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ABSTRACT: Phenol hydroxylase fromPseudomonassp. CF600 is a member of a family of binuclear iron-
center-containing multicomponent oxygenases, which catalyzes the conversion of phenol and some of its
methyl-substituted derivatives to catechol. In addition to a reductase component which transfers electrons
from NADH, optimal turnover of the hydroxylase requires P2, a protein containing 90 amino acids which
is readily resolved from the other components. The three-dimensional solution structure of P2 has been
solved by 3D heteronuclear NMR spectroscopy. On the basis of 1206 experimental constraints, including
1060 distance constraints obtained from NOEs, 70φ dihedral angle constraints, 42ψ dihedral angle
constraints, and 34 hydrogen bond constraints, a total of 12 converged structures were obtained. The
atomic root mean square deviation for the 12 converged structures with respect to the mean coordinates
is 2.48 Å for the backbone atoms and 3.85 Å for all the heavy atoms. This relatively large uncertainty
can be ascribed to conformational flexibility and exchange. The molecular structure of P2 is composed
of three helices, six antiparallelâ-strands, oneâ-hairpin, and some less ordered regions. This is the first
structure among the known multicomponent oxygenases. On the basis of the three-dimensional structure
of P2, sequence comparisons with similar proteins from other multicomponent oxygenases suggested that
all of these proteins may have a conserved structure in the core regions.

The insertion of molecular oxygen into organic molecules
is a reaction catalyzed by a diverse array of mono- and
dioxygenases. Microorganisms that possess the ability to
grow at the expense of aliphatic and aromatic compounds
are particularly adept at synthesizing these oxygenases, most
of which are involved in the initial metabolic reactions used
to degrade the growth substrate. While these enzymes are
diverse, without exception they all possess either an organic
prosthetic group, such as a flavin or pterin derivative, or a
transition metal which is responsible for activation of oxygen
before insertion into the substrate. These enzymes are further
distinguished according to whether a mono- or dioxygenation
is catalyzed and whether or not the enzyme requires more
than a single polypeptide component. In addition to the
oxygenase itself, which may contain one or more polypep-
tides, auxiliary polypeptide components typically contain
redox centers responsible for the transfer of electrons from
the physiological electron donor, NAD(P)H, to the oxygenat-
ing component [reviewed in Mason and Cammack (1992)
and Powlowski and Shingler (1994)].
Recently, a multicomponent oxygenase fromPseudomonas

sp. strain CF600, which catalyzes the conversion of phenol
and some of its methyl-substituted derivatives to (methyl)
catechol, has been described. The enzyme requires a
reductase component (“P5”), containing FAD and a ferre-

doxin-type [2Fe-2S] center, for transfer of electrons from
NADH (Powlowski & Shingler, 1990); a hydroxylase
component comprised of three polypeptides containing a
binuclear iron center; and a small protein (“P2”) lacking any
redox cofactors and required for optimal turnover of the
enzyme (Nordlund et al., 1990; Powlowski & Shingler 1994;
Powlowski et al., manuscript in preparation). Amino acid
sequences of the polypeptides comprising this enzyme are
identical or highly similar to sequences of polypeptides from
phenol hydroxylases of two otherPseudomonasisolates (Ng
et al., 1994; Herrmann et al., 1995) and ofAcinetobacter
calcoaceticus(Ehrt et al., 1995). Nucleotide sequences have
also been reported for genes encoding similar polypeptide
components of toluene monooxygenases (Yen et al., 1991;
Byrne et al., 1995; Johnson & Olsen, 1995), which generally
exhibit much lower sequence similarities at the protein level.

Each of the phenol hydroxylase components also shows
similarities with corresponding components of methane
monooxygenase. Thus,mmoCanddmpPencode the respec-
tive reductases,mmoXYZanddmpLNOencode the hydroxy-
lase components, andmmoBanddmpMencode low molec-
ular weight proteins associated with the hydroxylase.
Extensive biophysical studies of the binuclear iron centers
of two methane monooxygenases have been carried out, and
a crystal structure of the hydroxylase component of methane
monooxygenase fromMethanobacterium capsulatushas been
published [reviewed by Rosenzweig and Lippard (1994) and
Lipscomb (1994)]. However, structures of the methane
monooxygenase reductase and MmoB are currently lacking.

The functions of the low molecular weight proteins of
methane monooxygenase (MmoB) and the phenol (P2) and
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toluene monooxygenases are quite unique among multicom-
ponent oxygenases. None of these proteins appears to be
directly involved in redox reactions, but rather each stimu-
lates its respective hydroxylase at optimal concentrations and
inhibits at higher levels. Although P2 significantly increases
product yield from the phenol hydroxylase in single-turnover
experiments, the small proteins associated with the methane
and toluene monooxygenases do not (Fox et al., 1989;
Newman & Wackett 1995; Powlowski et al., manuscript in
preparation). MmoB has also been shown to modify the
regioselectivity of methane monooxygenase (Frolund et al.,
1992), alter the environment of the binuclear iron center (Fox
et al., 1991; Pulver et al., 1993), and shift the redox potential
of the iron center in the MmoB-hydroxylase complex
(Paulsen et al., 1994). Thus, binding of these small
components to their respective hydroxylases at different
stages of the catalytic cycle appears to play an important
role in regulating the oxygenase activity.
This paper presents the initial structural characterization

of one of these hydroxylase-associated proteins, P2 of phenol
hydroxylase. The potential biochemical significance of its
structural features is discussed.

MATERIALS AND METHODS

Plasmid Construction and P2 OVerexpression.In order
to express high levels of P2, thedmpM gene was placed
under the control of the T7 promoter of the pET3a expression
vector. All DNA manipulations were done according to
standard techniques (Sambrook et al., 1989). ThedmpM
gene was first PCR amplified as anNdeI to BamH1 fragment
(bp 2075-2352; Nordlund et al., 1990) and cloned into a
pBluescript (Stratagene) derivative, in which anNdeI site
had previously been introduced into the polylinker, to
generate pVI206. Both strands of the resulting fragment
were sequenced to ensure that no mutations had been
introduced. TheNdeI to BamH1 fragment of pVI206 was
subsequently cloned between these sites of pET3a (Rosen-
burg et al., 1987) to generate pVI207 withdmpM.
Recombinant P2 was expressed by introducing pVI207

into Escherichia coliBL21 (DE3) (Rosenburg et al., 1987).
In a standard expression experiment, fresh transformants were
used to inoculate M9-glucose medium (Sambrook et al.,
1989) containing ampicillin (50µg/mL), and the culture was
grown at 37°C with vigorous shaking toA650 ) 0.4-0.6.
Cultures were then supplemented with IPTG1 (0.5 mM) to
induce expression of the host-encoded T7 RNA polymerase
that is under the control of the Ptac promoter. After a further
4 h of growth cells were harvested by centrifugation and
washed, and then the cell paste was stored at-80 °C until
used. For15N- and 13C-labeled P2 preparations, a similar
procedure was followed except that the M9-glucose medium
contained [13C]glucose and/or15NH4Cl.
Purification of P2. The buffer used during the purification

was 50 mM Tris-HCl, pH 8.0, containing 10% glycerol and

1 mM DTT (buffer A). Chromatography media were
purchased from Pharmacia, and all purification steps were
carried out at 4°C. The presence of P2 in fractions was
monitored by SDS-PAGE, and protein concentrations were
estimated using the BCA assay (Pierce Chemical Co.) with
bovine serum albumin as standard.
Crude extracts ofE. coli BL21 (DE3) pVI207 (P2) were

prepared by sonication of cell suspensions in buffer A
supplemented with 1 mM protease inhibitor Pefabloc (Boeh-
ringer Mannheim). The supernatant obtained after centrifu-
gation (100000g for 1 h) was applied to a DEAE-Sepharose
Fast-Flow column (34× 2.6 cm) equilibrated with buffer
A. The column was washed with this buffer (300 mL) and
then eluted with a 0-0.3 M NaCl gradient (1.5 L) at a flow
rate of 6 mL/min. Fractions containing P2, which eluted
near the end of the gradient, were placed in Spectrapor
dialysis tubing (6000-8000 molecular weight cutoff) for
concentration on a bed of poly(ethylene glycol) (PEG)
(average molecular weight 35 000). The concentrated sample
was then loaded onto a Sephacryl S-300 HR column (91×
2.6 cm) equilibrated with buffer A containing 0.5 M NaCl.
The column was eluted with the same buffer at a flow rate
of 1.5 mL/min: 6 mL fractions were collected. The P2-
containing fractions were combined and concentrated using
the PEG dialysis procedure. The purified protein was
extensively dialyzed against 1 mM sodium-potassium
phosphate buffer, pH 7.2, and then lyophilized.
Sample Preparation for NMR.All protein samples were

dissolved in 95% H2O/5% D2O or alternatively pure D2O.
The pH was adjusted to 7.5 by using 20 mM phosphate
buffer, and 0.5 mM NaN3 was added to inhibit bacterial
growth. The concentration of unlabeled and15N-labeled
samples was 2.0 mM while the concentration of the13C/
15N-labeled sample was 0.6 mM.
NMR Spectroscopy.NMR spectra of P2 were acquired

either using a Bruker AMX2-500 spectrometer or a Varian
UnityPlus 500 spectrometer. All spectra were recorded at
304 K, except where otherwise noted, and a relaxation delay
of 1.5 s was used in all experiments. The NMR spectra were
processed using CCNMR (written by Christian Cieslar at
the Max Planck Institute, Martinsried, Germany) or Bruker
UXNMR software.
All of the homonuclear 2D experiments were recorded

with a spectral width of 6250 Hz in the acquisition dimen-
sion, with the carrier positioned at the water frequency. The
solvent signal was suppressed by continuous irradiation
during the relaxation delays. Typical data sets for 2D
homonuclear experiments were 512 increments of 2K
complex data points. The TPPI method (Bodenhausen et
al., 1984) was used in the indirectly detected dimension in
order to achieve quadrature detection. The data were
processed with a Gaussian window function int2 and a
shifted squared sine bell window function int1. Linear
prediction was employed to extend the acquisition time in
t1 by 50% prior to Fourier transformation. The final
processed data matrix consisted of 2K× 1K real points.
The following 2D homonuclear spectra were recorded in

H2O and2H2O at pH 7.5: COSY, NOESY with a mixing
time of 120 ms, and TOCSY using an “MLEV-17 clean”
mixing sequence (Griesinger et al., 1988) with a mixing time
of 60 and 80 ms. 2D heteronuclear1H-15N HSQC (Marion
et al., 1989b) and1H-15N HMQC (Kay & Bax, 1990) spectra

1 Abbreviations: COSY, correlation spectroscopy; HMQC, hetero-
nuclear multiple-quantum coherence; HSQC, heteronuclear single-
quantum coherence; IPTG, isopropylâ-D-thiogalactopyranoside; NMR,
nuclear magnetic resonance; NOE, nuclear Overhauser effect; NOESY,
NOE spectroscopy; SDS-PAGE, sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis; TOCSY, total correlation spectroscopy; TPPI,
time-proportional phase incrementation; 2D, two dimensional; 3D, three
dimensional; 3JHNR, three-bond, backbone amide proton-R-proton
coupling constant; CSI, chemical shift index; PDB, protein data bank;
RMSD, root mean square deviation.
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were acquired with 1024 complex data points int2 and 128
and 512 complex data points int1, respectively. The spectral
width was 6250 and 2520 Hz int2 and in t1, respectively.
The States-TPPI method (Marion et al., 1989a) was used
to achieve quadrature detection int1. The 15N carrier
frequency was positioned at 115 ppm, and spin-lock pulses
were used for water suppression. Prior to Fourier transfor-
mation the data were zero-filled once int2 and linear
predicted to 256 and 1024 complex data points int1,
respectively. Gaussian and shifted square sine bell window
functions were applied int2 and t1, respectively.

The 3D1H-15N TOCSY-HMQC spectra on a sample of
P2 dissolved in H2O/D2O (95:5) were acquired with a mixing
time of 65 ms at two different temperatures, 304 and 294
K. The TOCSY mixing was achieved with a clean DIPSI-
rc sequence (Cavanagh & Rance, 1992). The 3D1H-15N
NOESY-HSQC spectra (Marion et al., 1989b) were recorded
with a mixing time of 125 ms at three different temperatures,
304, 294, and 284 K. Water suppression was obtained in
the 3D experiments by spin-lock pulses during the hetero-
nuclear magnetization transfer (Messerle et al., 1989).
Typical data sizes for the 3D experiments were 90 (t2) × 32
(t1) × 1024 (t3) complex points with spectral widths of 6250,
2525, and 6250 Hz, respectively. The data were acquired
using the States-TPPI method (Marion et al., 1989a). Zero-
filling was used in the acquisition dimension, and linear
prediction was used in all the indirectly detected dimensions.
The final processed data matrix consisted of 256× 128×
1024 real complex points in thet2, t1, and t3 dimensions,
respectively.

The 3D triple resonance CBCA(CO)NH (Grezsiek & Bax,
1992) spectrum was recorded on a Bruker AMX2 500 MHz
spectrometer. A total of 80 (t2) × 14 (t1) × 1024 (t3)
complex data points were collected, with spectral widths of
8347 Hz int2, 3125 Hz int1, and 6000 Hz int3, respectively.
The carrier frequencies used in the three dimensions were
4.7 ppm in the1H dimension, 46 ppm in the13CR/â dimension,
and 117 ppm in the15N dimension. The 3D HNCACB
(Wittekind & Mueller, 1993; Muhandiram & Kay, 1994) was
recorded using the Varian UnityPlus 500 MHz spectrometer
and consisted of 120× 44 × 1024 complex data points.
Pulsed field gradients were used for coherence selection in
the15N dimension. The data set was collected with spectral
widths of 8990 Hz int2, 2500 Hz int1, and 6500 Hz int3,
with 32 scans per complex data point. The positions of the
carrier frequencies were as follows: 47.8 ppm in13C, 118.0
ppm in 15N, and 4.70 ppm in1H.

The carbonyl pulses in both experiments were applied as
phase-shifted laminar pulses with the power adjusted to cause
minimal excitation in the CR region (Patt et al., 1992). Both
spectra were recorded with the States-TPPI method (Marion
et al., 1989a) and processed in the same manner. Zero-filling
was used in thet3 and linear prediction was used in thet1
and t2 dimensions in order to increase the resolution. The
final data matrix consisted of 256× 128× 1024 complex
data points.

The amide proton-deuterium exchange rates were moni-
tored by using the1H-15N HSQC spectra. After the
protonated protein was dissolved in D2O, a series of 2D1H-
15N HSQC spectra were acquired at times ranging from 0.5
to 12 h. The acquisition time for each spectrum was 15 min.

RESULTS AND DISCUSSION

Sequential Resonance Assignments. Homonuclear 2D
TOCSY, heteronuclear1H-15N 2D HSQC, 3D 1H-15N
TOCSY-HMQC, and 3D1H-15N NOESY-HSQC spectra of
samples dissolved in water, and homonuclear 2D NOESY
and 2D COSY spectra of samples dissolved in D2O were
used to obtain the sequential resonance assignments. The
total number of amide proton cross peaks in the HSQC
spectrum is 132 (the protein contains 88 non-proline residues
and the theoretical number of cross peaks is 106). The
additional peaks, often of low intensity, may represent the
minor conformations of P2.
The standard residue assignment procedures described by

Wüthrich (1986) were used. The assignment was initiated
by identifying as many spin systems as possible in the 2D
and 3D TOCSY spectra. Since the 3D1H-15N TOCSY
spectrum was recorded with a mixing time of 65 ms only, a
number of side chain assignments were obtained from the
2D TOCSY spectrum where varying mixing times were used.
From the 3D1H-15N TOCSY spectra, two threonine residues
were readily identified and used as the starting point for the
sequential assignment. Thus, starting from the HN-HR cross
peak of T52, the amino acid stretch between E51 and W61
could be sequentially assigned viadNN(i, i + 1) anddRN(i, i
+ 1) NOEs. In a similar manner, the sequential stretches
N14-A29 and I71-D76 were identified. The sequential
stretches L4-D11, A36-R50, and V77-N90 were identified
on the basis ofdRN(i, i + 1) anddâN(i, i + 1) NOEs. The
amino acids R39 and I40 could not be unambiguously
assigned due to extensive resonance overlap. This ambiguity
was settled later during the assignment procedure when these
amino acid residues were found to be included in aâ-sheet,
whereupon good long-range correlations were found between
R39 and F9 and between I40 and A8.
There are some peaks which could not be clearly assigned

on the basis of these experiments. These correspond to
stretches M1-S3, N12-D13, and Q32-H34. These resi-
dues showed very weak peaks in the 2D1H-15N HSQC
spectrum. No sequential assignment could be made on the
basis of the 3D1H-15N TOCSY and 3D1H-15N NOESY
spectra, since only a few intraresidual peaks with low
intensity could be observed. At the relatively high pH (7.5)
required to keep the protein in solution, rapid exchange with
water may result in weak or even missing amide proton
resonances.
In order to overcome these difficulties and to confirm the

assignments obtained using the15N-labeled sample, triple
resonance CBCA(CO)NH and HNCACB experiments were
performed on a13C/15N double-labeled sample. From these
two triple resonance spectra, all the previously made assign-
ments were confirmed. However, for the amino acid
stretches M1-S3, N12-D13, and H33-H34, the assignment
problem still remained. When the 2D COSY and 2D
NOESY spectra recorded in D2O were inspected, two serine-
type spin systems in the aliphatic region which had not
previously been assigned were found in the 2D COSY
spectra. In the 2D NOESY, these two residues show a weak
dRR(i, i + 1) correlation. Furthermore, one of the amino acid
residues showed a long-range correlation with R45 and was
assigned as S3. At this point there was only one resonance,
which showed strong NOESY and TOCSY cross peaks, that
was not assigned. It resembles an AX3 spin system, and it
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is a possible candidate for one of the histidines, but no
sequential correlation could be found for this, neither in 3D
NOESY nor in the triple resonance spectra. The CR and Câ

frequencies observed in the CBCA(CO)NH spectrum do not
fit with the assigned resonance of Q32, which suggests that
this resonance corresponds to H34 rather than H33.
In conclusion, P2 has been sequentially assigned from

amino acid residues S2 to N90, excluding the two proline
residues, D13 and H33. The chemical shifts (1H, 15N, 13C)
of P2 are summarized and supplied as Supporting Informa-
tion. A figure that displays part of the sequential assignment
is shown (Figure 1). The NOEs used in the sequential
assignment can be seen in Figure 2.

3JHNR Coupling Constants and Dihedral Angle Constraints.
The coupling constants of3JHNR were extracted from a1H-
15N HMQC spectrum using the method described by Kay
(Kay & Bax, 1990). A total of 703JHNR coupling constants
were extracted and converted to angle constraints. Coupling
constants were also used in the identification of secondary
structure according to the following rules:R-helical seg-
ments,3JHNR e 6 Hz; â-strand segments,3JHNR > 7 Hz.
Since the13CR chemical shifts of proteins exhibit a strong

correlation with peptide backbone conformation (Spera &
Bax, 1991; Wischart & Sykes, 1994; Luginbu¨hl et al., 1995),
the empirical13CR chemical shift surface (Spera & Bax, 1991)
can be used to extract dihedral angle constraints of proteins.
Recently, Luginbu¨hl et al. (1995) have described a statistical
analysis of correlation between experimental dihedral angle
constraints derived from13CR chemical shifts and a group
of high-quality protein structures.∆δ(13CR) values, the
differences between the experimental13CR chemical shifts
and the random coil values (Richarz &Wu¨thrich, 1978), were
used to derive dihedral angles and the secondary structures
of the protein. It has been shown (Luginbu¨hl et al., 1995)
that∆δ(13CR) > 2.0 corresponds to a helix conformation with
theæ angle constrained between-100° and 0°, while ∆δ-

(13CR) < -1.5 corresponds to aâ-strand conformation with
the æ angle constrained between 40° and-140°. On the
basis of these observations, 42æ angle constraints of protein
P2 corresponding toR-helices andâ-strands were derived
from 13CR chemical shifts. Backbone dihedral anglesφ were
restrained with(40° for upper and lower boundaries, and
æ angles were restrained with(50°.
Secondary Structure Assignment. The observed NOE

pattern was used to extract secondary structure elements of
P2. Regions ofR-helix andâ-sheet were identified according
to the criteria established by Wu¨thrich (1986). Theâ-sheet
assignment was based on strong sequentialdRN(i, i + 1),
interstrand NH-NH, NH-HR, and HR-HR connectivities,
large 3JHNR (>7 Hz) coupling constants, and slow amide
proton exchange rates. The identification ofR-helical regions
was based on sequentialdRN(i, i + 1), strongdNH-NH(i, i +
1), mediumdRN(i, i + 3), and small coupling constants (e6
Hz). On the basis of the results of these analyses, we have
identified six â-strands consisting of residues 3-10, 37-
44, 46-49, 70-75, 77-79, and 84-89 which are arranged

FIGURE1: Sequential assignment of amino acids 4-8 using CBCA-
(CO)NH and HNCACB spectra.

FIGURE 2: Secondary structure analysis of P2. Slowly exchanging
backbone amide protons that are still observed in1H-15N HSQC
spectra recorded after 2 h in 2H2O solution are indicated by filled
circles. The values of the3JHNR are indicated by an index with values
of +1 (g7 Hz) and-1 (<6 Hz). The sequential NOEs,dNN, dRN,
and dâN, are indicated by bars between residues. The NOEs are
classified as strong, medium, and weak, according to the heights
of the filled bars. The consensus (HR, CR, Câ) chemical shift indices
are indicated by an index with values of-1, 0, and+1, which
correspond to downfield, random coil, and upfield, respectively
(Wishart & Sykes, 1994).
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in an antiparallel manner and threeR-helices consisting of
residues 14-26, 50-58, and 63-67. The location and the
extent of the secondary structure elements were further
confirmed by the analysis of13CR, 13Câ, and HR chemical
shifts (Wishart & Sykes, 1994). The consensus results of
the chemical shift index (HR, CR, Câ) analysis (Figure 2) are
in excellent agreement with the secondary structure elements
derived from the NOE and amide proton-deuteron exchange
experiments. However, the chemical shift index analysis
(Figure 2) suggests that the amino acids from A29 to Q32
form aâ-strand. In the structure analysis process, some long-
range interactions (HR(i)-NH(j)) were observed between the
amino acid stretches V30-H34 and M37-E41, but it has
not been possible to define these regions as aâ-sheet due to
spectral overlap in these regions. The secondary structural
analyses of P2 are summarized in Figure 2.

Structure Calculation. Interproton distance constraints
were obtained from either the15N-edited 3D NOESY-HSQC
spectrum recorded with a mixing time of 120 ms or the 2D
homonuclear NOESY spectrum recorded in D2O using the
same mixing time. Semiquantitative determination of the
cross peak intensity was based on the number of contour
levels of the peaks. All the NOE data were categorized as
strong, medium, or weak peaks, corresponding to three
distance ranges, 1.8-3.0, 1.8-4.0, and 1.8-5.0 Å, respec-
tively. Pseudoatoms were used for all nonstereospecifically
assigned protons, and an appropriate distance correction was
applied to the distance constraints (Wu¨thrich et al., 1983).
In addition, 0.5 Å was added to the distance constraints
involving methyl protons (Clore et al., 1987).

All calculations were carried out using the X-PLOR 3.0
program (Bru¨nger, 1992). In total, 1060 distance constraints
[382 intraresidue, 330 sequential, 163 medium range (|i -
j| e 5), and 185 long range (|i - j| > 5) NOE distance
constraints] and 70φ and 42æ dihedral angle constraints
were used. The calculations were started from a template
structure with randomized backboneφ andæ torsion angles.
The 50 starting structures were embedded using the
dg-sub-embed.inp protocol, which was followed by the
dgsa.inp protocol (Nilges et al., 1988b; Kuszewski et al.,
1992). In the dgsa step, a square well potential function
was used for the NOE constraints, and an 18 ps molecular
dynamics calculation was performed at 2000 K followed by
6000 steps of simulated annealing. The structures produced
using the dgsa.inp protocol were further subjected to a
simulated annealing refinement (Nilges et al., 1988ab). The
starting temperature of the simulated annealing refinement
was 2000 K, and 10 000 annealing steps were used in order
to avoid local minima. The final temperature was 100 K
(Nilges et al., 1988b), and after that 1000 steps of conjugate
gradient minimization were performed. In the structure
calculation, force constants for the NOE-derived distance
constraints were set to 50 kcal mol-1 Å-2, and the dihedral
angle constraints were initialized at 5 kcal mol-1 rad-2 during
the high-temperature dynamics and gradually increased to
200 kcal mol-1 rad-2 during the annealing stage.

A good correlation was observed for hydrogen bonds
between backbone amide protons in the calculated structures
and observed slow amide proton exchange. In all cases
where slow amide proton-deuteron exchange was observed,
hydrogen bonds were also found in the calculated structures.
However, for nine residues (A15, R16, Y17, T52, V53, V63,

Q64, G74, D78), the amide protons were found to be
involved in hydrogen bonds in the calculated structures but
were not observed as slowly exchanging in the amide
proton-deuteron exchange experiments. Nevertheless, all
of these residues exhibit NOEs characteristic of regular
secondary structure. The reason why they are not observed
as slowly exchanging might be that the dead time (20 min)
of the exchange experiment is too long.
At the final stage of the calculations, 34 hydrogen bond

distance constraints based on the analysis of amide proton-
deuterium exchange experiments and the derived secondary
structure were added with target values of 1.8-2.3 Å for
NH(i)-O(j) and 2.4-3.3 Å for N(i)-O(j). Fifty structures
were calculated out of which 12 structures showed good
agreement with the NMR experimental constraints. For these
structures, the NOE distances and torsion angle violations
were smaller than 0.5 Å and 10°, respectively, and thus they
were selected for further analysis.
The mean structure of the ensemble was calculated after

superposition of the backbone nuclei (N, CR, andC′) of
residues 4-10, 14-26, 37-43, 46-49, 51-58, 63-67, 70-
75, and 84-88, which belong to the regular secondary
structure elements of P2 and hence were better defined by
NMR data. For the 12 final converged structures, an atomic
RMSD to the mean coordinate is 2.5 Å for backbone atoms
and 3.9 Å for all heavy atoms. A plot of NOE distance
constraints vs sequence is presented in Figure 3a. Figure
3b shows the plot of the average〈RMSD〉 to the mean
structure. Figure 3c shows secondary structure elements vs
sequence number. Finally, Figure 3d,e shows the angular
order parameters (Hyberts et al., 1992) forφ andψ angles
as a function of the residue number. Figure 3b shows that
all theâ-strand parts of P2 were well defined compared with
the other parts of the structure. When just superposition of
the individual secondary structure parts of the protein was
considered, the RMSD values decrease substantially. The
average RMSD values obtained from this partial superposi-
tion of secondary structure elements are summarized in Table
1.
From the comparison of the global RMSD with local

RMSD, it appears that the local secondary structure elements
of P2 are all well defined, but the positions of the helices
relative to other parts of the protein are poorly defined. In
fact, no long-range NOEs have been observed between any
of the helices and the other parts of the structure.
Another part of the protein which is not well defined is

the region from amino acid residues 27 to 35. Contributions
to this uncertainty come from the fact that H33 was not
assigned and that no interresidue distance constraints were
used for the amino acids from H33 to P35 in the structure
calculations. Additionally, both V31 and Q32 are amino
acids which, according to the NMR spectra, exist in multiple
conformations (vide infra). The calculated structure of P2
indicates that this region is solvent exposed, which facilitates
the amide proton exchange with water. At pH 7.5, the
exchange rates for solvent-exposed amide protons are close
to the range where NMR detection is not feasible (Wu¨thrich,
1986). The same reasoning can also be put forward for the
uncertainty in the position of the first three residues located
at the amino terminus.
The precision of the P2 structures was also analyzed by

examination of the angular order parameter,S, of theφ and
ψ dihedral angles as a function of residue number (Figure
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3d,e). Angular order parameters are another measure of the
precision of the ensemble of structures (Hyberts et al., 1992).
Precisely determined dihedral angles will giveSvalues close
to 1, whereas if the angular order parameter has a value of
0, it means that the angle deviates in a random manner,
inferring a disordered structure. In general, the residues with
high angular order parameter values exhibit lower RMSD
from the mean structure and are well defined by a large
number of NOE constraints. A value ofS ) 0.99 corre-
sponds to an angle standard deviation of(7.5°, a value of
S) 0.95 corresponds to an angle standard deviation of(17°,
and a value ofS ) 0.9 corresponds to an angle standard

deviation of(24°. The order parameters shown in Figure
3d,e indicate that the overall structures with respect to torsion
angles are well defined. The angular order parameters for
theφ andψ backbone dihedrals have mean values of 0.95
and 0.91 (for residues 4-88), respectively, which indicate
good convergence for these angles. Residues at the C- and
N-termini exhibit low angular order parameters, which is
expected since these regions tend to be disordered. There
are two other regions, 27-35 and 69-75, which also show
low angular order parameters. In these cases, disorder may
be attributed to the presence of proline (amino acid 27 and
35) and glycine (amino acid 74 and 75) residues.

The Ramachandran plot (Supporting Information) of the
φ andψ angles for all 12 converged structures shows that
64% of theφ andψ angles are found within the most favored
region, 28.4% are found within the additionally allowed
regions, and 6.6% are located within the generously allowed
regions. Only 1% of the residues are found in disallowed
regions. These residues are marked by residue number.

Description of the Structure.The PDB file of protein P2
was submitted to a protein structure database for searching
structure similarity (Holm & Sander, 1994). No similar
structure was found in this search.

FIGURE 3: (a) Number of NOE constraints vs sequence number. (b) Average backbone atomic (N, CR, C′) RMSD per residue for the 12
best structures. (c) Secondary structures represented by open boxes forâ-strands and arrows forR-helices. (d and e) Plots of angular order
parameters for backbone dihedral anglesψ andφ calculated from the 12 best structures.

Table 1: Structural Statistics

RMSD of secondary structures av RMSD vs av coordinates (Å)

strand I (4-10) 0.33
strand II (37-44) 0.41
strand III (46-49) 0.27
strand IV (70-75) 0.83
strand V (76-79) 0.71
strand VI (83-88) 0.97
helix I (14-26) 0.94
helix II (51-58) 0.89
helix III (63-68) 0.97
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The ribbon diagram representing the structure of P2 is
shown in Figure 4. The secondary structure of protein P2
comprises threeR-helices and sixâ-strands. The firstâ-sheet
consists of threeâ-strands:â1(residues 4-10),â2 (residues
37-43), andâ3 (residues 70-75). â1 is flanked by strands
â2 andâ3 and has long-range NOE interactions with both
â2 andâ3. Strandsâ1 andâ2 are connected by a bent helix
1 (residues 14-26) and the ill-defined proline-containing
loop region (residues 27-35). The secondâ-sheet consists
of strandsâ4 (residues 46-48), â5 (residues 77-79), and
â6 (residues 84-88). â6 is flanked by strandsâ4 andâ5
and has long-range NOE interactions with these strands.
Strandsâ5 and â6 are connected by aâ-hairpin region
(residues 80-84). Strandsâ3 andâ4 are connected by two
helices, helix 2 (residues 50-58) and helix 3 (residues 63-
67). A stereoview of 12 ensemble structures of P2 is
presented in Figure 5.
The two helices which are connected by a random coil

region, helix 2 and helix 3, create an extended region of the
structure, which is characterized by a high degree of disorder
when the different calculated structures are compared (Figure
5). This is not unexpected since the amino acids in this part
of the structure are involved in conformational exchange
processes (vide supra). However, the observed disorder
could equally well be attributed to the lack of NOEs ranging
further than three residues apart within this region. Never-
theless, all the calculated structures have as a common feature
that the extended region creates a cavity which is surrounded
by hydrophobic residues. The reason why this unusual
structural feature, although disordered, is prevalent in all the
calculated structures is the experimental constraints that
define theâ-sheet structures. In the absence of an extended
region it would have been impossible to satisfy these
constraints.
Although most of the hydrophobic residues of P2 are

oriented toward the interior of the protein, there is no obvious
hydrophobic core in the structure. Instead, there is an empty
region surrounded by hydrophobic residues, located in the
middle of the structure. This structural feature is evident in
the space-filling model shown in Figure 6.
Conformational Flexibility of P2. In the1H-15N HSQC

spectrum recorded at 30°C (Figure 7), a number of
unassigned resonances are observable. Generally these
resonances were of low intensity and appeared in the NMR
spectrum at frequencies close to more intense and assigned
resonances. When the NOESY patterns for these peaks were

compared with the assigned neighboring resonances in the
1H-15N HSQC spectrum (see Figure 7), it was found that
they were similar. Accordingly, it is reasonable to conclude
that these additional resonances stem from less populated
conformations of P2 in solution, coexisting with the major
conformation. In resolved regions of the spectra, these
resonances could be identified as the following amino acids
belonging to additional solution conformations of P2: F9,
Q10, V18, V19, E20, I22, A29, V31, Q32, E47, I48, E51,
T52, V68, D69, I71, D76, V77, and N90.
Additional evidence for coexisting conformations of P2

is that some of the resonances ascribed to the major
conformation changed their frequencies when the temperature
was changed. In these experiments,1H-15N HSQC spectra
were recorded at three different temperatures: 30, 20, and
10 °C. In the spectrum recorded at 10°C, the intensities of
those resonances ascribed to amino acid residues of a minor
conformation of P2 increased in intensity. Moreover, two
intense resonances could be observed at frequencies which
are not observable at 30°C. One of these peaks, located in
the upfield region of the15N dimension, could be assigned
to G58 on the basis of the simultaneous disappearance of
the resonance assigned to G58 at higher temperatures and
on the similar pattern of the corresponding NOESY cross
peaks.
Generally, the 3D1H-15N NOESY-HSQC and 3D1H-

15N TOCSY-HSQC spectra recorded at 10°C showed that
a number of NOESY and TOCSY cross peaks were either
missing or had reduced intensity compared with the intensi-
ties observed in spectra recorded at higher temperatures. The
TOCSY spectrum was especially affected, which can be
ascribed to the increased transverse relaxation rates observed
at low temperature during the mixing time. This effect on
the relaxation rates is indicative of conformational exchange
taking place. That these relaxation rates were much slower
at 30°C can be explained by a reduction in the population
of the less populated conformations, since this will make
the impact of the exchange on the NMR spectra less
significant.
Preliminary binding studies using NMR spectroscopy

suggest that P2 interacts with both the hydroxylase compo-
nents and phenol in regions close in space on P2. In an
experiment in which P2 was titrated with the hydroxylase
components of the oxygenase, the resonances of the minor
conformations of P2 disappeared (Qian et al., unpublished).
Moreover, the resonances that were affected upon addition
of the hydroxylase were all localized to residues surrounding
the cavity in the extended region in the solution structure of
P2 (Figure 6). Studies of interactions between P2 and phenol
have also been initiated (Qian et al., unpublished). When
phenol was titrated into a sample of P2, the resonance
frequencies of theê proton of W61 and the amide proton of
D62 changed, which indicates that phenol binds to a region
close to helix 3.
Overall, a picture emerges where the conformational

flexibility of P2 is localized to the extended region of the
structure where a cavity surrounded by hydrophobic residues
is located. Interestingly, the same region appears to be
responsible for the interaction with phenol and hydroxylase
components. It is also of interest to note that the cavity in
the structure is large enough to allow passage of a nonhy-
drated phenol molecule. Therefore, it is conceivable that
this structural motif allows entrance of substrates to the active

FIGURE4: Ribbon diagram of the structure of P2. Strictly conserved
residues are marked by residue number. This diagram was generated
using the program MOLSCRIPT (Kraulis, 1991).
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site, and exit of products, when P2 is complexed with the
hydroxylase. A tentative proposal is therefore that this
structural motif is essential for the contribution of P2 to the
enzymatic activity of phenol hydroxylase.

The flexibility of this region may also be important for
function. It is this extended region, particularly the helices
and loops located there, that exhibits the largest RMSD
values for the calculated structures. The coexistence of
minor conformations will affect the observed NOE intensities
and thus also contribute to the large observed RMSD.
Therefore, it appears that the relatively low resolution of the
structure of P2 that we can determine is caused by confor-
mational exchange and structural flexibility in this region.
However, it is worth stressing that the small energy barriers
for conformational exchange in this region might be of
significance for ability of P2 to bind and interact with the
other components of phenol hydroxylase and the substrates.

A number of proteins have previously been reported to
contain cavities within their structures where major confor-
mational changes can be accommodated. For instance, it
has been shown that the cavity found in the myb protein
allows conformational changes to occur that are important
for DNA binding (Ogata et al., 1995). The large frequency
changes of the amide resonances of G58 that occur when
the temperature changes indicate that this region experiences
substantially altered environments in different conformations
of the protein. Another interesting observation is that G58
is conserved in all the P2-like proteins associated with other
oxygenases (see below). It may be that the flexibility
inherent in this region is important for biological function
since glycine residues do not impose severe steric constraints
for flexibility. In the case of P2, G58 may form a hinge
region between helix 2 and helix 3. In Figure 6, one can
see that this structural motif of P2 may permit helix 2 and
helix 3, or the peripheral region surrounding this region, to
move relative to the core region of P2 without perturbing
other parts of the structure substantially.

FIGURE 5: Stereoview of the superposition of backbone atoms of the 12 best P2 structures. The top pair represents the superposition of all
regular secondary structure elements of P2. The lower pair represents superposition of strands 1, 2, and 4 of P2.

FIGURE 6: Space-filling diagram of P2. The structure and the
orientation of the molecule used to generate this plot are the same
as in Figure 5. The amino acids that bind phenol are labeled in
red. This plot was generated using the program QUANTA.

FIGURE 7: 1H-15N HSQC spectrum of15N-labeled P2 at 30°C.
Arrows and residue numbers indicate peaks appearing as doublets.
Some additional peaks which were not assigned are marked by
arrows only. The complete chemical shift assignment table is given
as Supporting Information.
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Comparison with Similar Proteins of Other Multicompo-
nent Oxygenases.Both methane and toluene multicompo-
nent monooxygenases include protein components which
show sequence similarities with the phenol hydroxylase-
associated P2 (Figure 8). It is therefore of interest to
compare the positions of conserved residues in six of these
sequences with the structure of P2 (Figure 8). Six residues
(V5, E20, E55, L57, G58, G75) are strictly conserved in all
of these proteins, and conservative substitutions are found
for a number of the hydrophobic amino acid residues; in
addition, 26 residues are strictly conserved in all, or all but
one, aromatic hydroxylase-associated protein. Although the
lengths of the polypeptide chains of the different proteins
vary from 89 amino to 141 amino acids, all of the highly
conserved residues in the group of proteins shown in Figure
6 are found in regions of regular secondary structure elements
found in P2. There are three conserved amino acid residues
in helix 2 (E54, L57, G58), which implies that this helical
part is important for the biological function of P2. As was
discussed above, some interesting phenomena were observed
in this region in the presence of substrate and the hydroxylase
partner. The extra amino acid residues inserted in the
methane monooxygenase MmoB component at the amino-
terminus, at the carboxy-terminus, and between P27 and A29
are in regions corresponding to the ill-defined local structures
of P2. In summary, the correspondence between regions of
secondary structure in P2 and conserved amino residues in
the other sequences suggests that all of these proteins have
very similar secondary structure elements, at least in the core
regions.
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SUPPORTING INFORMATION AVAILABLE

One table giving1H, 15N, 13C chemical shifts of P2 and
two figures showing a plot of Ramachandranφ and ψ
backbone dihedral angles for the 12 best structures and a
plot for the distribution of theφ andψ angles of P2 (4 pages).
Ordering information is given on any current masthead page.
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