons within a distance of about 7.8 A from the iron
in the bound state. On the basis of an empirical approxima-ions are broadened out and are difficult to detect under
tion for rotational correlation timegHl), proton line widths ~ standard NMR conditions5@). Different approaches have

in the range of 250 Hz can be estimated for a complex with been applied in the past to circumvent the problem arising
this molecular weight, which would cause the signals of from the lack of meaningful NOEs in the proximity of the
bound MMOR-Fd to be absent from the spectra. Because paramagnetic center, including the use of relaxation rates
of chemical exchange with the bound state, the lines of the (32, 55, 5§ and modeling based on structural homolog§,(
free form are expected to be broadened as well when exces$1, 33. In this work, we primarily made use of the high
MMOR~—Fd is present. The amount of this line broadening degree of structural homology in this region among [2Fe-
depends inter alia on chemical shift differences between the2S] ferredoxins, which allows for reliable modeling of the
free and bound forms. This effect can, therefore, be used to[2Fe-2S] cluster, but we also added two constraints based
identify the binding surface, assuming that the resonancesOn relaxation rates.

of the residues close to the contact surface experience the During the DYANA calculations, constraints for modeling
largest chemical shift changeds]. In the closely related ~ the [2Fe-2S] cluster, derived from X-ray data, were taken
system of MMOH and the regulatory protein MMOB, the from the literature, following a previously described approach

validity of this approach was verified by using simulated (32)- In this case, a modified amino acid residue was
line shapes18, 45. introduced, comprising a cysteine moiety with an FeS group

bound to 8. This new residue was implemented at positions
47 and 82, which define the two poles of the cluster.
@dditional distances used in the DYANA calculations to fix
the cluster geometry are given in Table Sla (Supporting
Information).

. o ) During the X-PLOR calculations, similar distance con-
calculations were performed on Silicon Graphics worksta- straints were used for the [2Fe-2S] cofactor, which was
tions with the program DYANA (version 1.5) using SiMU- joduced by binding one K8, group to residues 47 and
lated annealing by molecular dynamics in torsion-angle spaceg, anq adding all of the other information defining the cluster
(47). A total of 1124 unambiguous NOEs (430 interresidue i, e form of distance constraints (Table S1b, Supporting
and 694 intraresidue) were used as distance ConStra'mSInformation). The Fe-S distances of 2.29 A implemented
supplemented with 18 distance constraints for the [2Fe-2S] 4t this stage were recently determined by EXAFS studies of
cluster. The conformer with the lowest target function was M OR—Fd3

then employed as a template for further calculations with |, hoth cases, backbone dihedral angle constraints derived
the program X-PLOR (version 3.8448§). At this stage of  from the X-ray structure of the ferredoxin domain from PDR
the calculations, a total of 88 residual dipolar coupling from pseudomonas cepaci®DB access code 2PIABT)
constraints were also implemented. For this purpose, amide\yere implemented in order to model residues Ser41-Cys50
proton-to-amide nitrogen couplingk were measured in - ang | eu80-Arg83, with allowed deviations éf30°. This

the modified Fast HSQC pulse sequene)( In this approach is based on the fact that the structure of the [2Fe-
sequence, the hard refocusing proton°}@@se in the middle  2s] cluster and its environment are highly conserved in all
of the nitrogen chemical shift evolution period was substi- plant-type ferredoxins34) and that this information has
tuted by two water-selective 9pulses before and after this  ajready been applied successfully in the determination of the
evolution period to maintain water at thez axis and to  soJution structure ofSynechococcus elongatijgFe-2S]
prevent radiation damping. Théc.co couplings were  ferredoxin 83). PDR, however, has backbone angjes:z
determined with a modified HNCO experimes0j. Align- deysars Peysars anddeiyazs (Corresponding tapeiyas, Peysas
ment of the protein was achieved by adding 20 mgff ¢ o45 and gaes in MMOR—Fd) that differ significantly
magnetic resonance cosolute phage Pfl strain LPII-92 (Aslafrom those in similar [2Fe-2S] ferredoxins (Table S2,
Ltd., Riga, Latvia) b1). Under these conditions the splitting  Supporting Information). The changes in the hydrogen-
of the D,O signal amounted to 10.8 Hz. A total of 4By bonding network around the metal cluster arising from these
and 39 'Dcqco dipolar couplings were used during the differences bring about large differences in redox potentials,
calculations. The axial component and rhombicity of the with the PDR value being-174 mV as compared to the
magnetic susceptibility tensor were determined by using —310 to —455 mV range encountered in most other
histograms of the normalized residual dipolar couplirg3.(

Values of 11.3 Hz'Dwy) and 2.3 Hz {Dcqco) were obtained 3 Jackson, D. A., Merkx, M., Hedman, B., Lippard, S. J., and
for the axial components and 0.08 for the rhombicity. Hodgson, K. O. Unpublished results.

Structure CalculationsThe volumes of the NOESY cross-
peaks of assigned resonances were obtained by using th
integration routines in the program XEAS¥2). NOESY
cross-peak intensities were converted into interatomic upper-
distance limits by the program CALIBALg). Initial structure
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MMOR 3
PDR 233
Fd:FNR 1
C. fusca 1
E. arvense 1
A. variabilis 1
parsley leaves 1

M. caps. (Bath) 3
M. trich. OB3b 1
M. sp. M 1
M. sp Wi 14 1
M. sp. KSWIll 2
M. sp. KSPIll 2

Ficure 1: (Top) Sequence alignment and secondary structure of MMBRfrom M. capsulatugBath), PDR-Fd fromP. cepacia PDB

code 2PIA §7), maize leaf ferredoxin from the FEFNR complex, 1GAQ §8), [2Fe-2S] ferredoxin fronChlorella fusca 1AWD (27),

[2Fe-2S] ferredoxin | fronEquisetum arense 1FRR @8), [2Fe-2S] ferredoxin fronAnabaenavariabilis 7120, 1FXA 69), and [2Fe-2S]

ferredoxin | from parsley leaves, 1PFB2). Cysteine residues bound to the [2Fe-2S] cofactor are colored in red. Helices are denoted in
red andp strands in blue. Secondary structures are as described in the respective PDB files. Residues labeled in yellow are on the contact
surface between Fd and FNR. (Bottom) Sequence alignment of all known MMrdRequences from methanotrophic bactekiacapsulatus

(Bath) (70, 71, Methylosinus trichosporiun®B3b (72, 73, Methylocystissp. strain M 74), Methylocystissp. strain WI 14 15), and
Methylomonasp. strains KSWIII and KSPIII7T6). Identical and similar residues are denoted in dark and light green, respectively.

[2Fe-2S] ferredoxins58—60). The ferredoxin redox potential

in MMOR is —209 mV 1), which is close to that of PDR.
After submitting our preliminary structure calculated without
these additional dihedral angle constraints to the DALI server
(62), we identified the ferredoxin domain in PDR to be
structurally the second-most similar one to MMORd. A
calculation using dihedral angles from the [2Fe-2S] protein
determined to be the structurally most similar one, the
ferredoxin from the green algahlorella fusca(27), resulted

in higher values for the energy target function. This result
supports the conclusion that the fold around the metal cluster
found in PDR better describes the one in MMORd. The
PDR structure was, therefore, used to model this part of the
protein.

RESULTS

Backbone resonances of MMOfd were assigned by
using five triple-resonance experiments (HNCA, HN(CO)-
CA, HN(CA)CB, HN(COCA)CB, and HNCO}):*N selective
labeling of leucine and valine, and reverse labeling of
arginine residues as described previousd@,(63. The
secondary structure elements were identified by an analysis
of short- and medium-range NOEs in thtN NOESY—
HSQC and*C NOESY-HSQC spectra as well as ByC
chemical shift indicesG4). The protein consists of sig
strands arranged in two sheets and thrdwelices. Figure 1
IS:ZOWS an overview of the secondary structure of MMOR FiIGURE 2: Solution structure of the reduced form of MMGRd.

. . (A) Stereoview of the backbone atoms (N*,Gand C) of 10

A tOtal Of 1513 constraints were Used fOI’ the structure Superimposed NMR-derived structures of MMORd (residues
calculation. These comprise 694 intraresidue, 198 sequential 3—96). 8 strands anda helices are shown in blue and red,

66 medium-range, and 166 long-range NOEs as well as 18respectively. The region close to the [2Fe-2S] cluster comprising

[2Fe-2S] cluster distance, 88 residual dipolar coupling, 217 residues Ser41-Cys50 and Leu80-Arg83 has been modeled by using

dihedral | d 66 hvd bond . for 33 dihedral angle constraints derived from the crystal structure of PDR
ihedral angle, an ydrogen-bond constraints (for (57), as described in the Materials and Methods section. (B) Ribbon

hydrogen bonds). Within the core region of the protein, diagram of MMOR-Fd in the same orientation.

residues 3-96, the family of 10 structures shown in Figure

2A has an average backbone rmsd of 0.55 A with respect toturn to form af hairpin, which is flanked by helixo,

the average structure. The structural statistics are summarizeadonsisting of residues Val27-GIn34. This helix is followed
in Table 1. A ribbon diagram of MMORFd is shown in by a long loop that contains three of the four cysteine residues
Figure 2. Residues Val4-Thrll and Glul5-Arg22 form coordinating to the [2Fe-2S] cluster (Cys42, Cys47, and
strandg3; andf,, respectively. They are connected by a tight Cys50). A short strangs is formed from residues Lys51-
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Table 1: Statistics for the MMORFd Solution Structure

constraints
NOE distance constraints 1124
intraresidue 694
sequential |{ — j| =1) 198
medium-range|{ — j| < 4) 66
i,i+2 31
i,i+3 21
i,i+4 14
long-range|i — j| = 5) 166
H-bond constraints 66
[2Fe-2S] cluster constraints 18
dihedral angle constrairits 217
residual dipolar coupling constraints 88

average ensemble rmsd (A) (residue<08)

backbone 0.55
heavy atoms 1.03

aDihedral angle constraints as obtained with TALO&3)( or
generated using DYANA47) based on NOE constraints. B

1201 1195 119.7 1158 1158 §/ppm

Ala52, followed by another stranf, comprising residues
Cys54-Glu56 which runs antiparallel fa. Two helicesa,

and glutamate-richi; extend from residues Val66-Leu69 and B
Pro71-Gly77. They are connected by a tight turn containing (Hmz) - 0
a proline residue. Val79 and Leu80 form a short str@ad —
oriented antiparallel tf; and precede a loop containing the (H?ﬁ) B3
fourth cysteine (Cys82) coordinating to the iresulfur E‘--r HE!@.-,_ et S p—
center. This loop is followed by strangs, which extends (H"18) Y= = -] e[ 2
from residues Glu91-Glu93 and is located betwgemnd HB3 | HP 2
B4 in the three-dimensional structure, running parallel to the Y EE— )
first and antiparallel to the latter. All of the helices are on HP2 o
the side of the protein containing the redox center, while all = i 4
of the 8 strands constitute the distal surface. H* "T;"'&' (H™ 30)

In addition to the 31 hydrogen bonds that constitute the | == <[~ === -
secondary structure elements, two other hydrogen bonds were ) H
identified. The first of these involves the side-chain amide (m 6

nitrogen atom K¢ from residue GIn34 and the backbone

carbonyl atom of Glu20 and packs behind3; and 5, = aN -
(Figure 3A). The existence of this hydrogen bond was H e H

deduced from the downfield-shifted resonance of the amide T = =T
L

0

proton H?! (6 = 9.05 ppm) and the large number of cross-
peaks in thé>N NOESY—HSQC spectrum originating from :
this group (Figure 3B), suggesting a rigid conformation of = e -
the side chain. The other additional hydrogen bond had first (HN'7) HE2!
only been postulated, on the basis of the sequence alignment - 10
of the reductase ferredoxin domain with other [2Fe-2S]
proteins of known structure (Figure 1). In particular, the 19 HN 20 HN 34 HN 34 H%2' 34 H&%2

sequence _allgnment reveals the presence of a_conserveglGURE:’)Z (A) Structure of MMOR-Fd showing a hydrogen bond
serine residue (Ser65) located exactly 20 amino acidsfrom GIn34 H2! to the backbone carbonyl group of GIu20 (- - -).
downstream from a universally conserved glycine residue (B) Selected strips from tHéN NOESY—HSQC spectrum showing

(Gly45) within the iron-sulfur cluster for nearly all [2Fe-  the unusually large number of cross-peaks for the side-chain amide

; : ; group of GIn34, suggesting the involvement ofHn a hydrogen
2S] proteins. A comparison of the respective structures ShOwsbond. The hydrogen-bond acceptor is identified as the backbone

a dis_tincti\{e hydrogen bond from the backbone amide grqup carbonyl group of Glu20 by cross-peaks to its amide and side-
of this serine to the backbone carbonyl atom of the glycine chain protons (- - -). These NOEs are shown in A as thin lines.

residue (Figure 4A). In the case of the ferredoxin domain Arrows indicate NOEs not explicitly shown in A.

from PDR, which does not contain a serine residue at this

position, a methionine that is 19 amino acids away from the A measurement of spirlattice relaxation timedy, of the
universally conserved glycine forms this hydrogen bond. backbone amide nitrogen atoms led to an experimental
Since MMOR also has a serine residue at this specific confirmation of the proximity of Ser65 to the [2Fe-2S]
location, the existence of a hydrogen bond between Ser65cluster, supporting the existence of this putative hydrogen
and Gly45 seemed likely. Because of the close proximity to bond also in MMOR-Fd. As shown in Figure 4B, the
the paramagnetic center, however, no cross-peaks could beelaxation timesl,, are essentially the same over the whole
observed in the NOESY spectra to check this assignment.protein, slightly larger than 90 ms, and become shorter only
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Ficure 4: (A) Structure of MMOR-Fd showing a hydrogen bond

in proximity to the [2Fe-2S] cluster (black, Fe; yellow, cysteine S;
gold, inorganic S) pointing from the Ser65 NH to the backbone

80
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indicates that this residue is similarly located in the vicinity
of the [2Fe-2S] cluster, strongly supporting the occurrence
of the postulated hydrogen bond.

Protein—Protein Binding StudiesThe MMOH binding
face of the MMOR ferredoxin domain was identified by
means of an NMR titration experiment following a strategy
previously described1®, 45. As explained in more detalil
in the Materials and Methods section, signals of bound
MMOR—Fd are expected to be absent from the spectra
owing to the high molecular weight of the MMOH/MMOR
Fd complex. Because of chemical exchange with the bound
state, the lines of the free form should be broadened when
excess MMOR-Fd is present. With increasing amounts of
MMOH, such differential line broadening was indeed
observed for the amide resonance$®M,'H HSQC spectra
of MMOR—Fd (Figure 5). Since an accurate determination
of half-widths was technically difficult to achieve, the amount
of line broadening was measured from the peak height
maxima, which are inversely proportional to the line widths.
This method also reduces possible integration errors that
might be introduced in the case of slightly overlapping cross-
peaks. The peak height of each resonanden the °N,'H
HSQC spectra of MMORFd at different MMOH/MMOR-

Fd ratios was determined according to eq 1, whgreand

h; are the peak height in free and complexed MMERY,

as measured in the absence and presence of MMOH,
respectively. The overbars indicate the average values of all
of the resonances at the respective MMOH/MMORI ratio

and were introduced for calibration purposes. Because of
extreme line broadening of the resonances of free MMOR
Fd at a ratio of 1:2.4, only results for the first two
experiments (1:10 and 1:6 ratios) were analyzed. The data
obtained at both ratios yielded comparable results; we

carbonyl group of Gly45. Several other backbone amide groups therefore discuss the results from the 1:10 experiment only.

are also displayed. (B) Spilattice relaxation timesl,, of the

backbone amide nitrogen atoms. The secondary structural elements

are color-coded (redy. helix; blue,s-strand). Residues not listed
are either terminal, prolines, or in close proximity to the [2Fe-2S]
cluster.

in the proximity of the paramagnetic center, being6%6
ms for Lys51 and 74t 6 ms for Val79, for example. Such
a shortTy, value also occurs for Ser65 (&6 7 ms), which

=

0,i

A,

n 1
. )

0

When theA values for the individual residues (Figure S1,
Supporting Information) are mapped onto a surface plot of
MMOR—Fd (parts A and C of Figure 6), it is evident that

- 105
MMOR-Fd MMOR-Fd + 10% MMOH
¢—G14 TG4
. . . L 110
- L7 -, T.L . g4
© 3 ‘3 - 115
: . oot T, ._D28- . LT *. . D26
Ktz . ™. S V4. Ksl— 3 . °. V4
.. R A 120
°. o ee : b4 ®, T N
. e e A68 . AB8
o . - . : - 125
SN N
- H5 H5
- 130
9 8 7 9 8 7 &/ ppm

Ficure 5: Differential line broadening id°N,'H HSQC spectra of MMORFd. Upon the addition of 10% MMOH, peaks corresponding

to amide groups close to the binding surface display more than average line broadening (e.g.,=-D@&4; K51,A = 0.49; A68,A =

0.59), whereas peaks corresponding to amide groups away from the contact interface show less than average line broadening (e.g., V4,
A = —0.84; H5,A = —0.36; G14,A = —0.27). Both spectra were recorded under otherwise identical conditions and are displayed at the
same contour level.
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R83

Ficure 6: Mapping of binding data (A) onto a surface plot of the MMORd core (residues-494) shown in the same orientation as a

ribbon diagram (B). The protein is rotated counterclockwise aboua@sund first the/-axis and then thg-axis with respect to its orientation

in Figure 2. In A, residues 4050 and 86-83 are omitted to obtain a better view of the [2Fe-2S] cluster (black, Fe; yellow, cysteine S;

gold, inorganic S) because these resonances are already broadened in the absence of MMOH. Because no binding data could be obtained
for proline residues, they are also omitted. The binding data mapped in A are those obtained at a ratio of MMOHARNM@R:10. Blue

and red residues represent positive and negative values feq 1) and, therefore, depict amino acids that are close and distant to the
binding face, respectively. To obtain a more realistic view of the contact surface, binding (C), homology (D), electrostatic (E), and
hydrophobicity (F) data are also mapped onto the complete surface of the protein core. In C, residues missing in A are marked in yellow.

In D, identical and similar residues according to Figure 1 are marked in dark and light blue, respectively. In E, blue and red represent
positive and negative partial charges, respectively. In F, all of the hydrophobic residues are shown in blue.

all of the amino acids with resonances that exhibit line the C terminus of the Fd domain links to the N terminus of
broadening are located on the side of the protein that houseshe FAD domain. Furthermore, the lack of secondary
the [2Fe-2S] cluster and tlehelices. Thus, this face appears structure at the C terminus might be indirectly correlated to
to be the MMOH binding site. The residues least affected the large difference in redox potentials between MMOR
upon binding of the hydroxylase are located on the opposite Fd (—209 mV) 61) and most other [2Fe-2S] ferredoxins
side of the protein, which contains tffesheet. The location  (—310 to —455 mV) 68—60). For PDR b7), which has a

of the MMOH binding face identified in this way maps well  redox potential close to that of MMOR, theoretical calcula-
onto the residues conserved among all of the MMOR proteinstions suggest that this difference is mainly due to changes
sequenced to date (Figure 6D). The electrostatic and hydro-in the hydrogen-bonding network around the metal cluster
phobicity surface plots (parts E and F of Figure 6) suggest (58, 59. This network is altered when a conserved serine,
that the contact interface has a polar center with Arg43, usually located between the second and third cysteine
Glu44, and Arg83 as charged residues and is surrounded bytesidues that bind to the iron atoms, is substituted by a

patches of hydrophobic residues. glycine. In MMOR, it is substituted by alanine (Ala48),
suggesting similarly altered hydrogen bonds. Because this
DISCUSSION serine usually serves as a hydrogen-bond donor with a
The structure of the reduced ' form of MMOR— conserved glutamate residue located in the C-ternoireglix

Fd is similar to those of other plant-type [2Fe-2S] ferredox- as the acceptor2), its substitution by an alanine renders

ins, despite their disparate physiological electron-transfer tN€ néed for a hydrogen-bond acceptor at the C terminus
partners. Several key differences are apparent, however. On&Nnecessary.

typical feature of the geometry of [2Fe-2S] proteins not ~ The aforementioned serine has been reported to play a
covalently linked to their respective electron-transfer partners central role in stabilizing the molecular surface of [2Fe-2S]
is a shorto. helix of amino acids with negatively charged proteins 26, 65. Apparently, such stabilization is unneces-
side chains at the C terminu&7, 33, 65. In MMOR—Fd, sary in MMOR-Fd or is being achieved in a different way.
this region neither displays a defined secondary structure norlt would be interesting to perform a systematic mutagenesis
contains residues with charged side chains. This differencestudy with MMOR to investigate further and verify the

is not entirely surprising, because in the full MMOR protein, above-mentioned conclusions. For example, would an A48S
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mutation have a significant influence on the redox potential, region, which seems to be closer to the contact interface in
even without the presence of negatively charged residues athe Fd-FNR complex. In contrast, several conserved residues
the C terminus as possible hydrogen-bond acceptors? of MMOR—Fd, located between Glu25 and Thr29, experi-
A second feature that, to our knowledge, is unique among ©Nceé substantial line broadening during the ftitration of
all [2Fe-2S] proteins is a helixproline—helix motif involy- ~~ MMOR—Fd with MMOH that are not this close to the
ing helicesa, and as. In this region, all MMOR proteins  contactinterface in the FEFNR complex. These subtle shifts

have a short, highly conserved sequence (QALP) that is notin orientation of the contact surface are probably necessary
present in other plant-type [2Fe-2S] proteins. These residuedn order to keep the [2Fe-2S] cluster within reach of both

binding of MMOR—Fd to the hydroxylase protein (see the Most of the residues at the contact interface of the FNR
following discussion). complex, labeled in yellow in Figure 1, are conserved in all

of the [2Fe-2S] proteins except for MMORd and PDR-

An interesting property of the MMORFd sequence is Fd and vice versa. This difference most likely reflects the

the cluster of five consecutive glutamic acid residues from e " 4
GIu72 to Glu76, which is partially conserved among MMOR need for specific recognition of the respective electron-
proteins from other species. The solution structure presenteuI ransfer pa_rtner. ) ] _ o
here reveals that these residues are all part of hejix The titration data essentially confirm a previous prediction
Although other [2Fe-2S] ferredoxins from plants and algae that residues Asp24-GIn34 form amn helix involved in
are alsoo helical in this region, they do not reveal much Ccomplex formation with the hydroxylase. This postulate was
sequence similarity with MMORFd (Figure 1). Because Pased on an analysis of crystal packing of MMOH and
approximately the first half ofis, the conserved part of the ~ inhibition studies with a synthetic peptiddd). As the
Glus sequence, is involved in binding the hydroxylase protein MMOR—Fd  solution structure shows, Val27-GIn34 do
(see the following discussion), the accumulation of a large indeed form ano. helix. Furthermore, the NMR-derived
number of negatively charged residues at this location binding data indicate that the first half of this helix is close
strongly suggests that they interact with a corresponding to the contact interface with MMOH, supporting the former
region of positively charged amino acids on MMOH. conclusion based on crystal packing.

The high sequence homology in MMOR proteins from Three of the six residues with the largest amount of line
different species suggests that the structures of the other fivebroadening, GIn67, Ala68, and Leu69, are located in helix
[2Fe-2S] domains fold in a manner very similar to that found @2 the firstin the helix-proline—helix motif. This sequence
here for MMOR-Fd and are likely to share the hetix is strictly conserved among MMOR proteins and has not yet

proline—helix motif and the absence of secondary structure Peen observed in other [2Fe-2S] ferredoxins. We, therefore,
at the C terminus. suggest that helix., is absolutely necessary for binding to

Binding StudiesThe majority of residues experiencing line MMOH. o
broadening upon the addition of MMOH are hydrophobic.  The good agreement between the NMR binding data and
Several residues for which no experimental data are available the positioning of conserved residues (Figure 6) leads to the
owing to their close proximity to the paramagnetic diiron conclusion that the full reductase protein binds the hydrox-
center, are polar, and most of them are uncharged. We,ylase in the same manner as its individual ferredoxin domain.
therefore, conclude that both hydrophobic and electrostatic MMOR—Fd should, therefore, serve as a good model for
packing forces are important for complex formation. This MMOR in electron-transfer studies. Eor example, electron
finding is consistent with results from other systems that transfer between the [2Fe-2S] center in MMOR and the
utilize plant-type ferredoxinsg). The hydrophobic residues ~ diiron center in the hydroxylase should occur without
surrounding the ones housing the [2Fe-2S] cluster might mterfgrence from the prec_edmg intrareductase step. Such
serve as a template to minimize structural rearrangementseXperiments are currently in progréss.
at the dimetallic center during electron transfer. The par-
ticipation of electrostatic forces in the binding interaction is CONCLUSIONS
consistent with the previous observation that MMOR and
the regulatory protein MMOB do not compete for binding

sites on the hydroxylaseQ), because the interaction between the first such information about the reductase component of

MMOH and MMOB is mainly hydrophobic1@®). SR
. ~any sMMO enzyme system. Its globular shape is similar to

Because excess reductant was present during the titrationnat of other [2Fe-2S] proteins, but its fold shows differences
experiments, we monitored MMORFd binding to the  jj the ocation of twax helices. A comparison of the putative
reduced form of MMOH. The interaction surface most likely pMMOH binding site on MMOR-Fd with the contact
does not depend on the oxidation state, however. Binding syrfaces of other ferredoxin proteins reveals that, although
studies of MMOB reveal essentially identical interactions they are all located more or less in the same region of the
with both reduced?7) and oxidized {8) MMOH. protein, the different affinities for their distinct electron-

The contact surface on MMORFd is located in a region  transfer partners are achieved by having different conserved
similar to that in the recently published complex between residues on the protein surface. The results presented here
maize leaf [2Fe-2S] ferredoxin and F8IADP* oxidoreduc- are an important contribution to our understanding of the
tase 68), a member of the flavoprotein electron transferase mode of action of the MMO enzyme components, and they
family with dissociable electron carriers. Several differences are a first step toward unraveling the structure of the complete
exist, however, one of them again involving the C-terminal methane monooxygenase reductase.

We have solved the structure of the reducetifed form
of the [2Fe-2S] domain of MMOR in solution, providing
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