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ABSTRACT. Toluene 4-monooxygenase (T4MO) is a four-component complex that catalyzes the regiospe-
cific, NADH-dependent hydroxylation of toluene to yiefdcresol. The catalytic effector (T4moD) of

this complex is a 102-residue protein devoid of metals or organic cofactors. It forms a complex with the
diiron hydroxylase component (T4moH) that influences both the kinetics and regiospecificity of catalysis.
Here, we report crystal structures for native T4moD and two engineered variants with eithek et (

or 10 (AN10-) residues removed from the N-terminal at 2.1-, 1.7-, and 1.9-A resolution, respectively.
The crystal structures have C-alpha root-mean-squared differences of less than 0.8 A for the central core
consisting of residues 198, showing that alterations of the N-terminal have little influence on the folded
core of the protein. The central core has the same fold topology as observed in the NMR structures of
T4moD, the methane monooxygenase effector protein (MmoB) from two methanotrophs, and the phenol
hydroxylase effector protein (DmpM). However, the root-mean-squared differences between comparable
C-alpha positions in the X-ray structures and the NMR structures vary far8 A to greater than 6 A.

The X-ray structures exhibit an estimated overall coordinate error from 0.095 (0.094) A based on the
R-value R free) for the highest resolutiohN4-T4moD structure to 0.211 (0.196) A for the native T4moD
structure. Catalytic studies of tleN4-, AN7-, andAN10- variants of T4moD show statistically insignificant
changes irkeas Km, kealKm, and K| relative to the native protein. Moreover, there was no significant
change in the regiospecificity of toluene oxidation with any of the T4moD variants. The relative insensitivity
to changes in the N-terminal region distinguishes T4moD from the MmoB homologues, which each require
the ~33 residue N-terminal region for catalytic activity.

T4MOt is a member of the diiron monooxygenase family plexes are classified as either aliphatic or aromatic hydroxy-
of enzymes I). These evolutionarily related enzyme com- lases 2). MMO, a member of the aliphatic monooxygenase
class, is the most thoroughly studied diiron monooxygenase
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interactions between the hydroxylase and reductase/ferre-and 10 residues deleted from the N-terminal of the native
doxin components are required for electron transfer during protein. These latter variants are designatdd4-, AN7-,
catalysis 8, 5, 7). X-ray crystal structures of terminal and AN10-T4moD, respectively. The crystal structures of
hydroxylases MmoH fronMethylococcus capsulatBath) the natural enzyme and tleN4- andAN10- variants were
and Methylosinus trichosporiunOB3b and the toluene/ refined to resolutions between 2.1 and 1.7 A in two space
o-xylene monooxygenase frofiseudomonas stuze@X1 groups. Collectively, these structures exhibit low root-mean-
have been solvedB(10). Furthermore, NMR structures of  squared differences, indicating that the protein core is well-
the Rieske ferredoxin T4motthe ferredoxin domain, and ordered, independent of the presence of the N-terminal
the flavin domain ofM. capsulatugBath) oxidoreductase region, and not influenced by the different crystal lattice
have also been solved1—13). packing environments present in the two space groups.
The effector protein has also been shown to serve anComparison of the T4moD X-ray crystal structures with the
essential role in catalysis through formation of a protein  NMR structure reveals substantial agreement with the
protein complex with the hydroxylasel4—20). NMR topology of the fold. However, the high-resolution X-ray
structures of effector proteins from each catalytic subclass structures allow a reassessment of certain structural features
have been solve@(—24). Although these structures exhibit proposed from our previous NMR work on T4moD, includ-
approximately the same topology of secondary structural ing hydrogen-bonding interactions, the positions of several
elements, there are significant differences in the 3D struc- side chains, and the nature of an internal cavity. Progressive
tures, which may arise in part from the different numbers of removal of the N-terminal residues from T4moD is also
NOE restraints used to calculate the solution structies ( shown to have only a modest influence on the steady-state
24). The present crystal structures, determined to 2.1 A kinetic properties and no significant effect on the regiospeci-
resolution and better, allow comparison with the NMR ficity of product formation in the reconstituted T4MO
structure of T4AmoD and other effector proteins. complex. Thus, specific interactions of residues in the
In each of the previously determined NMR structures, a N-terminal end are apparently not required for aromatic
portion of the N-terminal region was disordered. For the hydroxylation in the T4moH, in contrast to the essential role
MMO subclass, the disordered N-terminal region~i83 for the N-terminal end in the MmoB homologues during
residues long. Deletion of the-iérminal end results in the  methane hydroxylation.
complete loss of catalytic effector activitgg, 26). More
specifically, His33, which is five residues before the start MATERIALS AND METHODS
of beta-strand 1 in the folded core of the protein, has a Construction of T4moD Isoform3¥he AN4-, AN7-, and
controlling influence on the rate of formation and decay of AN10-T4moD isoforms were created by removal of the
transient catalytic intermediate®7). Intriguingly, mutagen- indicated number of amino acids from the N-terminal region.
esis of His33 gave no apparent effect on steady-stateThese isoforms were constructed by PCR using the expres-
catalysis, which instead appears to be governed by rate-sion vector pJDP011( 34, 35) as the template, Vent DNA
limiting product release?(?). Mutagenesis also changed the polymerase (New England Biolabs, Beverly, MA), and a
product specificity 25, 26). As His33 is conserved in all  Perkin-EImer Model 9600 thermocycler (Perkin-Elmer,
sequenced examples of MmoB, the effector proteins areFoster City, CA). The following oligonucleotides were
thought to control internal steps of the multistep catalytic purchased from Integrated DNA Technologies (Coralville,
cycle through formation of specific protetiprotein interac-  |A) and used as forward primers to create the deletions:
tions (16, 18, 19, 25—-31). AN4- (5-agcacaCATATGgatcaggctttacatady-AN7- (5-
Sequence alignments and structural analyses have shownggctgatCATATGttacataacaataacg;:3AN10- (5-gcttta-
that there is substantial variation in the length of the CATATGaataacgttggaccgattatcct-Zapital letters indicate
disordered N-terminal regions of the effector proteins from the position of arNdd restriction site used to place the start
the various enzyme subclasseXl {24, 26, 32, 33). For codon at the correct location relative to the ribosome-binding
example, the N-terminal disordered region of the effector site in pJDPOL. The reverse primer was&aggggttatgctagt-
proteins from the aromatic ring monooxygenases are only tattgctcagcggt-3To generate PCR products, a/0reaction
~3 (subclass I, T2MO/phenol) o¢13 (subclass Il, TAMO/  was subjected to 30 cycles of denaturation af@4for 45
benzene) residues long, respectively. Furthermore, sequence, anneal at 60C for 30 s, and extention at 7Z for 45 s.
alignments revealed that there was no sequence conservatiofhe PCR products were gel-purified and digested witta
among these N-terminal sequences and that only four of theand BanHl and cloned into similarly digested pET3a
effector proteins from subclass Il contained a His residue (Novagen, Madison WI). The final constructs were se-
anywhere in the N-terminal sequence. Consequently, the rolequenced using the Big Dye sequencing kit (Perkin-Elmer)
or requirement of these shorter N-terminal sequences inat the University of Wisconsin Biotechnology Center.
effector protein catalysis has not yet been established. In the Preparation and Characterization of T4moDhe T4moD
T4moD solution structure, the disordered region consists of variants and all other T4AMO proteins were overexpressed
the sequence from Serl to Asni2. and purified as previously reported, (36, 37). Yields of
Here, we report X-ray crystal structures and functional purified T4moD were~10—15 mg/L of culture medium. The
analyses of natural T4moD and truncated variants with 4, 7, SeMet-labeled T4moD was produced by fed-batch fermenta-
tion in expression hosEscherichia coliB834(DE3) as
2The crystal structure of T4moC has also been determined to 1.48 previously described 3). Electrospray ionization mass
A resolution (PDB code 1VM9). . . spectrometry was performed at the University of Wisconsin
The residue numbering used in this work is based on counting after _" . . .
removal of the N-terminal Met residue, giving Serl as the first residue Biotechnology Center using a Perkin-Elmer Sciex API 365
in the mature protein obtained from bacterial expression. triple quadrupole mass spectrometer. Steady-state kinetic
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Table 1: Data Collection and Model Refinement Statistics

T4moD variant native- AN4- AN10-
Data Collection Statistics
resolution range (A) 372.05 (2.1+2.05) 37-1.71 (1.86-1.71) 16-1.96 (2.07-1.96)
unique reflections 19009 23407 15889
completeness (%) 96.5 (78.2) 99.99 (99.9) 99.8 (99.8)
Reym (%0)2P 6.6 (29.4) 12.5 (35.1) 6.4 (31.7)
lo(l)e 6 (2.5) 3.4(1.9) 9.6 (2.3)
Refinement Statistics

resolution range (A) 372.1 371.71 16-1.96
no. of reflections 17059 21007 14262
R-factor 0.243 0.154 0.192
R-free! 0.289 0.185 0.249
no. of non-H protein atoms 1579 1473 1404
no. of water molecules 58 238 167
no. of 1,2,3-heptanetriol molecules 0 0 1
meanB, protein atoms (A 50.7 14.5 25.0
meanB, water molecules (3 49.6 33.1 36.8
meanB, 1,2,3-heptanetriol molecule ¢ 31.8
rms deviations from ideal

bond lengths (A) 0.018 0.016 0.019

bond angles (deg) 1.6 1.6 1.7

aNumbers in parentheses are for the highest resolution $hille average agreement between the independently measured intehi$hies.
root-mean-squared value of the intensity measurements divided by their estimated standard déGatoutated with 10% of the data.

assays and determinations of product distributions were asA. Two protein molecules were present in the asymmetric
previously reported 22, 35). Velocity data for p-cresol unit. The structures for th&AN4- andAN10-T4moD isoforms
formation versus effector protein concentration were fitto  were solved by molecular replacement in CNS with the
= keaf SV (K + [S] + ([S]Z/K))) using the NonLinearRegress native T4moD structure as the search model after appropriate
routine of Mathematica (v4.0.1.0, Wolfram Research, Inc. truncation of the N-terminal residues, removal of solvent
Champaign, IL), wher&.is the maximal reaction velocity, molecules, and assignment of tBefactors to 20 & The
[S]is the concentration of effector proteldy is the apparent  final structure forAN4-T4moD had arR-factor of 0.15 and
Michaelis constant for formation of the activating complex anR-free of 0.19 with data between 37 and 1.71 A resolution.
of effector protein, andK, is the apparent equilibrium  The refinedAN10-T4moD structure had dfactor of 0.19
constant for formation of the inhibiting complex of effector and anR-free of 0.25 with data between 16 and 1.96 A
protein. Theke.srvalues are reported as turnover numbers resolution.

relative to diiron center in theafSy) protomer of T4AmoH. Validation of the refined models and Ramachandran
Crystallization and X-ray Diffraction Data Collection  anajysis were done using SFCHECA9( and PROCHECK

Single crystals were obtained for the natural, the SeMet- (49-51). Solvent exposed surface areas were calculated with
enriched and thAN10- variants as previously describ&). a 1.4 A probe radius with DMS implemented in the
Crystals of theAN4- variant were obtained from the same \jjgasPlus package from the Computer Graphics Laboratory,
conditions used for theAN10- variant 88). The X-ray University of California, San Francisco, CA (supported by
diffraction data were collected from cryo-preserved crystals NjH p41 RR-01081)%2), CNS, CCP4, or Swiss-PdbViewer
at approximately 100 K and processed as previously reported(y3 7p2) 63). Secondary structure assignments were made
(38) with the diffraction data for thé\N4- variant collected using KSDSSPH4). The rms difference between models was
at the SER-CAT facility of the Advanced Photon Source ca|culated with CCP4 or Swiss-PdbViewer. Structure figures
(APS), Argonne National Laboratory. were prepared using Swiss-PdbViewer and PovRay (v3.5)

Crystal Structure DeterminatioriThe structure of native  or pyMOL (DeLano Scientific LLC, Castro City, CA).
T4moD was solved with MAD phasing using a four-

wavelength data set collected from a SeM&4moD crystal RESULTS
(38). Two molecules of T4AmoD were present in the asym-
metric unit. Three Se atoms were located with SOL\3B) ( Crystal Structure Determination$he X-ray data collec-
using data between 33 and 3.0 A resolution and refined with tion and refinement statistics for the nativéj4-, andAN10-
SHARP @0) as previously reportecB8). The experimental ~ T4moD are shown in Table 1. Although an NMR structure
phases between 33 and 3.0 A resolution were appended tdor T4moD was previously determine#), various search
the 2.09-A resolution native T4moD data set. Phase extensionmodels derived from the solution structure ensemble did not
and solvent-flattening to 2.09 A was performed with the yield a molecular replacement solution for the native crystal
CCP4 suite of programdg). Model building was performed  structure. Consequently, the SeMet-enriched T4moD was
with the program 042, 43) and refinements were with CNS  crystallized and used to determine experimental phases via
(44) and/or REFMACS 45, 46). Cross-validated F, — MAD data analysis techniques. Phasing statistics for SeMet
DF. andmF, — DF. maps #7) were used to evaluate the T4moD are reported in Orville et al. (20038). The 3.0 A
model and correct errors. Water molecules were located andresolution electron density map resulting from refining three
refined in the final stages of refinement with ARP/Waters Se atom$in space groufP6,;22 was interpretable and used
(48) and REFMACS. to build the majority of the initial model. The phase-extended,
The AN4- andAN10-T4moD variants crystallized in space  solvent-flattened map at 2.1-A resolution for native T4moD
groupP2;3 with unit cell dimensions od = b = c = 86.8 was then used to complete the model building. The model
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Ficure 1: Comparison of the X-ray crystal structures of the T4moD variants. A divergent stereo-overlay of bakbone trace for
natural- (red) AN4- (green), andAN10-T4moD (blue), with arrows highlighting the regions that differ slightly in the three structures.

for native T4moD was then refined against the 2.1 A Table 2: Root Mean Squared Differences between the T4MoD
resolution data obtained from the native protein. The final X-ray Structures and Related NMR Structires

refined model for native T4moD had dRfactor of 0.24 T4moD MMO MMO
andR-free of 0.28 with data between 37 and 2.1-A resolu- AN4-A® AN10-A° NMRY (OB3by (Bath) DmpM¢
tion. native-A  0.59 0.45 1.88 174 188  6.96
Each of the truncated T4moD variants crystallized in space AN4-A° 0.66 1.95 177 191 690
AN10-A° 1.91 1.68 210 6.86

group P2;3, and molecular replacement was used to solve
these structures using a search molecule derived from the Superposition of €atoms using SwissPdb-Viewer and the iterative

native crystal structure. The crystals AN4-T4moD dif- fit function. ® Residues 5100 in either chain A or chain B.Residues
Y Y 11-98. ¢ Alignment with the best representative NMR structure [PDB

fractgd to the highest .resolutlon .(1.7 A), and the resulting 1G10, @2)]. ¢ Thirty-four C, atoms between residues-3626 in the
atomic model was refined to a fin&-factor of 0.15 and  pest representative structure from PDB code 2MOB_211). ( Fifty-
R-free of 0.19. Ramachandran analysis of all the crystal nine G, atoms between residues-3628 in the best representative
structures showed that over 90% of the residues were locatedtructure from PDB code 1CKV_124). ¢ Fifty-four C, atoms between

in the most favored region. In the natural T4moD, Arg45 is residues 3184 in the best representative structure from PDB code
. . LY . ' . 1HQI_3 @23). The best representative structure was selected from
in the q|sallowgd region in b.oth chams_A and B. The residue analysis of the ensemble NMR structures using OLDERABE).(

is also in the disallowed region for chain A or B of thé\4-

T4moD and AN10-T4moD structures, respectively. The ) _
high-resolution structure ckN4-T4moD suggests an alter-  Nelix and the hairpin turn between strarisandf3. Each

nate conformation for Tyr47 in the B chain. At this position, ©f these regions also corresponds to larger thermal factors,
the anF, — DF, electron density maps are consistent with Suggesting some inherent structural variability to the fold.
the two most common conformers found in the O library.  From one perspective, the shape of T4moD is roughly
The X-ray structure of thAN10-T4moD variant contains a  triangular with approximately 24 A 20 A x 23 A edges
single 1,2,3-heptanetriol molecule, an additive in the crystal- when measured at,Gtoms of residues 46, 54, and 60. From
lization solution, located at the interface of the two molecules the orthogonal perspective, the molecule is roughly rectan-
in the asymmetric unit. Each of the heptanetriol hydroxyl gular with a width and length of approximately 20 A by 30
groups hydrogen-bonds with either a solvent molecule or A when measured at Catoms of residues 3189 and 54
the carbonyl oxygen atoms of residues Leu80-A, Leu80-B, 69, respectively. Two sides of the triangular shape are
or Glu77-B. comprised of antiparallgs-sheets, and the backbone trace
Overall Structure DescriptionThe three crystal structures  ¢rpsses the corner connecting them three times. A Gly residue
of TAmoD are similar, especially for the core region (residues js present at each place the backbone chain crosses the vertex
11-98) as illustrated in Figure 1. Indeed, the rms difference o ne triangle (Gly36, Gly54, and Gly85 in T4moD). Figure

between G atoms in the core is less than 0.8 A (Table 2) 3 5150 shows a structure-edited sequence alignment of the
despite several differences in secondary structure assignments¢tacior proteins, and the consensus alignment shows that

(dlzgussled b?onv)a_F_lgurT EdShOWS _the rm_?hdlfferencgs each of these positions is conserved to a differing extent
andB-values for individual residue positions. The secondary ,.qqs the entire family. For example, according to the more
structure assignments for each structure are illustrated iNaxtensive alignment shown in Hemmi et 2], Gly36 is

Figure 3. The structures differ most significantly at the present in all eight of the sequences most closely related to

N-terminal region for natural T4moD. In chain A, thls_ region -, oD but not in MMOB and DmpM. In addition, Gly54
adopts ar-helical structure, designated\, whereas inthe . . .
is present in 17 of the 24 sequences aligned for the

B-chain and for both chains in thieN4-T4moD, this region superfamily, while Gly85 is present in all sequences of the

is largely disordered. The other regions exhibiting slight . . .
differences are located between the strand and thexl superfamily @2). Thus, these Gly residues appear to provide
the conformational flexibility required for the backbone to

. : o . radically alter direction. The angles between heets
4The C-terminal Met residue was not visible in the electron density Y 9 frs

maps for each structure with the exception of fi¢4-T4moD chain range from 74 to 85 in the X-ray structures and from 86
A. to 113 in the NMR structures (Table 3).
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Ficure 2: The rms differences anB-factors for the main-chain
atoms in each residue in chain A (blue) and chain B (magenta).
The rms differences between: (AN4-T4moD and the average
NMR structure of native T4moD from 1G1@3%), (B) AN4-T4moD

and the X-ray structure of native T4moD, and (&N4-T4moD

and AN10-T4moD. The averagB-factor values for all backbone
atoms in each residue for each chain in (D) native T4moD, (E)
AN4-T4moD, and (FAN10-T4moD.

The interior of T4moD is packed exclusively with
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exterior hydrophobic residues. For example, Glu55, Thr59,
GIn86, and Arg95 surround the external residue Ile57. Thus,
they provide hydrophobic interactions with lle57 and polar
interactions with solvent molecules. In addition, lle78, Phe83,
and 1le87 are on the exterior surface. These residues are
located near the two-fold interface between the two chains
in the asymmetric unit. Consequently, their exposure to
solvent is limited in the crystal lattice.

All of the charged residues in T4moD are located on the
exterior of the protein, and their distribution is not uniform.
Consequently, there are regions with distinctive positive or
negative electrostatic surface potential (Figure 5). For
example,al is an amphipathic helix with Asp21, Glu24,
Glu28, Glu31l, and Asp33 all on the exterior surface, which
yields a strong negative electrostatic surface patch (red in
Figure 5). The other side of the helix is comprised of Val23,
Val26, lle27, and Ala30, and these residues all project into
the hydrophobic core of the protein. In contrast to the
negatively charged patch, the region around the hairpin turn
between thg2 andf$3 strands contains four arginine residues
(Argl8, Arg44, Arg45, Arg49), which yields a distinct
positive electrostatic patch (blue in Figure 5).

N-Terminal RegionThe N-terminal regions in the two
chains of the native T4moD structure differ. In addition, there
is no electron density visible fakN4-T4moD prior to Asn11
in both chains. The electron density for the native T4moD
suggests that residues Sela7 in chain A adopt an
o-helical configuration. The electron density is weaker for
the analogous residues in chain B, which suggests the
presence of a majority-disordered fraction and a minority-
ordered fraction for these residues. TBdactors for these
regions also differ and are consistent with decreased order
for the N-terminal region of the B-chain (Figure 2D).
Analysis of the crystal lattice packing reveals that these
regions are located in different environments. In chain A,
the N-terminal residues are located where four chains pack
together. Consequently, only approximately 20% of the
surface area for the N-terminathelix is exposed to bulk
solvent. In contrast, nearly the entire N-terminal region in
chain B is exposed to solvent because it projects into a large,
solvent-filled space in the crystal lattice. The electron density
maps for the two chains iAN4-T4moD also suggest that
the N-terminal regions are disordered, and analysis of lattice
packing revealed that these residues are exposed to the bulk
solvent between molecules in the crystal lattice.

Catalytic Actiity of N-Terminal Deletions of T4moD.
Table 4 shows the steady-state catalytic parameters and
regiospecificity for toluene oxidation measured from the
various N-terminal truncations of T4moD. These character-
izations were made according to previously described
experimental procedures34, 35) and included control

hydrophobic residues. Although one small cavity is detected reactions with the natural isoforms)( The results show that
in each chain (Figure 4), the electron density maps do notthe disordered N-terminal region of T4moD is not essential
reveal any ordered solvent molecules within the cavity even for catalysis by the TAMO enzyme complex. Thus a 10-

at high resolution. The volume of this cavity is somewhat

residue deletion of the N-terminal gave statistically insig-

variable depending on the chain and structure, but is typically nificant changes ik, appareny, andke./Ky. Likewise,

~50 A3, which is approximately comparable to the volume
required to accommodate a toluene molecte-59). The

borders of the cavity are comprised of Leu22, Pro25, Val26,
Leu63, Leu67, Phe7l, and Leu76. A few hydrophobic

residues are also on the exterior surface of the protein.

However, either charged or polar residues typically flank the

the apparenkK;, for inhibition of the toluene hydroxylation
reaction was also unaffected by removal of theéekminal

from T4moD. Furthermore, the regioselectivity was nearly
unchanged, with the percentagepedresol slightly decreased
from 96.2% in native T4moD to 94.5% iAN10-T4moD.
These observations also suggest that no single residue in the
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T4moD STLADQAL IIRAGDLVEPVIETAEIDN----PGKEITVEDRRAYVRIAAEGELILTRKTLEEQLGRPFNMQELEINLASFAGQIQADEDQIRFYFDKTM-~========
MmoB (OB3b) MSSAHNAYNAGIMQKTGKAFADEFFAEENQWHESNAVVLVLMKS DEIDAIIEDIVLKG-GKAKNPSIVVEDKAGFWWIKADGAIEIDAAEAGELLGKPFSVYDLLINVSSTVGRAYTLGTKFTITSELMGLDRALTDI -~
MmoB (Bath) MSV'NSNAYDAGFMGLKGKDFADQFFADENQWHESDTWLVLKKSDE INTF IEEI LLTDYKKNVN PTVNVEDRAGYWWI KANGKIEVDCDE I SELLGRQPNVYDFLVDVS STI GRAYTLGNKFT I TSELMGLDRKLEDYHA
DmpM M .,LVYII\FQDNDNARYVVEAI IQD-===- NPHAVVQHHPAMIRIEAEKRLEIRRETVEENLGRAWDVQEMLVDVITIGGNVDEDDDRFVLEWKN ————————————

Native T4moD (NMR) — I

MmoB (OB3b, NMR)
MmoB (Bath, NMR)

DmpM (NMR) > -

Ficure 3: Primary sequence and secondary structure alignment for T4moD and other effector proteins. The amino acid sequence alignment
was from CLUSTALW using default weights (T4moD gi:45479224; MmoB OB3b, gi:44&1§5 MmoB (Bath), gi:12720724); DmpM,

0i:118693 23)). Every 10th residue is underlined with the numbering fixed to that of the native T4moD after post-translational removal of
the N-terminal Met. The arrows and rectangles indicateggtBrands andi-helices as assigned from KSDSS)( The secondary structure
elements from the T4moD X-ray structures are shown on the top of the figure for both A- and B-chains in the asymmetric units. The
secondary structure elements assigned from the NMR structures of T4AmoD and the other effector proteins are shown on the bottom of the
figure (21—24).

Ficure 4: A divergent stereoimage of the environment around the hydrophobic cavity illustrated with chain AAd4h€4moD crystal
structure.

Table 3: Hinge Angle Calculated betwegrSheets of Effector MmoB variants was able to complement the TAMO complex

Proteing in the standard T4MO in vitro assag)(

X2y NMR DISCUSSION
T4moD MMOB MMOB
variant chain A chainB T4moD (OB3bj' (Bathf DmpM' Comparison of the T4moD Crystal Structures and NMR
Native- 78 82° 86° 96° 88° 113 Structures Figure 6 shows a ribbon trace of the average
ﬁmb Zﬁ: gg: NMR structure of native T4moD superimposed on A4-

TmoD X-ray structure using £atoms from residues

98. The average rms difference from this overlay is 1.95 A,
and the individual rms differences are plotted with respect
to residue position in Figure 2A. FoAN4-T4moD, the
from 1CKV_11 @4) using residues 7781—120. Calculated from structure refined from the higher resolution data gave 93.7%
1HQI_3 @3 using residues 3642—81. The best representative  of the residues in the most favored region of the Ramachan-
structure was selected from the analysis of the ensemble NMR structuresgran plot. In comparison, only 65.6% of the residues in the
using OLDERADO 69). NMR structure were in the most favored region. The refined
X-ray structures yield an estimated overall coordinate error
of 0.095 A for AN4-T4moD, 0.180 A forAN10-T4moD,
and 0.211 A for native T4moD. The correlation coefficients

2 The angle calculated was between flagheets within the indicated
structure ” This work, using the €of residues 4652—91 of the given
chain.¢ Calculated from 1G102Q) using residues 4652—91. 9 Cal-
culated from 2MOB_1021) using residues #680—119. ¢ Calculated

disordered region of T4moD is likely to be responsible for
the observed modest changes in catalytic parameters.

Our previous studies on the reconstitution of T4AMO with
effector proteins from the subclass | (T2MO/phenol) and
subclass Il (T4MO/benzene) monooxygenagsl §howed
that TbuV from subclass Il was able to effectively comple-
ment catalytic activity, while S1 from subclass | was not.
To further define the reactions of heterologous effector
proteins with T4AMO, the natural MmoB effector protein and
the catalytically inactiveAN29-MmoB were also tested as
part of this work. As with the S1 effector, neither of the

were 0.961 AN14-T4moD), 0.943 AN10-T4moD), and
0.945 (native T4moD). For comparison, the core region of
the NMR structure (Asn12Phe98) exhibited rms differences
to the averaged structure of 0.71 A for the backbone atoms
and 1.24 A for all non-hydrogen atom&2). The crystal
structures of the natural and variants of T4moD are more
similar to each other than they are to the average NMR
structure (Figures 1 and 2 and Table 2). Indeed, the rms
differences between Latoms in the T4moD crystal struc-
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variant. The threec-helices in the X-ray and NMR structures
exhibit significant differences. For example, thé helix
consists of three turns in the NMR structure, but of four turns
in the X-ray structures. Although thel helix terminates at
analogous locations (Asp33), the helix starts at Gly19 in
chain A of the AN4-T4moD and at Val23 in the NMR
structure (Figure 6a). Consequently, this region yields rms
differences of~5 A. The axes of thex2 helices intersect
with an angle of approximately 45n the two structures
(Figure 6b). Although thetl anda2 helical axes are nearly
parallel in the NMR structure, they are related b¥%5° in

the X-ray structures. The connecting loop betweencdBe

Ras o Rea anda3 helices and the orientation of the8 helix are also
021 ma‘,"“ﬁj D43 different in the structures (Figure 6c). Consequently, the
= O s-,REiSZ region between residues 60 and 80 yields the highest rms
réo E,t 7 g Blz diﬁerence_s between the NMR and X-ray structures (see also
e c below). Finally, the hairpin turns connecting th2—33 and

B6—[7 strands also diverge significantly (Figure 6d and 6e)
—-!,!4}:_‘r E38 and yield peaks in the rms difference plot (Figure 2A).

1 ibi .
65 mgaami K37 K100 Each T4_moD cry_stal structure exh_|b|ts a well forme.d
D92 55 hydrophobic core with all charged residues on the exterior
Ficure 5: The electrostatic potential mapped onto the solvent surface of the protein. Thus, the crystal structures appear
exposed surface afN4-T4moD. (A) The solvent exposed surface  more compact than the NMR structures (Figure 6). Consistent

determined with a 1.4 A probe radius and colored according to the _ .
calculated Coulombic electrostatic potentiaiss( —1, and 1.75 with these differences, the molecular surface area for the

are red, white, and blue, respectively). The ribbon drawing of the COre residues (198) of the crystal structure\N4-T4moD,
backbone trace shown on the right is in the identical orientation 4170 A?) is smaller than the average NMR structure (5753

and scale. Thexl helix is on the bottom, approximately in the  A?), Moreover, the crystal structures have a continuous
g'r?é‘net;[fc}:]‘eoﬁ‘r?: r‘}’q"g{;g;g"ﬁ?m{(‘%‘ tehl‘i %’;l}geislei;t- tﬁ%) ffc:‘rﬂther solvent accessible surface area with only small depressions
' on the surface, while analysis of the surface area of the NMR

tures are all less than 0.8 A. The rms differences betweenStructure reveals a large, tubular invagination that extends

the G, atoms in the crystal structures and the average T4moDthrough the entire protein. Because of this feature, the
NMR structure are approximately 2.0 A (Table 2), and enclosed solvent excluded volume for the NMR structure

increase to-6 A when specific secondary structure elements (9580 /%) is smaller than that of the crystal structurés\é-

are considered (e.g., th#2 helix in T4moD) or increase T4moD, 10450 A).

beyord 6 A when the T4moD X-ray structure is compared  The hinge angle between the ty#esheets is listed in Table

with the DmpM NMR structure. The high-resolution X-ray 3 and has been suggested to be a structural feature that

data also more accurately describes the positions of Arg69 differentiates the effector protein®3). Three conserved

Leu80, since these residues were not well-defined in the glycine residues are located at the vertex of the hinge in

NMR structure 22). As illustrated in Figure 2A, this region  T4moD (Gly36, Gly54, and Gly85), and extensive hydrogen

exhibits the highest rms differences between the X-ray and bonding across the twg-sheets apparently stabilizes each

NMR structure. particular angular relationship between fhsheets. Thus,
Several notable differences between the T4moD NMR and differences in hydrogen bonding between tik, o2, and

the X-ray structures are readily apparent (Figures 6 and 2A) a3 helices and the twg@-sheets apparently stabilize the

and will be discussed with respect to teéN4-T4moD different hinge angles among the family members. It is also

+ | b

Table 4: Comparison of the Catalytic Properties and Regiospecificity of the Natural and N-Terminal Deleted Isoforms of Toluene
4-Monooxygenase Effector Protein

kinetic parametefs percent of products
T4moD Keat Kw KealKm Ki benzyl
variant (s (uM) M s™) (uM) p-cresol m-cresol o-cresol alcohol
native- 3.3(0.1) 7.0(0.7) 0.47(0.1) 98(10) 96.2(0.2) 1.5(0.1) 0.9(0.0) 1.4(0.1)
AN4- 3.4(0.2) 2.3(0.3) 1.47(0.6) 106(17) 95.9(0.2) 1.6(0.1) 1.0(0.1) 1.5(0.2)
ANT7- 2.8(0.1) 5.3(0.5) 0.53(0.2) 110(11) 95.2(0.2) 1.8(0.1) 1.2(0.1) 1.8(0.2)
AN10- 3.1(0.2) 3.2(0.5) 0.97(0.4) 116(19) 94.5(0.2) 1.8(0.1) 1.4(0.1) 2.2(0.2)

a Apparent kinetic parameters determined with each T4moD variant treated as the variable substrate and all other components of the reconstituted
enzyme complex present in optimal amounts and NADH, toluene, apde®ent in saturating concentrations. All kinetic experiments were performed
in triplicate with at least seven different concentrations of T4moD. The standard error is shown in parenthekgsvalbes are reported relative
to the a3y protomer concentration of the T4moH componérRercentage of product distribution observed from toluene oxidation. The standard
error is shown in parenthesés\-terminal sequence of the mature native protein obtained after in vivo post-translational removal of the N-terminal
Met residue encoded by the expression plasmid, consisting of STLADQALHNNNL refers to the start gf-strand 1, the first identifiable
element of secondary structure in T4AmaBN4-, deletion of 4 residues from the mature N-terminal to give DQALHNBIN-AN7-, deletion of
7 residues from the mature N-terminal to give LHNN: AN10-, deletion of 10 residues from the mature N-terminal to give AIN-
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N/~ N/~
. .
Ficure 6: Divergent stereoview of the superimposed X-ray and NMR [1@B)) 6tructures of T4moD using residues-198. The chain

A from the crystal structure ilA\N4-T4moD is shown in green, and the average NMR structure is red. The positions where the largest
differences in the Ctraces occur are indicated with arrows and described in the text.

worth considering that the hydrophobic cavity is located 7C). The differences between the X-ray and NMR structures
between these threehelices and toluene binding (if it does) increase as the hydrogen-bonding patterns propagate further
would potentially influence this hinge angle. from Asn34. They maximize at Arg60, where the NMR

Environment of Asn34The sequence Asn34-Pro35-Gly36 structures indicates that Arg60 forms an ionic interaction with
is highly conserved across the catalytic effector protein Asp33 (see Figure 7C). In contrast, the X-ray structure shows
superfamily (for example, see Figure 7 in Hemmi et 22)). an ionic interaction between Arg60 and Glu64 (see below
Despite this sequence conservation, the X-ray and NMR and Figure 8). Thus, some of the largest differences between
structures of T4moD do not produce reasonable overlaysthe structures, also indicated in the rms difference plots
when only the G, backbone atoms, or all atoms of these (Figure 2A), are in the regions near Asp33 and Arg60. Two
three residues are superimposed. Although the overlayconsequences of the differences in hydrogen bonding de-
between the selected residues is reasonable, the rest of theected by the X-ray structures are that tifehelix is longer
structures are completely out of register. Moreover, when and truly amphipathic. Indeed, all five negatively charged
the al helix and these three conserved residues are usedresidues are on the exterior surface, and all of the hydro-
this does not yield satisfactory superposition. Thus, signifi- phobic residues are buried inside the hydrophobic core of
cant structural differences are present in this region of the the structure.
structures. During the analysis of the T4moD NMR structure, Environment of Glu64The crystal structures reveal ionic
the Asn34 side-chain amide protons were assigned tointeractions between Glu64 and Arg60 and between Glu75
resonances that weresJutliers to the average chemical and Arg69 (see Figure 8A,B). An interaction between Glu75
shifts assigned to amide groups in other proteins (http:// and Arg69 partially sequesters the hydrophobic cavity
www.bmrb.wisc.edu/data_access/outlier_selection_grid.ht- discussed above from bulk solvent and thus resembles an
ml). These protons were also unusually resistant to exchangdonic gate for the cavity. The NMR structure of T4moD
with solvent, despite being located near the surface of therefined to a consensus family with the side chain of Glu64
protein @2), implying a unique chemical environment for projecting into the hydrophobic interior of the protein (Figure
this side chain. Figure 7A shows thenE, — DF electron 8C), and the lack of a basic residue capable of forming a
density for this region of the protein and the quality of the neutralizing charge pair or other potential hydrogen-bonding
corresponding atomic model. The X-ray structures show that interactions was noted®®). Moreover, Arg60, Arg69, and
Asn34 and Pro35 cap the C-terminal end of thi helix Glu75 were not assigned to charge-pairing interactions. The
and that no solvent molecules are hydrogen-bonded torefined NMR structures accommodated these differences
Asn34'. In the AN4-T4moD crystal structure, nearly every through a slightly larger hinge angle between the two
atom of Asn34 that can participate in hydrogen bonding does 3-sheets (Table 3) as well as allowing the large solvent
so. For example, the hydrogen atoms associated withaccessible channel described above. In the alignment of the
Asn34¥2 gre positioned to donate hydrogen bonds to the NMR and X-ray structures, the of Glu64 in the NMR
carbonyl oxygen atoms of Ala30 and lle57. AsRB4is structure nearly superimposes with thg & Leu63 in the
poised to accept hydrogen bonds from II¥%Ahd a solvent  crystal structures. Consequently, the Glu64 side chain of the
atom. In addition, Asn3% donates a hydrogen bond to NMR structure nearly superimposes with the small hydro-
Ala3(P, whereas Asn3Z accepts a hydrogen bond from phobic cavity observed in the crystal structures (compare
Lys37N. parts B and C of Figure 8).

The hydrogen-bonding pattern assigned from the NMR  N-Terminal RegionThe T4moD NMR structure includes
structure of T4moD is considerably different, beginning a disordered region comprised of the first 10 residues,
where Asn34 provides a hydrogen bond to GlU3hnd followed by a well-determined structure for residues-11
Asn34 accepts a hydrogen bond from Gly3Gee Figure 98 (22). Similarly, disordered and ordered regions are also
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¢
v, K37
G'n Ficure 8: Differences in hydrogen-bonding patterns observed in
. ) . . the crystal and NMR (1G1@Q)) structures of T4moD surrounding
Ficure 7: Differences in hydrogen-bonding patterns obser\(ed in several charged residues. (A) ThmR, — DF. electron density

the crystal and NMR [1G1@Q)] structures of TAmoD surrounding (14, 1.7 A resolution) superimposed on the refineM4-T4moD
residue Asn34. (A) Ther@F, — DF electron density (@ 1.7 A model. (B) X-ray structure oAN4-T4moD showing that Arg60
resolution) superimposed on the refinatll4-T4moD model. (B) ~ and Glu64 form a charge pair, Arg69 and Glu75 form a second
X-ray structure oAN4-T4moD with hydrogen bonding indicated.  charge pair, and Phe71 occupies an interior position. (C) NMR
Note that the position of Arg60 and2 is different in the X-ray  structure 22) that placed Glu64 in an interior cavity. Interactions
structure relative to the NMR structure. (C) NMR structu2e)( between Arg60 and Glu64 and Arg69 and Glu75 observed in the

Note that the hydrogen bonding and electrostatic interactions crystal structures were not predicted by the NMR structures.
between Arg60 and Asp33 and Thr59 are not observed in the crystal

structures.
molecular crowding that induce secondary structure is more

observed in the crystal structures and appear to correlate withdifficult to assess@3, 64).

exposure to bulk solvent. Indeed, of the six chains in the Role of N-Terminal Residues in Effector Proteiiifie
crystal structures reported here, only the N-terminal end of N-terminal disordered region of the MmoB effector protein
chain A in the native T4moD projects into a crowded, lattice- is required for catalysis. This portion of the protein plays a
packed environment, and only it exhibits a well-defined role in the formation of the catalytic intermediates used by
secondary structure. Thus, thehelical structure in the ~ MMO for the oxidation of methanel, 26, 28), the most
N-terminal region of native T4moD appears to be dependent difficult hydrocarbon to oxidize. The methane oxidation
upon the environment or macromolecular crowding. Al- requires a highly reactive intermediate, possibly a diferryl
though the propensity for secondary structure to be sequencespecies$, 5, 20, 65—67). In contrast, other diiron enzymes
and context-dependent has been documented, especialljrave evolved to catalyze aromatic ring hydroxylations, an
within T4 lysozyme 60—62), lattice interactions or macro-  energetically less demanding reaction.
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Deletion of the N-terminal region from T4moD had only members. These results give new information and raise
modest influence on the steady-state kinetic properties andimportant new questions about these small, enigmatic
the regiospecificity of product formation of the reconstituted components of the diiron hydroxylase enzyme complexes.
T4MO complex (Table 4). Furthermore, catalytic comple-
mentation of the T4MO complex with an effector protein ACKNOWLEDGMENT
from each subclass has now shown that only TbhuV, an .
effector protein from an enzyme complex that is in the same ~_ We thank Dr. B. Wallar and Prof. J. D. Lipscomb for the
subclass as T4MO, was able to give catalytic activeg, (  9ift of natural MmoB and theAN29-MmoB used in
68). Specifically, reconstitution studies performed in this reconstitution studies. We also thank Dr. L. Pedersen for
work with MmoB and AN29-MmoB, which likely have producmg the first c_rystals of native T4moD, Dr. J. Thoden
structures closely similar to T4moD (Figure 3 and Table 2), for collecting the native T4moD data set, and Prof. H. Holden
showed no catalytic complementation. These results indicate2nd Prof. I. Rayment for generous access to their laboratory
that, even as the three-dimensional structures of the effectorand personnel while these initial studies were being under-
proteins are relatively conserved, highly specific residue- taken.
dependent contacts will likely be required for function
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