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ABSTRACT. Phenol hydroxylase frorRseudomonasp. 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,¢70ihedral angle constraints, 42 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 A for the backbone atoms and 3.85 A 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 antiparallglstrands, ong-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 doxin-type [2Fe-2S] center, for transfer of electrons from
is a reaction catalyzed by a diverse array of mono- and NADH (Powlowski & Shingler, 1990); a hydroxylase
dioxygenases. Microorganisms that possess the ability tocomponent comprised of three polypeptides containing a
grow at the expense of aliphatic and aromatic compoundsbinuclear iron center; and a small protein (“P2") lacking any
are particularly adept at synthesizing these oxygenases, mostedox cofactors and required for optimal turnover of the
of which are involved in the initial metabolic reactions used enzyme (Nordlund et al., 1990; Powlowski & Shingler 1994;
to degrade the growth substrate. While these enzymes arepowlowski et al., manuscript in preparation). Amino acid
diverse,_without exception they gll possess eithgr an organicSequences of the polypeptides comprising this enzyme are
prosthetic group, such as a flavin or pterin derivative, or a jgentical or highly similar to sequences of polypeptides from

transition metal which is responsible for activation of oxygen phenol hydroxylases of two othBseudomonaisolates (Ng
before insertion into the substrate. These enzymes are furthe(et al., 1994; Herrmann et al., 1995) and Adinetobacter

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-  Each of the phenol hydroxylase components also shows
ing component [reviewed in Mason and Cammack (1992) similarities with corresponding components of methane
and Powlowski and Shingler (1994)]. monooxygenase. ThusimoCanddmpPencode the respec-
Recently, a multicomponent oxygenase frBseudomonas  tive reductasespnmoXYZanddmpLNOencode the hydroxy-
sp. strain CF600, which catalyzes the conversion of phenol lase components, amdmoBanddmpMencode low molec-
and some of its methyl-substituted derivatives to (methyl) ular weight proteins associated with the hydroxylase.
catechol, has been described. The enzyme requires &xtensive biophysical studies of the binuclear iron centers
reductase component (“P5”), containing FAD and a ferre- of two methane monooxygenases have been carried out, and
a crystal structure of the hydroxylase component of methane
* The coordinates and constraints of the phenol hydroxylase protein monooxygenase fromllethanobacterium capsulatbhss been
component P2 have been deposited in the Brookhaven Protein Datapublished [reviewed by Rosenzweig and Lippard (1994) and

Bank. The PDB ID code is 1HQI and the constraints code is RIHQIMR. | :
*To whom correspondence should be addressed. Lipscomb (1994)]. However, structures of the methane

calcoaceticugEhrt 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.

§ Department of Organic Chemistry, Ufnemiversity. monooxygenase reductase and MmoB are currently lacking.
' Concordia University. . . .
5 Department of Cell and Molecular Biology, Urnémiversity. The functions of the low molecular weight proteins of

® Abstract published iddvance ACS AbstractBlecember 15,1996.  methane monooxygenase (MmoB) and the phenol (P2) and
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toluene monooxygenases are quite unique among multicom-1 mM DTT (buffer A). Chromatography media were
ponent oxygenases. None of these proteins appears to b@urchased from Pharmacia, and all purification steps were
directly involved in redox reactions, but rather each stimu- carried out at 4°C. The presence of P2 in fractions was
lates its respective hydroxylase at optimal concentrations andmonitored by SDSPAGE, and protein concentrations were
inhibits at higher levels. Although P2 significantly increases estimated using the BCA assay (Pierce Chemical Co.) with
product yield from the phenol hydroxylase in single-turnover bovine serum albumin as standard.

experiments, the small proteins associated with the methane Crude extracts oE. coli BL21 (DE3) pVI207 (P2) were
and toluene monooxygenases do not (Fox et al., 1989;prepared by sonication of cell suspensions in buffer A
Newman & Wackett 1995; Powlowski et al., manuscript in - sypplemented with 1 mM protease inhibitor Pefabloc (Boeh-
preparation). MmoB has also been shown to modify the ringer Mannheim). The supernatant obtained after centrifu-
regioselectivity of methane monooxygenase (Frolund et al., gation (10000 for 1 h) was applied to a DEAE-Sepharose
1992), alter the environment of the binuclear iron center (FOX Fast-Flow column (34>< 2.6 Cm) equi"brated with buffer
etal., 1991; Pulver et al., 1993), and shift the redox potential A. The column was washed with this buffer (300 mL) and
of the iron center in the MmoB-hydroxylase complex then eluted with a ©0.3 M NaCl gradient (1.5 L) at a flow
(Paulsen et al., 1994). Thus, binding of these small rate of 6 mL/min. Fractions containing P2, which eluted
components to their respective hydroxylases at different near the end of the gradient, were placed in Spectrapor

stages of the catalytic cycle appears to play an important gialysis tubing (60068000 molecular weight cutoff) for

role in regulating the oxygenase activity.

concentration on a bed of poly(ethylene glycol) (PEG)

This paper presents the initial structural characterization (average molecular weight 35 000). The concentrated sample
of one of these hydroxylase-associated proteins, P2 of phenolyas then loaded onto a Sephacryl S-300 HR columnx91

hydroxylase. The potential biochemical significance of its
structural features is discussed.

MATERIALS AND METHODS

Plasmid Construction and P2 &@rexpression.In order
to express high levels of P2, thempM gene was placed

2.6 cm) equilibrated with buffer A containing 0.5 M NacCl.
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 soditipotassium

under the control of the T7 promoter of the pET3a expression phosphate buffer, pH 7.2, and then lyophilized.

vector. All DNA manipulations were done according to
standard techniques (Sambrook et al., 1989). @M
gene was first PCR amplified as &ldd to BanH1 fragment
(bp 2075-2352; Nordlund et al., 1990) and cloned into a
pBluescript (Stratagene) derivative, in which Bdd 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 bee

introduced. TheNdd to BanH1 fragment of pVI206 was

subsequently cloned between these sites of pET3a (Rosen

burg et al., 1987) to generate pVI207 widmpM
Recombinant P2 was expressed by introducing pVI207
into Escherichia coliBL21 (DE3) (Rosenburg et al., 1987).

In a standard expression experiment, fresh transformants wer

used to inoculate M9-glucose medium (Sambrook et al.,
1989) containing ampicillin (5@g/mL), and the culture was
grown at 37°C with vigorous shaking t@eso = 0.4—0.6.
Cultures were then supplemented with IPTG.5 mM) to

Sample Preparation for NMRAII protein samples were
dissolved in 95% KO/5% D,O or alternatively pure ED.
The pH was adjusted to 7.5 by using 20 mM phosphate
buffer, and 0.5 mM Nablwas added to inhibit bacterial
growth. The concentration of unlabeled atiN-labeled
samples was 2.0 mM while the concentration of tA@/
15N-labeled sample was 0.6 mM.

n

NMR SpectroscopyNMR 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

rocessed using CCNMR (written by Christian Cieslar at
he 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-

induce expression of the host-encoded T7 RNA polymerasesion, with the carrier positioned at the water frequency. The

that is under the control of thg,Ppromoter. After a further

4 h of growth cells were harvested by centrifugation and
washed, and then the cell paste was stored&Q °C until
used. For'®N- and!3C-labeled P2 preparations, a similar

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

procedure was followed except that the M9-glucose medium @l., 1984) was used in the indirectly detected dimension in

contained 13C]glucose and/ot*NH,CI.
Purification of P2 The buffer used during the purification
was 50 mM Tris-HCI, pH 8.0, containing 10% glycerol and

1 Abbreviations: COSY, correlation spectroscopy; HMQC, hetero-

nuclear multiple-quantum coherence; HSQC, heteronuclear single-

guantum coherence; IPTG, isopropyb-thiogalactopyranoside; NMR,

nuclear magnetic resonance; NOE, nuclear Overhauser effect; NOESY,

NOE spectroscopy; SDSPAGE, sodium dodecy! sulfatgolyacryl-

amide gel electrophoresis; TOCSY, total correlation spectroscopy; TPPI,

time-proportional phase incrementation; 2D, two dimensional; 3D, three
dimensional;3Jun, three-bond, backbone amide protam-proton
coupling constant; CSlI, chemical shift index; PDB, protein data bank;
RMSD, root mean square deviation.

order to achieve quadrature detection. The data were
processed with a Gaussian window functiontinand a
shifted squared sine bell window function ta Linear
prediction was employed to extend the acquisition time in
t; by 50% prior to Fourier transformation. The final
processed data matrix consisted of 2K1K real points.

The following 2D homonuclear spectra were recorded in
H.O and?H,0 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 heteronucléat—5N HSQC (Marion
etal., 1989b) anéH—*N HMQC (Kay & Bax, 1990) spectra
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were acquired with 1024 complex data pointgzand 128 RESULTS AND DISCUSSION
and 512 complex data pointsti respectively. The spectral
width was 6250 and 2520 Hz i3 and int;, respectively.
The States TPPI method (Marion et al., 1989a) was use
to achieve quadrature detection tn The >N 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 tp and linear
predicted to 256 and 1024 complex data pointstin

Sequential Resonance Assignmentdomonuclear 2D
q TOCSY, heteronucleatH—N 2D HSQC, 3DH-°N
TOCSY-HMQC, and 3D0H—1*N NOESY-HSQC spectra of
samples dissolved in water, and homonuclear 2D NOESY
and 2D COSY spectra of samples dissolved yODwere
used to obtain the sequential resonance assignments. The
total number of amide proton cross peaks in the HSQC
respectively. Gaussian and shifted square sine bell Windowspectrum is 132 (the protein contains 88 non-proline residues

' and the theoretical number of cross peaks is 106). The

functions were applied it andt;, respectively. additional peaks, often of low intensity, may represent the
The 3D'H—*N TOCSY-HMQC spectra on a sample of minor conformations of P2.
P2 dissolved in KO/D;0 (95:5) were acquired with a mixing The standard residue assignment procedures described by
time of 65 ms at two different temperatures, 304 and 294 \yithrich (1986) were used. The assignment was initiated
K. The TOCSY mixing was achieved with a clean DIPSI- by identifying as many spin systems as possible in the 2D
rc sequence (Cavanagh & Rance, 1992). The'db!N and 3D TOCSY spectra. Since the 3B—15N TOCSY
NOESY-HSQC spectra (Marion et al., 1989b) were recorded gpectrum was recorded with a mixing time of 65 ms only, a
with a mixing time of 125 ms at three different temperatures, number of side chain assignments were obtained from the
304, 294, and 284 K. Water suppression was obtained in2p TOCSY spectrum where varying mixing times were used.
the 3D experiments by spin-lock pulses during the hetero- From the 3D'H—15N TOCSY spectra, two threonine residues
nuclear magnetization transfer (Messerle et al., 1989). were readily identified and used as the starting point for the
Typical data sizes for the 3D experiments weret9px 32 sequential assignment. Thus, starting from the-HH\ cross
(t) x 1024 ¢s) complex points with spectral widths of 6250,  peak of T52, the amino acid stretch between E51 and W61
2525, and 6250 Hz, respectively. The data were acquiredcould be sequentially assigned day(i, i + 1) anddgn(i, i
using the StatesTPPI method (Marion et al., 1989a). Zero- + 1) NOEs. In a similar manner, the sequential stretches
filling was used in the acquisition dimension, and linear N14—A29 and 171-D76 were identified. The sequential
prediction was used in all the indirectly detected dimensions. stretches L4 D11, A36-R50, and V77#N90 were identified
The final processed data matrix consisted of 25628 x on the basis oflun(i, i + 1) anddsn(i, i + 1) NOEs. The
1024 real complex points in thig, t;, andt; dimensions, amino acids R39 and 140 could not be unambiguously
respectively. assigned due to extensive resonance overlap. This ambiguity

The 3D triple resonance CBCA(CO)NH (Grezsiek & Bax, Was settled later during the assignment procedure when these
1992) spectrum was recorded on a Bruker AMX2 500 MHz @mino acid residues were found to be included jfrsheet,

spectrometer. A total of 80t x 14 () x 1024 () whereupon good long-range correlations were found between
complex data points were collected, with spectral widths of R39 and F9 and between 140 and A8. _
8347 Hz int,, 3125 Hz int;, and 6000 Hz irts, respectively. There are some peaks which could not be clearly assigned

The carrier frequencies used in the three dimensions wereOn the basis of these experiments. These correspond to
4.7 ppm in thé-H dimension, 46 ppm in th@ca/ﬁ dimension, stretches M1-83, N12_D13, and Q32‘H34 These resi-
and 117 ppm in thé5N dimension. The 3D HNCACB  dues showed very weak peaks in the 2-'*N HSQC
(Wittekind & Mueller, 1993; Muhandiram & Kay, 1994) was  SPectrum. No sequential assignment could be made on the
recorded using the Varian UnityPlus 500 MHz spectrometer Pasis of the 3DH—1N TOCSY and 3D'H—*"N NOESY

and consisted of 12& 44 x 1024 complex data points. ~SPectra, since only a few intraresidual peaks with low
Pulsed field gradients were used for coherence selection inintensity could be observed. At the relatively high pH (7.5)

the 5N dimension. The data set was collected with spectral required to keep the protein in solution, rapid exchange with

widths of 8990 Hz int,, 2500 Hz int,, and 6500 Hz irts, water may result in weak or even missing amide proton
with 32 scans per complex data point. The positions of the €SONances. o _
carrier frequencies were as follows: 47.8 ppnii@, 118.0 In order to overcome these difficulties and to confirm the
ppm in 15N, and 4.70 ppm irtH. assignments obtained using tHi-labeled sample, triple

resonance CBCA(CO)NH and HNCACB experiments were

The carbonyl pulses in both experiments were applied as erformed on a3C/5N double-labeled sample. From these

phase-shifted laminar pulses with the power adjusted to caus o triple resonance spectra, all the previously made assign-
minimal excitation in the gregion (Patt et al., 1992). Both ments were confirmed I—iowever for the amino acid
spectra were recorded with the Statd® Pl method (Marion stretches M+S3 N12—Di3 and H33—,H34 the assignment
et al., 1989a) and processed in the same manner. Zero-fillingproblem still remained. When the 2D COSY and 2D
was us_ed n t.h% and linear pred|ct|on was used In the NOESY spectra recorded in,D were inspected, two serine-
andt, dimensions in order to increase the resolution. The type spin systems in the aliphatic region which had not
final da'ga matrix consisted of 256 128 x 1024 complex previously been assigned were found in the 2D COSY
data points. spectra. Inthe 2D NOESY, these two residues show a weak
The amide protorrdeuterium exchange rates were moni- dy(i, i + 1) correlation. Furthermore, one of the amino acid
tored by using the'H—'N HSQC spectra. After the residues showed a long-range correlation with R45 and was
protonated protein was dissolved in@ a series of 2BH— assigned as S3. At this point there was only one resonance,
15N HSQC spectra were acquired at times ranging from 0.5 which showed strong NOESY and TOCSY cross peaks, that
to 12 h. The acquisition time for each spectrum was 15 min. was not assigned. It resembles angspin system, and it
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is a possible candidate for one of the histidines, but no , =
. . . . . aNGii+1) = E —— e
sequential correlation could be found for this, neither in 3D 4.,
NOESY nor in the triple resonance spectra. Thea6d G daniiiezy — e, B B = —

frequencies observed in the CBCA(CO)NH spectrum do not  dees =
fit with the assigned resonance of Q32, which suggests that ' ST
this resonance corresponds to H34 rather than H33. _ _

In conclusion, P2 has been sequentially assigned from FIGURE 2: Secondary structure analysis of P2. Slowly exchanging
amino acid residues S2 to N90, excluding the two proline 2ackbone amide protons that are still observedHn**N HSQC

. P 4 (5N 13C spectra recorded aft@ h in 2H,O solution are indicated by filled

residues, D13 and H33. The chemical shiftd,(**N, **C) circles. The values of thd, are indicated by an index with values
of P2 are summarized and supplied as Supporting Informa-of +1 (=7 Hz) and—1 (<6 Hz). The sequential NOEsy, Jun.
tion. A figure that displays part of the sequential assignment and dsy, are indicated by bars between residues. The NOEs are

is shown (Figure 1). The NOEs used in the seguential classified as strong, medium, and weak, according to the heights
assignmen(t c%n be ?seen in Figure 2 q of the filled bars. The consensusyHC,, Cs) chemical shift indices

3 . . . are indicated by an index with values ofl, 0, and+1, which
June Coupling Constants and Dihedral Angle Constraints  correspond to downfield, random coil, and upfield, respectively
The coupling constants 88y, Were extracted from gH— (Wishart & Sykes, 1994).

15N HMQC spectrum using the method described by Kay
(Kay & Bax, 1990). A total of 7GJune coupling constants  (13C,) < —1.5 corresponds to &strand conformation with
were extracted and converted to angle constraints. Couplingthe ¢ angle constrained between°48nd —14C°. On the
constants were also used in the identification of secondary basis of these observations, #d2ngle constraints of protein
structure according to the following rulesi-helical seg- P2 corresponding to-helices and3-strands were derived
ments,*June < 6 Hz; -strand segment$)ung > 7 Hz. from 13C, chemical shifts. Backbone dihedral angfewere
Since the'®C, chemical shifts of proteins exhibit a strong restrained with=40° for upper and lower boundaries, and
correlation with peptide backbone conformation (Spera & ¢ angles were restrained with50°.
Bax, 1991; Wischart & Sykes, 1994; Lugititdet al., 1995), Secondary Structure AssignmentThe observed NOE
the empirical*C,, chemical shift surface (Spera & Bax, 1991) pattern was used to extract secondary structure elements of
can be used to extract dihedral angle constraints of proteins.P2. Regions ofi-helix ands-sheet were identified according
Recently, Luginbhbl et al. (1995) have described a statistical to the criteria established by Vihrich (1986). The3-sheet
analysis of correlation between experimental dihedral angle assignment was based on strong sequendigi, i + 1),
constraints derived fror¥C,, chemical shifts and a group interstrand NH-NH, NH—H,, and H,—H, connectivities,
of high-quality protein structures.A6(**C,) values, the  large %June (>7 Hz) coupling constants, and slow amide
differences between the experimentil, chemical shifts proton exchange rates. The identificatioroetielical regions
and the random coil values (Richarz & \Witch, 1978), were  was based on sequentidn(i, i + 1), strongdyy—nn(i, | +
used to derive dihedral angles and the secondary structured), mediumdg(i, i + 3), and small coupling constants
of the protein. It has been shown (Lugiifthet al., 1995) Hz). On the basis of the results of these analyses, we have
that Ad(*C,) > 2.0 corresponds to a helix conformation with identified six 3-strands consisting of residues-80, 37—
the ¢ angle constrained betweerl0C® and @, while Ad- 44, 46-49, 70-75, 7779, and 84-89 which are arranged
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in an antiparallel manner and threehelices consisting of  Q64, G74, D78), the amide protons were found to be
residues 1426, 50-58, and 63-67. The location and the involved in hydrogen bonds in the calculated structures but
extent of the secondary structure elements were furtherwere not observed as slowly exchanging in the amide
confirmed by the analysis dfC,, *Cs, and H, chemical proton—deuteron exchange experiments. Nevertheless, all
shifts (Wishart & Sykes, 1994). The consensus results of of these residues exhibit NOEs characteristic of regular
the chemical shift index (& C,, Cp) analysis (Figure 2) are  secondary structure. The reason why they are not observed
in excellent agreement with the secondary structure elementsas slowly exchanging might be that the dead time (20 min)
derived from the NOE and amide protedeuteron exchange  of the exchange experiment is too long.

experiments. However, the chemical shift index analysis At the final stage of the calculations, 34 hydrogen bond
(Figure 2) suggests that the amino acids from A29 to Q32 distance constraints based on the analysis of amide proton
form ap-strand. In the structure analysis process, some long-deuterium exchange experiments and the derived secondary
range interactions (ii)—NH(j)) were observed between the structure were added with target values of-1283 A for
amino acid stretches V3tH34 and M37#E41, but it has NH(®i)—0() and 2.4-3.3 A for N()—O(). Fifty structures

not been possible to define these regions Assheet dueto  were calculated out of which 12 structures showed good
spectral overlap in these regions. The secondary structuralagreement with the NMR experimental constraints. For these
analyses of P2 are summarized in Figure 2. structures, the NOE distances and torsion angle violations

Structure Calculation. Interproton distance constraints Were smaller than 0.5 A and 10espectively, and thus they

were obtained from either tHéN-edited 3D NOESY-HSQC ~ Were selected for further analysis.
spectrum recorded with a mixing time of 120 ms or the 2D The mean structure of the ensemble was calculated after

homonuclear NOESY spectrum recorded igODusing the ~ SuPerposition of the backbone nuclei (Ns,@nd C') of
same mixing time. Semiquantitative determination of the esidues 410, 14-26, 37-43, 46-49, 51-58, 63-67, 70-
cross peak intensity was based on the number of contour/> @nd 84-88, which belong to the regular secondary

levels of the peaks. All the NOE data were categorized as structure elements of P2 and hence were better defined by
strong, medium, or weak peaks, corresponding to three NMR data. For the 12 final converged structures, an atomic

distance ranges, 1-8.0, 1.8-4.0, and 1.85.0 A, respec- RMSD to the mean coordinate is 2.5 A for backbone atoms

tively. Pseudoatoms were used for all nonstereospecifically 21d 3-9 A for all heavy atoms. A plot of NOE distance

assigned protons, and an appropriate distance correction waSOnstraints vs sequence is presented in Figure 3a. Figure
applied to the distance constraints (thiich et al., 1983). P shows the plot of the averagRMSDUto the mean

In addition, 0.5 A was added to the distance constraints Structure. Figure 3c shovI\I/s secondary strur(‘:ture er:ements Vs
involving methy! protons (Clore et al., 1987). sequence number. Finally, Figure 3d,e shows the angular
. . . order parameters (Hyberts et al., 1992) foandy angles

Al calculguons were carried out using the X-PLOR 3'0 as a function of the residue number. Figure 3b shows that
program (Biimger, 1992). In total, 1060 distance constraints 5| the g-strand parts of P2 were well defined compared with
[382 intraresidue, 330 sequential, 163 medium range ( he other parts of the structure. When just superposition of
Il '='5), and 185 long rangefi(— j| > 5) NOE distance ¢ ingividual secondary structure parts of the protein was
constraints] and 7@ and 42¢ dihedral angle constraints  ¢,nsidered, the RMSD values decrease substantially. The
were used. The calculations were started from a template

average RMSD values obtained from this partial superposi-
structure with randomized backbop@ndg torsion angles. J P Perp

) : tion of secondary structure elements are summarized in Table
The 50 starting structures were embedded using theq

dg-sub-embed.inp protocol, which was followed by the  prom the comparison of the global RMSD with local
dgsa.inp protocol (Nilges et al., 1988b; Kuszewski et al., pvsp, it appears that the local secondary structure elements
1992). In the dgsa step, a square well potential function ot p> are all well defined, but the positions of the helices
was used for the NOE constraints, and an 18 ps molecular,g|ative to other parts of the protein are poorly defined. In
dynamics calculation was performed at 2000 K followed by fact, no long-range NOEs have been observed between any
6000 steps of simulated annealing. The structures producedyf ihe helices and the other parts of the structure.

using the dgsa.inp protocol were further subjected t0 @  apgther part of the protein which is not well defined is
simulated annealing refinement (Nilges et al., 1988ab). The ih¢ region from amino acid residues 27 to 35. Contributions
starting temperature of the simulated annealing refinement;y inis uncertainty come from the fact that H33 was not
was 2000 K, and 10 000 annealing steps were used in orderyggigned and that no interresidue distance constraints were
to avoid local minima. The final temperature was 100 K ysed for the amino acids from H33 to P35 in the structure
(Nilges et al., 1988D), and after that 1000 steps of conjugate c5|cylations. Additionally, both V31 and Q32 are amino
gradient minimization were performed. In the structure acigs which, according to the NMR spectra, exist in multiple
calculation, force constants for the NOE-derived distance conformations (vide infra). The calculated structure of P2
constraints were set to 50 kcal mb/A "2, and the dihedral  ingicates that this region is solvent exposed, which facilitates
angle constraints were initialized at 5 kcal matad2 during the amide proton exchange with water. At pH 7.5, the
the high-temperature dynamics and gradually increased t0gxchange rates for solvent-exposed amide protons are close
200 keal mof rad® during the annealing stage. to the range where NMR detection is not feasible giivich,

A good correlation was observed for hydrogen bonds 1986). The same reasoning can also be put forward for the
between backbone amide protons in the calculated structuresincertainty in the position of the first three residues located
and observed slow amide proton exchange. In all casesat the amino terminus.
where slow amide protendeuteron exchange was observed,  The precision of the P2 structures was also analyzed by
hydrogen bonds were also found in the calculated structures.examination of the angular order parameg&mf the¢ and
However, for nine residues (A15, R16, Y17, T52, V53, V63, v dihedral angles as a function of residue number (Figure
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Ficure 3: (a) Number of NOE constraints vs sequence number. (b) Average backbone atomi, (1) BMSD per residue for the 12
best structures. (c) Secondary structures represented by open bogestfands and arrows far-helices. (d and e) Plots of angular order
parameters for backbone dihedral angjeand¢ calculated from the 12 best structures.

Table 1: Structural Statistics 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

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

strand | (4-10) 0.33 the ¢ andy backbone dihedrals have mean values of 0.95
gg:ﬂg ”I(?Zg_‘lfg) 8:‘21% and 0.91 (for residues—488), respectively, which indicate
strand IV (76-75) 0.83 good convergence for these angles. Residues at the C- and
strand V (76-79) 0.71 N-termini exhibit low angular order parameters, which is
strand VI (83-88) 0.97 expected since these regions tend to be disordered. There
EZ:K :I((1541—_25fsg) 8:33 are two other regions, 2735 and 69-75, which also show

helix 11l (63—68) 0.97 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.

3d,e). Angular order parameters are another measure of the ] )

precision of the ensemble of structures (Hyberts et al., 1992). The Ramachandran plot (Supporting Information) of the
Precisely determined dihedral angles will gSealues close ¢ andy angles for all 12 converged structures shows that
to 1, whereas if the angular order parameter has a value of64% of thep andy angles are found within the most favored
0, it means that the angle deviates in a random manner,'®gion, 28.4% are found within the additionally allowed
inferring a disordered structure. In general, the residues with "€gions, and 6.6% are located within the generously allowed
high angular order parameter values exhibit lower RMSD régions. Only 1% of the residues are found in disallowed
from the mean structure and are well defined by a large "egions. These residues are marked by residue number.

number of NOE constraints. A value &= 0.99 corre- Description of the StructureThe PDB file of protein P2
sponds to an angle standard deviationtaf.5°, a value of was submitted to a protein structure database for searching
S=0.95 corresponds to an angle standard deviatiahlar, structure similarity (Holm & Sander, 1994). No similar

and a value ofS = 0.9 corresponds to an angle standard structure was found in this search.
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compared with the assigned neighboring resonances in the
IH—1N 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, 122, A29, V31, Q32, E47, 148, E51,
T52, V68, D69, 171, 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 experimefits;-N HSQC spectra
Ficure 4: Ribbon diagram of the structure of P2. Strictly conserved

. - L were recorded at three different temperatures: 30, 20, and
residues are marked by residue number. This diagram was generated . . . o
using the program MOLSCRIPT (Kraulis, 1991). 0°C. In the spectrum recorded at 10, the intensities of

those resonances ascribed to amino acid residues of a minor
The ribbon diagram representing the structure of P2 is conformation of P2 increased in intensity. Moreover, two
shown in Figure 4. The secondary structure of protein P2 intense resonances could be observed at frequencies which
comprises three-helices and sig-strands. The firsf-sheet are not observable at 3C. One of these peaks, located in
consists of thre@-strands:S1(residues 410),32 (residues  the upfield region of thé>N dimension, could be assigned
37—43), ands3 (residues 7675). Sl is flanked by strands  to G58 on the basis of the simultaneous disappearance of
B2 andf3 and has long-range NOE interactions with both the resonance assigned to G58 at higher temperatures and
B2 andpB3. Strand$il andf$2 are connected by a bent helix  on the similar pattern of the corresponding NOESY cross
1 (residues 1426) and the ill-defined proline-containing peaks.
loop region (residues 2735). The secon@-sheet consists Generally, the 3DH—'N NOESY-HSQC and 3BH—
of strandsf4 (residues 4648), 55 (residues 7#79), and 15N TOCSY-HSQC spectra recorded at 40 showed that
6 (residues 8488). 36 is flanked by strands4 and(5 a number of NOESY and TOCSY cross peaks were either
and has long-range NOE interactions with these strands.missing or had reduced intensity compared with the intensi-
Strandsf5 and 6 are connected by A-hairpin region ties observed in spectra recorded at higher temperatures. The
(residues 86-84). Strand$3 andj34 are connected by two  TOCSY spectrum was especially affected, which can be
helices, helix 2 (residues 5®8) and helix 3 (residues 63 ascribed to the increased transverse relaxation rates observed
67). A stereoview of 12 ensemble structures of P2 is at low temperature during the mixing time. This effect on
presented in Figure 5. the relaxation rates is indicative of conformational exchange
The two helices which are connected by a random coil taking place. That these relaxation rates were much slower
region, helix 2 and helix 3, create an extended region of the at 30°C can be explained by a reduction in the population
structure, which is characterized by a high degree of disorderof the less populated conformations, since this will make
when the different calculated structures are compared (Figurethe impact of the exchange on the NMR spectra less
5). This is not unexpected since the amino acids in this part significant.
of the structure are involved in conformational exchange Preliminary binding studies using NMR spectroscopy
processes (vide supra). However, the observed disordersuggest that P2 interacts with both the hydroxylase compo-
could equally well be attributed to the lack of NOEs ranging nents and phenol in regions close in space on P2. In an
further than three residues apart within this region. Never- experiment in which P2 was titrated with the hydroxylase
theless, all the calculated structures have as a common featureomponents of the oxygenase, the resonances of the minor
that the extended region creates a cavity which is surroundedconformations of P2 disappeared (Qian et al., unpublished).
by hydrophobic residues. The reason why this unusual Moreover, the resonances that were affected upon addition
structural feature, although disordered, is prevalent in all the of the hydroxylase were all localized to residues surrounding
calculated structures is the experimental constraints thatthe cavity in the extended region in the solution structure of
define thes-sheet structures. In the absence of an extendedP2 (Figure 6). Studies of interactions between P2 and phenol
region it would have been impossible to satisfy these have also been initiated (Qian et al., unpublished). When
constraints. phenol was titrated into a sample of P2, the resonance
Although most of the hydrophobic residues of P2 are frequencies of thé proton of W61 and the amide proton of
oriented toward the interior of the protein, there is no obvious D62 changed, which indicates that phenol binds to a region
hydrophobic core in the structure. Instead, there is an emptyclose to helix 3.
region surrounded by hydrophobic residues, located in the Overall, a picture emerges where the conformational
middle of the structure. This structural feature is evident in flexibility of P2 is localized to the extended region of the
the space-filling model shown in Figure 6. structure where a cavity surrounded by hydrophobic residues
Conformational Flexibility of P2 In the *H—5N HSQC is located. Interestingly, the same region appears to be
spectrum recorded at 30C (Figure 7), a number of responsible for the interaction with phenol and hydroxylase
unassigned resonances are observable. Generally theseomponents. It is also of interest to note that the cavity in
resonances were of low intensity and appeared in the NMR the structure is large enough to allow passage of a nonhy-
spectrum at frequencies close to more intense and assignedrated phenol molecule. Therefore, it is conceivable that
resonances. When the NOESY patterns for these peaks werghis structural motif allows entrance of substrates to the active
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FicurRe 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.
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- 133

FiGure 7: H—15N HSQC spectrum of*N-labeled P2 at 30C.
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
Ficure 6: Space-filling diagram of P2. The structure and the as Supporting Information.

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.

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

site, and exit of products, when P2 is complexed with the
hydroxylase. A tentative proposal is therefore that this

structura_l moti_f i_s essential for the contribution of P2 to the for DNA binding (Ogata et al., 1995). The large frequency
enzymaltic activity of phenol hydroxylase. changes of the amide resonances of G58 that occur when

The flexibility of this region may also be important for  the temperature changes indicate that this region experiences
function. Itis this extended region, particularly the helices substantially altered environments in different conformations
and loops located there, that exhibits the largest RMSD of the protein. Another interesting observation is that G58
values for the calculated structures. The coexistence ofis conserved in all the P2-like proteins associated with other
minor conformations will affect the observed NOE intensities oxygenases (see below). It may be that the flexibility
and thus also contribute to the large observed RMSD. inherent in this region is important for biological function
Therefore, it appears that the relatively low resolution of the since glycine residues do not impose severe steric constraints
structure of P2 that we can determine is caused by confor-for flexibility. In the case of P2, G58 may form a hinge
mational exchange and structural flexibility in this region. region between helix 2 and helix 3. In Figure 6, one can
However, it is worth stressing that the small energy barriers see that this structural motif of P2 may permit helix 2 and
for conformational exchange in this region might be of helix 3, or the peripheral region surrounding this region, to
significance for ability of P2 to bind and interact with the move relative to the core region of P2 without perturbing
other components of phenol hydroxylase and the substratesother parts of the structure substantially.
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FIGURE 8: Amino acid sequence comparisons between P2 (DmpM) and components of phenol hydroxylasechitmmaceticu$ACPHC),

toluene monooxygenases (tbomC, T3MO, TbmD), and methane monooxygenases (MmoB). faachosporium(MT) and M. capsulatus

(Bath) (MC). At the top of the panel, the secondary structure is represented by open bgkasréords and arrows fer-helices. Sequences

were aligned using the program Clustal (Higgins & Sharp, 1988, 1989). Symbols represent the following: (*) conserved in at least six of
seven sequences)) conserved in at least four of five aromatic hydroxylases. Sequences are taken from Nordlund et al. (1990) (DmpM),

Ehrt et al. (1995) (ACPHC), Johnson and Olsen (1995) (TbmC), Byrne et al. (1995) (T3MO), Yen et al. (1991) (TmoD), Cardy et al.

(1991) [MmoB (MT)], and Stainthorpe et al. (1989) [MmoB (MC)].
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