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ABSTRACT The gene encoding the alkane v-hydroxylase
(AlkB; EC 1.14.15.3) from Pseudomonas oleovoranswas expressed
in Escherichia coli. The integral-membrane protein was purified
as nearly homogeneous protein vesicles by differential ultracen-
trifugation and HPLC cation exchange chromatography without
the detergent solubilization normally required for membrane
proteins. Purified AlkB had specific activity of up to 5 unitsymg
for octane-dependent NADPH consumption. Mössbauer studies
of AlkB showed that it contains an exchange-coupled dinuclear
iron cluster of the type found in soluble diiron proteins such as
hemerythrin, ribonucleotide reductase, methane monooxygen-
ase, stearoyl-acyl carrier protein (ACP) D9 desaturase,
rubrerythrin, and purple acid phosphatase. In the as-isolated
enzyme, the cluster contains an antiferromagnetically coupled
pair of high-spin Fe(III) sites, with an occupancy of up to 0.9
cluster per AlkB. The diferric cluster could be reduced by sodium
dithionite, and the diferrous state was found to be stable in air.
When both O2 and substrate (octane) were added, however, the
diferrous cluster was quantitatively reoxidized, proving that the
diiron cluster occupies the active site. Mössbauer data on
reduced AlkB are consistent with a cluster coordination rich in
nitrogen-containing ligands. New sequence analyses indicate
that at least 11 nonheme integral-membrane enzymes, including
AlkB, contain the 8-histidine motif required for catalytic activity
in stearoyl-CoA desaturase. Based on our Mössbauer studies of
AlkB, we propose that the integral-membrane enzymes in this
family contain diiron clusters. Because these enzymes catalyze a
diverse range of oxygenation reactions, this proposal suggests a
greatly expanded role for diiron clusters in O2-activation bio-
chemistry.

The bacterial v-hydroxylase is an enzyme system consisting of
three protein components (1): a soluble NADH-rubredoxin
reductase (2); a soluble rubredoxin (3); and an integral-
membrane oxygenase referred to as v- or alkane hydroxylase
(AlkB) (4–6). In addition to the energetically demanding
hydroxylation of unactivated aliphatic methyl groups, AlkB has
been shown to catalyze a number of other characteristic
reactions (7–9). These reactions are consistent with the in-
volvement of high-valent, electrophilic catalytic intermediates
comparable to those found in cytochrome P450 (10) and a
number of other nonheme iron proteins (11). Previous optical
and biochemical studies of AlkB have shown that the presence
of nonheme iron was essential for catalysis, and that '1 mol
of iron was present per mol of partially purified protein (5).
However, due to problems inherent to working withmembrane
proteins, further structural characterization of the AlkB active
site has not been reported.

Recently, we suggested that AlkB, the related bacterial xylene
monooxygenase, and a large class of integral-membrane fatty acid
desaturases, constitute a structurally related protein family (12).
By using the rat stearoyl-CoA desaturase gene to complement a
yeast unsaturated fatty acid auxotroph, we showed by mutational
analysis that eight His residues were all essential for catalytic
function (12). A combination of alkB-reporter gene fusion (13)
and hydropathy analyses further suggested that these conserved
His reside in equivalent hydrophilic domains on the cytoplasmic
face of the membrane, supporting a model in which both the
hydroxylases and desaturases share a common structural organi-
zation (12, 13). One interpretation of these results is that the
conservedHis residues act as ligands for the iron(s) present in the
active site of this protein family.
Enzymes containing diiron clusters are capable of the

oxidation of unactivated C–H bonds (11), such as the physi-
ological reaction catalyzed by AlkB. Crystal structures of
representatives from three distinct catalytic classes of soluble
diiron enzymes, the aerobic component of ribonucleotide
reductase (R2) (14), methane monooxygenase (MMO) (15),
and stearoyl-acyl carrier protein (ACP) D9 desaturase (D9D)
(16), have revealed that these proteins share a common
polypeptide fold. Although these diiron enzymes have no
significant overall amino acid homology, they all contain an
iron-binding motif consisting of two repeats of Glu(Xaa)2His
(17, 18). Residues within the active site involved in hydrogen
bonding and perhaps catalytic aspects may also be conserved
(16, 18). The diiron-binding motif of the soluble proteins is
absent from the integral-membrane hydroxylases and desatu-
rases. Nevertheless, the numerous biochemical and catalytic
similarities between the soluble and membrane classes
prompted us to suggest that these membrane enzymes may also
contain diiron centers (12).
In this report, we describe the expression of Pseudomonas

oleovorans AlkB under the control of an inducible T7 poly-
merase in Escherichia coli and its purification. Analysis of the
Mössbauer spectra of AlkB reveals a dinuclear iron cluster of
the type found in diiron enzymes (17, 19–23). Single turnover
experiments also monitored by Mössbauer spectroscopy dem-
onstrate that both substrate (octane) and O2 are required for
the reoxidation of the diferrous center. When considered with
an expanded identification of the eight-histidine motif in
several new types of O2-activating enzymes, our results suggest
the presence of a diiron active site for a diverse family of
integral-membrane enzymes.

MATERIALS AND METHODS

Materials. P. oleovorans was obtained from the American
Type Culture Collection and grown on a minimal medium
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supplemented with octane (24). The OCT plasmid was isolated
using a Wizard miniprep kit (Promega).
AlkB Expression. The alkane-hydroxylase gene, alkB, (Gen-

Bank accession no. J04618) (6) was amplified from the OCT
plasmid by PCR using Pfu DNA polymerase (Stratagene) and
the following primers: aattggagaTcTccaTatgcttgaga (coding)
and gccgggctctgAgATctcacataac (noncoding) (lowercase char-
acters are homologous to the alkB sequence; uppercase char-
acters are mutations). These primers introduced BglII and
NdeI sites into the 59 f lank and a BglII site into the 39 f lank of
the 1206-bp coding region. The amplified product was re-
stricted with NdeI and BglII and the fragment cloned into the
corresponding NdeI and BamHI sites in pET3a to make
pAlkB-3a (25). Both strands of the insert were fully sequenced
to confirm the presence of AlkB and ensure that secondary
mutations had not been introduced. For expression, pAlkB-3a
was introduced into E. coli BL21(DE3)pLysS and grown on 10
gyliter Bacto Tryptone, 5 gyliter NaCl, and 50 mgyliter am-
picillin in baffled flasks shaken at 325 rpm at 378C. Cells were
grown to a density of 0.5 OD600, at which time the medium was
supplemented with 1.4 mgyliter of 57Fe dissolved in a minimal
volume of 6 M HCl (isotopic enrichment of '80%), and the
temperature was lowered from 378C to 308C (t5 0 min). At 10
min, AlkB production was induced by addition of isopropyl-
b-D-thiogalactopyranoside to 0.4 mM; at 30 min, rifampicin
was added to a final concentration of 200 mgyliter; at 4 hr, the
cells were collected by centrifugation at 16,000 3 g for 6 min,
washed once in 40 mM TriszHCl, collected by centrifugation as
before, and stored at 2708C.
AlkB Purification.All manipulations were carried out on ice

or at 48C unless otherwise specified. Cells (15 g) were resus-
pended in 50 ml of 50 mM Hepes (pH 8.0) containing 4 mM
MgCl2, 2 mM phenylmethylsulfonyl f luoride, 10 mg of DNase
I, and 50 mg of catalase. The cell suspension was disrupted by
single passage through a French pressure cell with a 70 MPa
pressure drop. The resulting extract was clarified by centrifu-
gation at 43,000 3 g for 45 min. The supernatant fraction was
divided among four 143 89 mm polyallomer SW41 centrifuge
tubes (Beckman) and underlayed with 1.5 ml of 50 mM Hepes
(pH 7.5) containing 40% (volyvol) glycerol. The glycerol
cushions were harvested after centrifugation at 285,0003 g for
90 min and diluted to 45 ml with 50 mM Hepes (pH 7.5) to
which 5 ml of 5 M urea was added. The AlkB-enriched
membrane fraction was collected by centrifugation at
240,0003 g for 1 hr, and resuspended in 12 ml of 25 mMHepes
(pH 7.5) containing 10% (volyvol) ethylene glycol (buffer A)
by sonication. The resuspended material was applied in three
separate, equal volume portions at 1 mlymin to a 1 cm 3 20
cm column of POROS 20CM (Perseptive Biosystems, Cam-
bridge, MA) equilibrated with buffer A and eluted with a
linear gradient of buffer A containing 0–600 mM NaCl at 4
mlymin over 38 min. Fractions enriched in AlkB were pooled
and collected by centrifugation at 240,000 3 g for 1 hr. The
resulting pelleted fraction was resuspended by sonication in an
approximately equal volume of buffer. The final enzyme
preparation was frozen in liquid nitrogen and stored at2708C.
Amino Acid andMetal Content. Five independently purified

batches of AlkB were subjected to quantitative amino acid
analysis to determine absolute protein concentrations and to
metal analysis by inductively coupled plasma atomic emission
spectrometry.
AlkB Assay. The activity of AlkB was monitored spectro-

photometrically as the octane-dependent rate of NADPH
oxidation (4) in the presence of excess recombinant P. oleo-
vorans rubredoxin-2 and maize ferredoxin NADPH reductase.
One unit of activity is defined as the oxidation of 1 mmol of
NADPH per minute at 228C. Specific activity (unitsymg) was
calculated using protein concentrations determined by dye-
binding assay and adjusted to a value consistent with amino
acid analysis using a conversion factor of 0.75 (26). Alterna-

tively, activity was monitored by gas chromatographic separa-
tion of substrate (either octane or 1,7-octadiene) and product
(either 1-octanol or octene epoxide, respectively) (8). Samples
were first brought to 5% (volyvol) trichloroacetic acid and
extracted with 1y10 volume of chloroform. The chloroform–
protein emulsion was separated by centrifugation at 13,000 3
g and the chloroform phase analyzed using a gas chromato-
graph equipped with a 30 m 3 0.25 mm (inner diameter) HP5
column as described (8). Analytes were detected by either
flame ionization or total ion detectors and identified by
comparison of their fragmentation mass spectra with those of
authentic standards.
Scanning Transmission Electron Microscopy. Samples of

AlkB were deposited on carbon film as described for the
protease ClpP (27). Masses of 480 individual particles were
determined with tobacco mosaic virus as a mass standard.

RESULTS
Expression and Purification of AlkB. The alkB gene was

introduced into E. coli under the control of the T7 inducible
promoter system. Upon induction, AlkB accumulated to
'10% of the total protein (Fig. 1B). AlkB was purified by
differential ultracentrifugation, in which a light membrane
fraction was harvested from a 40% glycerol pad, washed with

FIG. 1. (A) Elution profile from the HPLC carboxymethyl cation
exchange column. Solid line, A280; dashed line, conductivity (mS). (Inset)
Scanning transmission electron micrograph of unstained AlkB particles
(bar 5 100 nm.) (B) Coomassie stained 11% polyacrylamide gel of
samples from various stages of purification. Lanes: a, standards; b, total
extract of E. coli expressing AlkB; c, supernatant of 43,000 3 g centrif-
ugation; d, glycerol pad; e, urea-washed membranes collected by centrif-
ugation; f, carboxymethyl column eluate collected by ultracentrifugation.
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0.5 M urea to remove surface associated proteins, and col-
lected by centrifugation. The resulting pellet was sonicated
into a suspension that was applied to an HPLC carboxymethyl
cation exchange column. AlkB eluted from this column as a
single symmetrical peak (Fig. 1A). Scanning transmission
electron microscopy analysis of the eluate fractions revealed
protein vesicles of 3,6806 540 kDa composed of 806 12 AlkB
molecules (Fig. 1A). Fractions highest in activity were pooled,
collected by centrifugation, and resuspended by sonication.
The yield of purified AlkB was '2 mgyliter of induced cells,
and the final purified material was '1–2 mM. The samples
were judged to be .90% pure based on Coomassie staining,
with no single contaminant representing more than '2% of
the total protein (Fig. 1B).
Characterization of the Purified AlkB. AlkB was shown to

be catalytically active as judged by octane-dependent con-
sumption of NADPH and by GC analysis of NADPH depen-
dent hydroxylation of octane or epoxidation of 1,7-octadiene.
The specific activity of purified AlkB was between 3.6 and 5.2
unitsymg, as determined spectrophotometrically. Highly puri-
fied AlkB (1–2 mM) was stable to storage and lost no activity
during several cycles of freezing in liquid nitrogen or during
storage at 2708C for periods of several months. Previous
studies of lower specific activity AlkB suggested that there was
1 mol of iron per mol of protein (5). The higher specific activity
AlkB reported here has a mean stoichiometry of 3.16 0.2 mol
of iron per mol of enzyme, and no other metal was identified
in a significant stoichiometric amount.
Optical Spectra. The final preparations contain AlkB in

vesicles that strongly scatter the incident light, resulting in a
high background absorbance in the visible region. The low
molar absorptivity of diiron centers («340 ' 4–5 mM21zcm21),
along with the lack of definition of such features prevented the
identification of charge transfer bands associated with an
oxo-bridged diiron center.
Mössbauer Studies.Wehave studied theMössbauer spectra of

several preparations of AlkB between 4.2 K and 140 K in applied
fields up to 8.0 T. These studies have revealed four iron envi-
ronments: two associated with the sites of a dinuclear cluster
('60% of Fe), one mononuclear ferrous species (SA), and a
heterogeneous mononuclear high-spin ferric species (SB). Al-
though the proportions of these species varied, their spectral
parameters were essentially the same between preparations.
The 4.2 K Mössbauer spectrum of as-isolated AlkB (Fig. 2A)

exhibited three quadrupole doublets. The majority species, ac-
counting for '60% of the total Fe, consisted of two doublets
(doublets 1 and 2) in equal proportions with parameters DEQ(1)
5 1.70 mmys, d(1) 5 0.55 mmys and DEQ(2) 5 1.13 mmys, d(2)
5 0.51 mmys. These parameters are in the range observed for
exchange-coupled Fe(III)–Fe(III) clusters in diiron enzymes, and
most closely match those of toluene-4-monooxygenase (T4MO),
which has DEQ(1) 5 1.55 mmys, d(1) 5 0.56 mmys and DEQ(2)
5 0.93 mmys, d(2) 5 0.51 mmys (20). The as-isolated AlkB also
contained a high-spin ferrous species (SA) with quadrupole
splitting, DEQ 5 3.2 mmys, and isomer shift, d 5 1.1 mmys (solid
line aboveFig. 2A,'20%of the sampleFe), and a high-spin ferric
species, the presence and properties of which were best defined
by high field measurements. Moreover, the assignment of dou-
blets 1 and 2 to an exchange-coupled Fe(III)–Fe(III) cluster of
the type found in diiron proteins demands that these doublets
belong to a diamagnetic site, which can also be probed using high
field measurements.
The high field Mössbauer spectra of as-isolated AlkB are

shown in Fig. 3. The prominent absorption bands at 27 mmys
and 18 mmys are typical of the magnetic splittings observed
for monomeric high-spin Fe(III). This observation is sup-
ported by EPR data that showed multiple weak and poorly
resolved high-spin Fe(III) signals (from at least three species)
between g ' 4 and 9.5. To quantitate the amount of SB,
Mössbauer spectra recorded in strong applied magnetic fields

are particularly useful. For high-spin Fe(III) in octahedral sites
with NyO coordination, the zero-field splitting parameter, uDu,
is generally smaller than 1.5 cm21, and the 57Fe magnetic
hyperfine coupling constants are, within6 5%, A' 228MHz.
For such sites, Mössbauer spectra recorded in an applied field
of 8.0 T are essentially independent of D, and different
high-spin Fe(III) species will exhibit nearly the same high-field
spectrum. The spectral simulation shown above Fig. 3A, gen-
erated with parameters indicated in Table 1, shows that the
sample contains '20% monomeric high-spin Fe(III).
The central (triplet) feature in the spectrum of Fig. 3A

belongs to the dinuclear Fe(III)–Fe(III) cluster. Since ferrous
SA also contributes to the central part of the spectrum, the
high-field spectrum of the Fe(III)–Fe(III) cluster was pre-
pared by subtracting the spectra from two preparations of
AlkB. These preparations had approximately the same ratio of
SA and SB, but differed in the concentration of the Fe(III)–
Fe(III) cluster. By subtracting the spectra, the contributions of
SA and SB were nearly canceled, and the spectrum of Fig. 3B
was obtained. The solid line in Fig. 3B has been generated
under the assumption that the iron sites of doublets 1 and 2 are
diamagnetic. The excellent match of the simulation with the
observed splittings shows that this assumption is correct, and
thus confirms the presence of a dinuclear cluster in AlkB. This
simulation also closely matches the spectrum of Fig. 3A, for
which the solid line drawn through the data is the sum of the
contributions of ferric SB ('20%) and the Fe(III)–Fe(III)
cluster ('60%). The remainder of the experimental absorp-
tion, in part f lanking the features of the Fe(III)–Fe(III)
cluster, is due to ferrous SA. Since the high-field spectrum of
SA depends on seven fine structure and hyperfine parameters,
we have made no attempts to simulate it.

FIG. 2. The 4.2 K Mössbauer spectra of AlkB as-isolated (A),
reduced by dithionite (B), and reoxidized in air in the presence of
substrate (C). Solid line through the data of A is a spectral simulation
of three doublets with proportions listed in Table 1; the theoretical
spectrum of sites 1 and 2 of the Fe(III)–Fe(III) cluster is shown
separately in C and that of SA is drawn above the data of A and B. The
mismatch in intensity in the central part of the spectrum is due to the
presence of ferric species SB. The solid line inC shows the contribution
of the Fe(III)–Fe(III) cluster (parameters are listed in Table 1).
Samples for A and for B and C are from different preparations. The
sample of B and C was obtained by combining AlkB from two
preparations to obtain a better signalynoise ratio for studies in strong
applied fields; in the as-isolated state, '48% of the iron in the
combined sample was in the Fe(III)–Fe(III) state; after exposure to air
and substrate, 45% of the Fe was found to be Fe(III)–Fe(III).

Biochemistry: Shanklin et al. Proc. Natl. Acad. Sci. USA 94 (1997) 2983



The assignment of doublets 1 and 2 to an exchange-coupled
Fe(III)–Fe(III) cluster suggests that reduction should convert
these ferric sites to high-spin ferrous cluster sites. In addition,
SB should also be converted to a high-spin ferrous species,
while SA should not be affected. Fig. 2B shows a 4.2 K spectrum
of reduced AlkB obtained by addition of a 3-fold molar excess
of sodium dithionite. This spectrum reflects a mixture of (at
least) four high-spin ferrous species with DEQ values ranging
from 2.4 to 3.3 mmys and average d ' 1.1 mmys. Comparison
of the spectra of Fig. 2 A and B shows that all iron of doublets
1 and 2 has been reduced into the high-spin ferrous state. This
is consistent with the behavior of protein-bound dinuclear
Fe(III)–Fe(III) clusters.
After recording the spectrum of the dithionite-reduced

sample of Fig. 2B (which contains the contributions of the
diferrous cluster, ferrous SA, and ferrous SB), the sample was
thawed and stirred in air for 10 min. A Mössbauer spectrum
recorded after refreezing the sample revealed that none of the
iron components had become measurably oxidized by this
exposure (data not shown). However, the addition of octane,
followed by stirring in air for 10 min, yielded the sample of Fig.
2C. Analysis of the 0.05 T and 8.0 T spectra showed that,
within 65%, all of the Fe(II)–Fe(II) cluster had been reoxi-
dized to the Fe(III)–Fe(III) state. In contrast, the iron of SA
and SB remained essentially in the ferrous state ('7% of total
Fe was observed as monomeric Fe(III) using high field mea-
surements).
To associate the reoxidation of the Fe(II)–Fe(II) cluster

with catalytic activity, the reoxidized AlkB sample was ana-
lyzed for product formation using GC-mass spectrometry. A
retention time and fragmentation pattern consistent with
1-octanol were obtained. Because the AlkB preparation con-
tained high levels of lipids that produced a high background,
quantitation of the single turnover yield was precluded. There-
fore, the same AlkB sample was next analyzed under steady-
state assay conditions. The specific activity determined from
the rate of octane-dependent consumption of NADPH was

indistinguishable from that determined before the Mössbauer
experiment. In addition, because the catalytic samples con-
tained substantially lower levels of lipids, 1-octanol was readily
detectable by GC-mass spectrometry. Because only the diiron
center was observed to undergo substrate-dependent reoxida-
tion, and because this reaction produced 1-octanol, we con-
clude that the diiron center occupies the AlkB active site.
To summarize, the predominant iron species in AlkB has

properties similar to the clusters of diiron proteins such as
hemerythrin (Hr), MMO, T4MO, and D9D. AlkB contains an
antiferromagnetically coupled pair of high-spin Fe(III) ions in
the resting state, the cluster becomes high-spin diferrous upon
addition of dithionite, and is quantitatively reoxidized by
enzymatic turnover upon the addition of air and substrate.
Quantitative protein and metal analysis for the Mössbauer
sample of Figs. 2A and 3A yielded '3 Fe per AlkB (Table 1).
Because '60% of the total iron is associated with the diiron
cluster, this sample of AlkB had 0.9 clustersyAlkB. A similar
analysis of other preparations yielded slightly lower occupan-
cies of $0.65.
Three further conclusions can be drawn from consider-

ation of the spectra in Fig. 2. First, the spectral features of
ferrous SA, drawn separately in Fig. 2 A and B, differ from
those of the Fe(II)–Fe(II) cluster (SA has a larger d-value),
indicating that SA in the as-isolated enzyme does not rep-
resent a fraction of clusters in the diferrous state. Second,
the spectral features of ferrous SA and SB also differ,
suggesting that ferrous SA and ferric SB observed in the
as-isolated enzyme represent different sites rather than two
redox states of the same iron site. Third, the data of Fig. 2
suggest that the spectrum of the Fe(II)–Fe(II) cluster could
be prepared by subtracting the contribution of the Fe(III)–
Fe(III) cluster from the data of Fig. 2C, followed by sub-
traction of the resulting representation of ferrous SA and
ferrous SB from the spectrum of Fig. 2B. The spectral
features of the ferrous ions in both the cluster and species SA
and SB did not allow us to obtain a good representation of
the spectrum of the Fe(II)–Fe(II) cluster.¶ However, these
subtractions indicate that both cluster sites have d values

¶The doublets of Fe(II)–Fe(II) proteins generally exhibit non-
Lorentzian line shapes, reflecting a distribution, not necessarily
symmetric, of DEQ and d values about their means. Similar observa-
tions hold for SA and SB. These spectra are indicative of iron sites that
are sensitive to variations in coordination environments, and their
line shapes may change when the samples are thawed and refrozen.
We have observed line shape variations of the fully reduced AlkB
after exposure to air and refreezing.

Table 1. The 4.2 K Mössbauer parameters of AlkB

Species Fraction of total Fe*
DEQ,
mmys d,† mmys

Fe(III)–Fe(III) '0.6 [0.55–0.62] 1.70 (5)‡ 0.55 (3)
1.13 (5) 0.51 (3)

Fe(II)–Fe(II) 2.4–3.3§ 1.05–1.15§
Ferrous SA '0.20 [0.15–0.22] 3.2 1.1
Ferric SB¶ '0.20 [0.18–0.22] 0.7 0.5

*Percentages given are for the sample of Figs. 2A and 3A. Samples
from two other preparations had less Fe(III)–Fe(III) ('35% and
50%). Numbers in square brackets give an estimated range of
fractions compatible with our data.
†Quoted relative to Fe metal at 298 K.
‡Numbers in parentheses represent estimated uncertainties in the last
significant digit.
§Range of parameters; see comments in the text.
¶Monomeric high-spin Fe(III) of Fig. 3B; the magnetic hyperfine
tensor used for simulation was A 5 2(27, 28, 29) MHz, DEQ 5 0.7
mmys, and d 5 0.45 mmys. The use of an anisotropic A tensor
provides the flexibility to account for the possible presence of
multiple species with slightly different A values.

FIG. 3. (A) The 4.2 K Mössbauer spectrum of as-isolated AlkB
recorded in a magnetic field of 8.0 T applied parallel to the observed
g-radiation. (B) The spectrum, which represents the Fe(III)–Fe(III)
cluster, was generated as described in the text. The solid line in B is a
spectrum computed with the assumption that the Fe(III)–Fe(III)
cluster is diamagnetic. The solid line through the data in A is the sum
of spectra computed for SB ('20% of total Fe) and the Fe(III)–Fe(III)
cluster ('60%); the contribution of ferrous SA has not been taken into
account. The solid line above the data of A represents a simulation of
the contribution of SB (parameters listed in Table 1).
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between 1.05 mmys and 1.15 mmys and quadrupole splittings
between 2.4 mmys and 3.3 mmys.
A further question related to the structure of diiron clusters

in proteins is the nature of the bridging ligands. In addition to
one or two bridging carboxylates, the two ferric sites of
structurally characterized diiron proteins are linked by either
m-oxo or m-hydroxo groups. The m-oxo group provides a strong
antiferromagnetic coupling pathway giving rise to exchange
coupling constants.200 cm21 [J5 216 cm21 forE. coliR2 and
J 5 268 cm21 for metHr (28); *ex 5 JS1zS2]. In contrast, the
m-hydroxo bridged cluster ofMMOhas J' 20 cm21 (19). Thus,
J conveys information about the bridging ligands.
It was described elsewhere (20, 23, 29) how the magnitude

of J can be assessed from an analysis of Mössbauer spectra
recorded in strong applied magnetic fields in the temperature
range 4.2 K # T # 100 K. The shapes of the spectra depend
crucially on the relaxation rate of the spin of the Fe(III)–
Fe(III) cluster relative to the nuclear precession frequencies.
We have recorded 8.0 T spectra of as-isolated AlkB at
temperatures between 20 K and 140 K (data not shown). For
the analysis of the spectra, we have considered fast, slow, and
intermediate relaxation rates. Fast spin-relaxation would cause
only small changes in the magnetic splittings as thermally
accessible excited spin states become populated and would not
allow us to estimate J. Although the relaxation rates of the
spins of ferric sites in nonheme proteins are generally not fast
for T , 100 K, the presence of SA and SB may increase the
relaxation rate of the Fe(III)–Fe(III) cluster spin and preclude
the determination of J. Therefore, fast relaxation cannot be
excluded. In contrast, for slow or intermediate relaxation,
spectral changes associated with population of excited states
would be readily recognized experimentally.i We have ob-
served no spectral changes, within the uncertainties, for T ,
100 K, and from spectral simulations we conclude that J must
be larger than 80 cm21 if the relaxation is intermediate or slow.
EPR Studies. EPR signals have been reported for the

diferric, the mixed-valence, and diferrous states of diiron
proteins (28). For the Fe(III)–Fe(III) state, an integer spin
EPR signal may be observed if excited spin multiplets are
thermally accessible at temperatures for which the spin relax-
ation rate is sufficiently slow to permit detection of EPR;
thermally accessible spin multiplets are associated with a
m-hydroxo bridge, and this resonance has only been reported
for MMO (19). Integer spin EPR signals have been observed
for the Fe(II)–Fe(II) states of MMO, R2, HrzN3 (28), and
T4MO (20). R2, Hr, MMO, and uteroferrin also have acces-
sible mixed valence Fe(II)–Fe(III) states and exhibit half
integer EPR signals (28, 30, 31).
We have studied a concentrated sample (1.5 mM protein) of

as-isolated AlkB with EPR, in parallel and perpendicular
mode, between 10 K and 100 K; no resonance attributable to
the diferric cluster was observed. The absence of an integer
spin EPR signal does not prove but is consistent with the
conclusion that J . 80 cm21. For samples of AlkB in the
as-isolated and fully reduced forms, we did not observe any
EPR signal indicative of a mixed-valence state.

DISCUSSION
AlkB belongs to a class of non-heme-iron containing integral-
membrane enzymes that includes hydroxylases and fatty acid

desaturases (12). Expression of AlkB described here results in
the accumulation of substantial amounts of catalytically active
enzyme. Our initial purification attempts included detergent
solubilization, as recently described by Peters andWitholt (32).
However, these preparations lost activity within a few hours.
Since earlier purifications used diethylaminoethyl cellulose, we
screened additional chromatographic media and found that
AlkB could be highly enriched by separation on carboxymethyl
HPLC media. Surprisingly, when membrane fractions ob-
tained by differential centrifugation were applied to this
medium, AlkB eluted as a sharp peak composed of nearly
homogeneous protein that could be concentrated to unusually
high levels (50–100 mgyml); this behavior is more reminiscent
of a soluble than an integral-membrane protein. Electron
microscopy revealed regular vesicular structures consisting of
'80 AlkB monomers, suggesting that some structural feature
of AlkB favors self-association from which other proteins are
excluded. AlkB thus prepared has the highest specific activity
reported to date (up to 5.2 unitsymg), is stable at 48C, and is
resistant to freeze-thaw cycles.
We have provided evidence that AlkB contains a dinuclear

iron cluster with spectroscopic properties similar to the clus-
ters found in diiron proteins and enzymes, including those that
catalyze O2-dependent hydrocarbon oxidations (17, 19–21, 23,
28). In the as-isolated state, the cluster contains an antiferro-
magnetically coupled pair of high-spin Fe(III) ions. The ob-
servation of two distinct quadrupole doublets in this state
implies different coordination environments for the two iron
sites. As described above, the exchange coupling constant J
conveys information regarding the nature of the bridging
ligands. Because of the presence of species SA ('20% of Fe)
and SB ('20%) and because of the unknown relaxation rates
of the cluster spin, we could not establish a precise lower limit
for the value of J. However, if the relaxation rate of the
electronic spin of the cluster is slow or intermediate on the
Mössbauer time scale ('10 MHz), as is commonly the case for
high-spin Fe(III) in proteins, our analysis indicates that J. 80
cm21. This tentative conclusion is also supported by the lack
of broadening of the zero field Mössbauer spectra at temper-
atures up to 200 K and by the absence of an integer spin EPR
signal associated with the diferric cluster. Thus, while our
preliminary analysis is consistent with the presence of an
oxo-bridge, a determination of a lower bound for J is required
before definite conclusions can be drawn.
The mononuclear species SA and SB were present in variable

amounts, ranging between 0.55–0.93 SA and 0.45–0.80 SB per
AlkB. The EPR and Mössbauer properties of SB suggest that
this species represents iron contained in one heterogeneous
site or adventitiously bound iron in different sites. It is also
possible that SA may comprise several species, since high-spin
ferrous sites with different octahedral NyO coordination
exhibit similar zero field Mössbauer spectra. Because attempts
to remove SA and SB by chelators were unsuccessful, we have
considered whether these species have a role in AlkB catalysis.
A 10-min exposure of reduced AlkB to air caused no measur-
able reoxidation of the dinuclear center, SA, or SB. In contrast,
the dinuclear center alone was quantitatively oxidized in the
presence of air and substrate (octane), while SA and SB were
again nonreactive. This single turnover reoxidation, coupled
with the production of 1-octanol, thus provides compelling
evidence that the diiron center resides in the AlkB active site.
The insensitivity of reduced AlkB to air in the absence of
substrates is similar to the behavior of D9D (18). Thus, at least
for two diiron enzymes, the active site structure conserves
reducing equivalents in the absence of substrate. Finally, the
Mössbauer spectrum of Fig. 2C reveals that electron transfer
does not occur between the diferric cluster and ferrous SA and
SB. Further experiments are required to determine whether SA

iThe zero field spectra of MMO (J ' 20 cm21), T4MO (J ' 20–40
cm21), and uteroferrin (J $ 80 cm21) exhibit considerable line
broadening at temperatures for which excited state multiplets are
populated. The cause of this broadening is not well understood. It may
arise when the relaxation processes involve pairs of levels of excited
multiplets so closely spaced that magnetic 57Fe hyperfine interactions
can mix the electronic states. This mixing could produce magnetic
features in the zero field spectra of the integer spin system. The
zero-field spectra of AlkB do not exhibit any broadening up to 200 K,
which supports our suggestion that J is $80 cm21.
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and SB represent adventitiously bound iron or whether either
site perhaps serves a structural function.**
As observed for other diiron proteins, the AlkB cluster is

reduced to a diferrous state containing high-spin sites upon
addition of dithionite. Due to the presence of ferrous species
SA and SB in the reduced enzyme, we could only establish
ranges for the isomer shifts and quadrupole splittings of the
two ferrous sites. The range quoted for DEQ is consistent with
protein-bound diiron clusters, while the isomer shift, 1.05 # d
# 1.15 mmys, is smaller than the values reported for most
protein-bound clusters (1.20–1.30 mmys). The coordination
environments of MMO, R2, and D9D (FeNO3–5) produce
shifts$1.25 mmys, while deoxyHr (FeN3O3 and FeN2O3 sites)
exhibits d of 1.14 mmys (35). The smaller shifts estimated for
diferrous AlkB suggest a cluster environment rich in nitrogen-
coordinating ligands.
AlkB contains the eight-histidine motif common to nonheme

integral-membrane desaturases and hydroxylases. In the rat de-
saturase, these eight His are essential for catalysis (12). In this
context, it is interesting to note that theMössbauer parameters of
diferrous AlkB would be consistent with multiple His ligands. A
recent search of the '106 primary sequences in GenBank (ver-
sion 65) revealed 75 proteins of known function containing the
eight-histidine motif [HX3–4HX7–41(3 non-His)HX2–3(1 non-
His)HHX61–189(40 non-His)HX2–3(1 non-His)HH]. These
matches include 66 integral-membrane enzymes and 9 soluble
proteins. All of the 66 integral-membrane enzymes catalyze
O2-dependent modifications of hydrocarbon substrates and rep-
resent at least 11 distinct activities: 5 desaturases [4 fatty acid, 1
steroid (36)]; 3 hydroxylases (fatty acid, xylene, and alkane); 2
oxidases [C-4 sterol methyl (36) and carotene]; and 1 decarbony-
lase [aldehyde (37)]. Thus, we reason that these membrane
enzymes may share a common catalytic core that is associated
with the presence of the eight-histidinemotif.Moreover, based on
the Mössbauer properties of AlkB, we propose that this entire
class of enzymes also contains some variation of an active site
diiron cluster. If this proposal is correct, therewould be twomajor
classes of enzymes containing diiron centers that are used for
O2-activation, one soluble and one integral membrane, each with
its own distinct consensus motif. The presence of diiron clusters
in both soluble and membrane protein families would greatly
extend the role of diiron centers in O2-activation biochemistry,
which may perhaps rival the functional versatility of the P450
enzymes.
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**It is formally possible that SA might be linked to the dinuclear center
to form a trinuclear cluster. Due to the complexity of the spectra,
a 1:1 stoichiometry of SA and Fe(III)–Fe(III) cannot be strictly ruled
out. However, the range of fractions given in Table 1 suggests that
the amount of SA iron is too small to form a {SA Fe(III)–Fe(III)}
cluster. We can also consider the problem from a standpoint of
exchange interactions. Assume a dinuclear cluster antiferromag-
netically coupled by JS1zS2 and assume that a ferrous ion, with spin
S3, is coupled to cluster site 1 by j13S1zS3. The j13 term induces
internal fields, Hint, at the 57Fe nuclei of sites 1 and 2 of the cluster
given, in first order perturbation, by uHint (1,2)u 5 (35u2y6)u(j13yJ)
(AIIIygnbn)u, where AIIIygnbn ' 220 T for a ferric site with NyO
coordination. Our data show that uHint(1,2)u , 0.1 T, implying that
uj13yJu , 0.001. This suggests that uj13u is of order 0.1 cm21, an
unusually small coupling for a ferric-ferrous pair (28). For the case
that S3 would be coupled to both iron sites of the dinuclear cluster,
j13S1zS3 1 j23S2zS3, our data imply that uDju 5 uj13 2 j23u , 0.1 cm21.
Given that the two ferric sites of the dinuclear cluster have different
ligand environments as indicated by their distinct DEQ values, a
uDjyJu # 0.001 is rather improbable. Finally, we note that the reaction
catalyzed by AlkB requires oxygen activation chemistry of the type
catalyzed by both diiron enzymes (11) and synthetic dinuclear iron
complexes (33, 34).
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