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Abstract

Whole cells expressing the non-heme diiron hydroxylases AlkB and toluene 4-monooxygenase (T4MO) were used to probe
enzyme reaction mechanisms. AlkB catalyzes the hydroxylation of the radical clock substrates bicyclo[4.1.0]heptane (norcarane),
spirooctane and 1,1-diethylcyclopropane, and does not catalyze the hydroxylation of the radical clocks 1,1-dimethylcyclopropane
or 1,1,2,2-tetramethylcyclopropane. The hydroxylation of norcarane yields a distribution of products consistent with an “oxy-
gen-rebound” mechanism for the enzyme in both the wild type Pseudomonas putida GPol and AlkB from P. putida GPol expressed
in Escherichia coli. Evidence for the presence of a substrate-based radical during the reaction mechanism is clear. With norcarane,
the lifetime of that radical varies with experimental conditions. Experiments with higher substrate concentrations yield a shorter
radical lifetime (=1 ns), while experiments with lower substrate concentrations yield a longer radical lifetime (=19 ns). Consistent
results were obtained using either wild type or AlkB-equipped host organisms using either ‘“‘resting cell” or “growing cell”
approaches. T4MO expressed in E. coli also catalyzes the hydroxylation of norcarane with a radical lifetime of ~0.07 ns. No radical
lifetime dependence on substrate concentration was seen. Results from experiments with diethylcyclopropane, spirooctane, dimeth-
yleyclopropane, and diethylcyclopropane are consistent with a restricted active site for AIkB.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Oxygen activation and O-atom insertion play a criti-
cal role in many biosynthetic and biodegradative path-
ways, as well as in the metabolism of xenobiotics.
Cytochromes P450 (CYP) are widely distributed in nat-
ure and are the primary family of monooxygenases
linked to oxygen activation and insertion in higher
organisms [1,2]. Their heme active site, with its relatively
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well characterized reaction mechanism, provides the
paradigmatic model of biological oxygen activation.

Non-heme diiron monooxygenases also activate oxy-
gen and mediate oxygen atom transfer into organic
substrates. These proteins include soluble methane mono-
oxygenase (sMMO), alkane monooxygenase (AlkB),
xylene monooxygenase (XyIM), and toluene monooxy-
genase (TMO). The soluble diiron enzymes like sSMMO
[3,4] and TMO [5] are relatively well studied, while the
membrane-spanning systems such as AlkB and XylM
[6] are less well characterized.

AIkB is the alkane w-hydroxylase first characterized
from Pseudomonas putida GPol (formerly known as
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Pseudomonas oleovorans). AlkB homologues (or the ge-
netic precursors) have been found in all environments
studied, including pristine and polluted soils and oceans
[7-10] as well as in several human pathogens [11]. Al-
kane hydroxylation requires a soluble NADH reductase
(AIkT) and a soluble rubredoxin (AlkG) in addition to
the membrane-spanning monooxygenase AlkB. The ac-
tive site structure of AlkB is not known. Spectroscopic
and genetic evidence points to a nitrogen-rich coordina-
tion environment [12] located in the cytoplasm with as
many as eight [13] or nine [14] histidines coordinating
the two iron ions and a carboxylate residue bridging
the two metals [14].

AIkB utilizes the prototypical “oxygen rebound”
[1,2,25] mechanism to hydroxylate alkanes. This mecha-
nism involves homolytic cleavage of the C-H bond by
an electrophilic metal-oxo intermediate to generate a
substrate-based radical. Alternatives to this mechanism
include C-H bond heterolysis, H atom abstraction fol-
lowed by electron transfer, and direct O-atom insertion.
Diagnostic substrates — substrates that undergo struc-
tural changes diagnostic of a particular reaction pathway
— can be used to distinguish between the possible mech-
anisms for alkane hydroxylation. They have been used
to probe the reaction mechanisms of six alkane-hydrox-
ylating enzymes, sMMO [15-18], pMMO [19], CYP [20—
24, AlkB [25-27], T4MO [28], and XyIM [29].

Norcarane is a particularly useful diagnostic sub-
strate for probing reaction mechanisms because it can
distinguish between radical and cationic pathways. The
2-norcaranyl cation is a resonance hybrid with the 3-
cyclohepten-1-yl cation, giving 3-cycloheptenol (1)
(from the ring opened cation) and both endo and exo-
2-norcaranol (3) (from the ring-closed cation) as
hydroxylation products [30]. The 2-norcaranyl radical
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rearranges to form predominantly the cyclohexenyl-
methyl radical [31] (rearrangement rate constant of
2% 10% s71), ultimately producing cyclohex-2-enyl meth-
anol (2) and endo and exo-2-norcaranol (3) (see Fig. 1
for an overview of norcarane chemistry). The distribu-
tion of ring-opened vs. ring-closed products will depend
on the rebound rate of the enzyme and the distribution
of endo and exo isomers will depend on active site con-
straints and thermodynamics. Cationic processes can re-
sult in small amounts of cyclohex-2-enyl methanol (2),
but only as a very minor product compared to cyclo-
heptenol [32]. Production of cycloheptenol from the oxi-
dation of norcarane is, therefore, clear evidence of a
transient substrate cation (albeit one that could have
been preceded by a transient substrate radical), while
production of cyclohex-2-enyl methanol from the oxida-
tion of norcarane is clear evidence of a transient sub-
strate radical. Hydroxylation at the 3-position to form
endo-3 and exo-3 norcaranol (4) is possible, but mecha-
nistically uninformative. Endo-3 and exo-3 norcaranol
can be further oxidized to form 3-norcaranone (5), while
endo-2 and exo-2-norcaranol can be oxidized to form 2-
norcaranone (6). The relatively clean chromatography
of norcarane-derived products (with the exception that
exo-2-norcaranol and endo-3-norcaranol coelute) facili-
tates quantification.

A limitation, however, of probing enzyme reaction
mechanisms has historically been the requirement of
maintaining stability and activity in a purified system.
This challenge has restricted work on some enzyme sys-
tems, particularly membrane-spanning systems like
AIkB. To overcome these limitations, in this and previ-
ous papers [25,29] we describe the behavior of diiron
hydroxylases as they catalyze the hydroxylation of a
series of diagnostic substrates within the wild type
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Fig. 1. Potential products and reaction pathways from metalloenzyme-catalyzed oxidation of norcarane.
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organisms and Escherichia coli clones containing an
inducible plasmid. Notably, this paper reports conditions
under which the substrate-derived radical, generated in
the AlkB-catalyzed hydroxylation process, persists in
the active site for an unprecedented 19 ns. These results
shed light on how substrate interactions with the enzyme
active site affect reactivity. This paper also reports on
the chemistry of T4MO in an E. coli clone containing
an inducible T4MO-containing plasmid and compares
those results to results recently obtained using purified
T4MO [28] to show that the in vivo approach used here
gives comparable results to those obtained with in vitro
assays.

2. Experimental
2.1. Substrates and product standards

Norcarane was synthesized according to the pub-
lished procedure and distilled before use [33]. Cyclo-
hex-2-enyl methanol was synthesized according to a
published procedure [34]. Diethylcyclopropane and spi-
rooctane were purchased from Chemsampco. Dimethyl-
cyclopropane was purchased from Pfaltz & Bauer
Chemicals Catalog. Tetramethyl cyclopropane and 2,4-
dimethyl-4-penten-2-ol were purchased from Alfa Ae-
sar. All other reagent grade chemicals were purchased
from Sigma—Aldrich and used without further purifica-
tion. Solvents used for Gas Chromatograph—Mass Spec-
troscopy (GC-MS) analysis were of analytical grade.

2.2. Oxygenase expression systems

AIkB activity was transferred to E. coli by cloning
genes for alkB, alkT, and alkG from P. putida GPol into
a vector that confers ampicillin resistance and trans-
forming them into a suitable E. coli host as described
in a previous paper [25]. The toluene-4-monooxygenase
plasmid containing tmoA, tmoB, tmoC, tmoD, tmoE and
tmoF genes from Pseudomonas mendocina KR1 and a
gene for ampicillin resistance was inserted into E. coli
DH5a competent cells (Invitrogen) as described in a pre-
vious paper [35].

2.3. Whole cell incubations

Wild type P. putida GPol was grown overnight in
mineral salts basal medium [36] at 30 °C with octane
delivered in a sterile glass bulb hanging over the culture
so that substrate vapors were introduced into the liquid
medium, subcultured into fresh medium, and allowed to
grow until reaching an optical density (O.D.) at 600 nm
of 0.5. The substrate was either added directly to the
medium (hereafter referred to as the “direct addition
method”) using either 200 pLL of substrate in 50 mL of

medium (0.4% v/v), 100 pL of substrate in 50 mL of
medium (0.2% v/v), 50 pL of substrate in 50 mL of med-
ium (0.1% v/v), or 20 uL of substrate in 50 mL of med-
ium (0.04% v/v) or added to a hanging glass bulb (75 uL
in the bulb hanging over 50 mL of medium, henceforth
called “vapor phase method”). The culture was incu-
bated with substrate at 30 °C and 300 rpm for 6-8 h.

The cloned organisms were grown in a similar fashion
on Luria Bertani (LB) medium with ampicillin (100 pg/
mL) at 37 °C. The cells were induced with 1 mM IPTG
(isopropyl-B-p-thiogalactopyranoside) when the O.D.
of the culture reached 0.5 at 600 nm. One and a half
hour after induction, the substrate was added using
either the direct addition method or the vapor phase
method and the cells were incubated at 37 °C and
300 rpm for 6-8 h. Resting cell experiments were done
by centrifuging the growing cells when they reached an
0O.D. at 600 nm of 1.0, rinsing the cells twice with a
phosphate buffer (pH 7.3, 50 mM), and resuspending
them in a phosphate buffer so that the final optical den-
sity at 600 nm was 2. Substrate was added via the vapor
phase method or the direct addition method (0.4% v/v
only) and the flask returned to the incubator for 5-6 h.
In all cases, after the incubation was completed, the
supernatant was collected by centrifugation (8000g,
15 min), extracted three times with ethyl acetate, con-
centrated, and the products assayed directly by GC-MS.

In reactions with more volatile substrates (e.g., di-
methyl and tetramethyl cyclopropane), the substrates
were introduced only via the vapor phase method and
were extracted with chloroform (1 mL CHCI; for each
10 mL of supernatant). Extracts were analyzed by
GC-MS after being extracted and after being concen-
trated by a gentle stream of argon blown across the
top of the vial.

Control experiments in which cyclohex-2-enyl metha-
nol was provided to growing cells both by direct addi-
tion (20 pL in 50 mL culture) and by the vapor phase
method were done. Control experiments where all the
reaction components were added to the medium except
for the organisms, and the medium was incubated at
the selected temperature (30 °C for wild type organism,
37 °C for E. coli) were also done for each experiment.
Control experiments in which the cells (after incubation
with substrate) were sonicated for 10 min, before being
centrifuged and the supernatant extracted, were done.
All data reported represents the average of at least two
and as many as ten independent experiments.

2.4. Analytical methods

The GC-MS used was a HP GC 6890/MS 5973 with
a HP-5MS crosslinked 5% PH ME Siloxane capillary
column (30 m x 0.25 mm X 0.25 pm) run with an initial
oven temperature of 50 °C, ramping to 220 °C at a ramp
rate of 10 °C/min. Authentic products were synthesized
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and their retention times and fragmentation patterns
compared to those of the identified peaks in the GC—
MS spectra.

2.5. Radical lifetime calculation

The lifetime of the substrate-based radicals were cal-
culated using the following equation [37,20]:

[ring closed]
krebound = krearrangement T - (>

[ring opened|] (1)
radical lifetime = (kmbound)fl,
where [ring closed] and [ring opened] represent the con-
centrations of the ring-closed (unrearranged) and ring-
opened (rearranged) products, kiepouna 1S the rate at
which the enzyme hydroxylates a substrate-based radi-
cal, and Kicarrangement 15 the rate at which a substrate-

based radical rearranges to relieve ring strain.

3. Results

Using a suite of diagnostic substrates to probe the
reaction mechanism of the non-heme diiron enzyme
AIlkB expressed within its native host and inside an
E. coli clone provides information about AlkB’s active
site structure and function. Substrates used in this study
include norcarane, with a radical rearrangement rate of
2x108s~! [25], dimethylcyclopropane, with a radical
rearrangement rate of 0.8 x 108 s~ [38], tetramethylcy-
clopropane, with reported radical rearrangement rates
of 20 x 10® and 2.05 x 10® s™! [38] (tertiary radical and
primary radical, respectively), diethylcyclopropane, with
a rearrangement rate of 0.54 x 10 ® s~ [38], and spirooc-
tane, with a rearrangement rate of 0.5x 10%s~! [23].
Only norcarane was used with T4MO.

AlkB catalyzed the hydroxylation of diethylcyclopro-
pane and spirooctane but only at the mechanistically
uninformative positions not adjacent to the cyclopropyl
ring. When diethylcyclopropane was used as the sub-
strate, the only product detected was identified as 2-(1-
ethyl-cyclopropyl)-ethanol. When spirooctane was used
as a substrate, spiro[2.5]octan-6-ol was the only product
detected.

Fig. 2 presents a chromatogram typical of those ob-
tained from experiments with both the AlkB-expressing
wild type and clone using the vapor phase method,
along with a sterile control for comparison, and shows
that norcarane is effectively hydroxylated by AlkB. To-
tal ion current in these experiments is large — in contrast
to the control, which shows a flat baseline in this region.
The baseline separation of the various norcarane-
derived products has been well established and the high
product yields in these experiments make quantification
of products straightforward.
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Fig. 2. Plot of total ion current in a typical chromatogram for AlkB-
catalyzed hydroxylation of norcarane at low substrate concentrations
using the vapor phase method. Endo-3-norcaranol forms a small
shoulder on exo-3-norcaranol at 6.34 min. The small peak at 6.48 min
corresponds to a cellular metabolite found, through mass spectrometry
data, not to be derived from norcarane.

No differences in radical lifetimes were seen between
resting cell and growing cell experiments for both the
wild type P. putida GPol organism incubated at 30 °C
and the AlkB-expressing cloned organism incubated at
37 °C. Higher product yields were seen with growing cell
experiments; therefore, the majority of experiments were
conducted with growing cells.

The distribution of AlkB-catalyzed norcarane-
derived products from the two different organisms
under the range of substrate concentration tested is
provided in Table 1. When the concentration of sub-
strate is low, relatively more of the ring-opened prod-
uct, cyclohex-2-enyl methanol (2), is formed. The total
amount of hydroxylation at the mechanistically unin-
formative 3-position is greater with the wild type than
with the clone at all concentrations. Also, as expected,
the wild type organism produces more ketone than the
clone. This is expected because the clone contains only
the hydroxylase and not the gene for the alcohol
dehydrogenase (AlkJ) and E. coli contains only a very
ineffective native alcohol dehydrogenase. Finally, small
amounts (generally less than 0.5%) of the ring opened
cationic product are occasionally detected in both the
wild type and the clone, generally at low substrate
concentrations.

The average substrate-based radical lifetime gener-
ated by AlkB in the wild type organism at high substrate
concentration (0.4% v/v)is 1.7 & 0.4 ns and for AIkB in
the clone, under the same conditions, the average radical
lifetime is 2.6 &= 0.9 ns. In contrast, at the lowest concen-
trations tested (direct addition method 0.04% v/v) with
AlkB in the wild type organism, the average radical life-
time is 19.2 4 3.9 ns and for AlkB in the clone, under the
same conditions, the average radical lifetime is 18.6 +
1.2 ns. The average radical lifetimes at intermediate
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Distribution of norcarane-derived products, reported as a percentage of total norcarane-derived products

HO OH
Ty oy HO.._~ Oj\:> o
H H +
H
Wild type
0.4% v/v 0(0) 5.29 (0.93) 17.67 (4.8) 0 50.96 (7.07) 18.15 (3.87) 2.09 (0.54)
0.2% v/v 0.005 (0.004) 15.48 (2.15) 8.64 (0.23) 0 64.71 (1.98) 8.96 (2.65) 1.17 (0.21)
0.1% v/v 0.27 (0.14) 18.96 (0.91) 7.70 (0.34) 0 61.91 (2.97) 9.82 (3.53) 1.34 (0.31)
0.04% v/v 0.30 (0.18) 29.36 (3.13) 6.98 (0.38) 0 52.94 (4.38) 9.40 (2.03) 1.038 (0.47)
Vapor 0.09 (0.09) 26.58 (1.47) 8.46 (0.27) 0 58.55 (1.71) 5.69 (0.75) 0.73 (0.24)
Vapor resting 0.65 27.3 10.2 0 57.4 4.2 0.2
Clone
0.4% v/v 0(0) 24.51 (4.25) 50.43 (5.79) 0 21.22 (6.4) 1.67 (0.97) 2.56 (1.33)
0.2% v/v 0(0) 31.01 (1.43) 20.14 (3.81) 0 46.80 (2.19) 1.87 (0.086) 0.18 (0.076)
0.1% v/v 0.15 (0.15) 39.09 (1.7) 9.18 (3.94) 0 44.41 (5.0) 0 (0) 7.16 (7.16)
0.04% v/v 0.09 (0.072) 33.47 (1.99) 5.18 (1.71) 0 49.70 (2.60) 7.70 (0.07) 3.85 (1.90)
Vapor 0.33 (0.16) 39.15 (2.42) 9.47 (0.31) 0 49.60 (2.24) 1.72 (0.51) 0.13 (0.098)
Vapor resting 0 31.6 13.2 0 55.2 0 0
T4MO
0.4% 0 1.67 (0.2) 49.05 (1.1) 43.84 (1.4) 2.26 (1.3) 0.7 (0.35) 2.32 (1.15)
Vapor 0 0.93 (0.16) 47.50 (1.1) 47.85 (2.7) 0.96 (0.7) 0.42 (0.4) 2.57 (1.1)

Standard errors given in parentheses.

concentrations fall between these extremes; the general
trend is that radical lifetimes are inversely proportional
to concentration. Fig. 3 illustrates the difference in the
substrate-based radical lifetime generated by AlkB as a
function of substrate concentration and also the similar-
ity between the behavior of AlkB in the wild type and
the cloned organisms.

T4MO, in E. coli clones induced to express T4AMO,
catalyzes the hydroxylation of norcarane. Endo-2-nor-
caranol represents 48% of the norcarane-derived prod-

|“: [norcarane] E [norcarane]
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54
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radical lifetime (ns)
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Fig. 3. Average radical lifetimes for AlkB-catalyzed oxidation of
norcarane by wild type and clone as a function of substrate
concentration.

ucts, while 45% of the norcarane-derived product are
assigned as exo-2-norcaranol (although it is difficult to
resolve exo-2-norcaranol from endo-3-norcaranol). No
cationic products are detected. The average radical life-
time is 0.066 4= 0.025 ns. When norcarane is added to
T4MO-expressing cells directly (200 pL in 50 mL of cul-
ture), the average radical lifetime is 0.087 4+ 0.029 ns.
When norcarane is added to T4MO-expressing cells
via the vapor phase method, the average radical lifetime
is 0.052 + 0.016 ns.

Control experiments were done where norcarane-
derived products were provided to growing and resting
cells at both high and low concentrations. The cloned
organisms (both the clone expressing AlkB and the
clone expressing T4MO) show essentially no transfor-
mation of the norcarane-derived products, while the
wild type organism (only the AlkB-expressing wild type
organism was tested) convert alcohols to expected ke-
tones and carboxylic acids. As authentic standards of
all post-hydroxylation products have been synthesized
and/or purchased and used as calibration standards,
the presence of these compounds is easily quantified
and included in calculations of radical lifetimes where
relevant. Of particular interest for this study is the
potential transformation of the radical ring-opened
product cyclohex-2-enyl methanol (2). When cyclohex-
2-enyl methanol (2) is added directly to growing cultures
of the wild type organism, transformation is detected.
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Consistent with reports by May et al. [39], very little
aldehyde is detected. Instead, significant amounts of
the corresponding carboxylic acid are detected. In con-
trast, experiments where cyclohex-2-enyl methanol (2)
is provided as the substrate for the AlkB- and T4MO-
containing clones showed essentially no transformation;
data from the control and live experiments are superim-
posable in both instances. Control experiments where
the cells were incubated with substrate and then lysed
prior to extraction show no difference with standard
experiments were cells are not lysed.

4. Discussion

We have reported initial findings on the hydroxyl-
ation of norcarane and methylphenylcyclopropane by
AlkB contained within both wild type and E. coli cells.
The results indicated that AlkB uses an oxygen rebound
reaction mechanism similar to the consensus mechanism
for CYP and that the substrate-based radical persisted
for ~1 ns in the active site of AlkB [25], consistent with
previously published work [27]. In this full accounting,
conditions are presented under which an even longer
substrate-based radical lifetime is detected, and the
whole cell method is tested by providing data that can
be used to compare the results from the whole cell ap-
proach with results from a purified enzyme.

The diagnostic substrates used in this study are all
based on the cyclopropyl radical clock motif. In a cyclo-
propyl-based diagnostic substrate, the C—H bonds at the
carbons adjacent to the cyclopropyl ring generally have
the weakest bond strength so hydrogen abstraction of
the mechanistically significant hydrogen is the favored
abstraction. With AlkB, hydroxylation at the mechanis-
tically informative carbon occurs only with the least ste-
rically hindered substrate norcarane (and even with this
substrate hydroxylation occurs at mechanistically unin-
formative positions as well). Diethylcyclopropane and
spirooctane are hydroxylated only at the least sterically
hindered (and mechanistically uninformative) carbons,
while di- and tetramethyl cyclopropane, which offer only
quite sterically hindered methyl groups, are not hydrox-
ylated at all.

In vivo approaches have been used by others to sur-
mount obstacles presented by enzymes whose activities
are difficult to maintain in vitro. In vivo experiments,
in addition to facilitating the analysis, offer the benefit
of probing the enzyme mechanism in its native environ-
ment. In general, when results obtained in purified, or
partially purified, enzyme systems have been compared,
they have agreed with results obtained with in vivo as-
says [27,40]. The T4AMO results presented here do as
well. In the in vivo experiments T4MO catalyzes the
hydroxylation of norcarane, providing evidence for a
substrate-based radical in the process. The radical life-

time detected in the in vivo experiments was comparable
to that detected with purified enzyme, with small differ-
ences being attributable to chromatographic differences
between GC-MS instruments at different laboratories
and the difficulties in resolving small amounts of the
mechanistically uninformative 3-endo-norcaranol from
the mechanistically important 2-exo-norcaranol.

The results reported here for AlkB oxidation are
unprecedented in two ways. First, a substrate-based rad-
ical lifetime of 19 ns is the longest lifetime ever reported
for a monooxygenase. It is three orders of magnitude
longer than the radical lifetimes detected with P450s,
which are between 10 and 50 ps [23]. It is longer than
the 20-350-ps radical lifetime detected with sMMO
[18] and T4MO [28] as well. Second, it is the first report
where a change in conditions changes the radical lifetime
detected in an enzyme.

These results do not permit conclusions to be drawn
about what factors lead to the long radical lifetime ob-
served, but they do point to some intriguing possibilities.
Below the factors that might enable such a long radical
lifetime to exist are considered below and the evidence
for or against each factor is considered.

An effector protein, protein B, has been postulated to
play an important role in shaping the active site of
sMMO and modulating its overall reactivity by affecting
the redox potential of the diiron site [41], substrate spec-
ificity, and product distribution [42]. Such an effector
protein, were it normally involved in AlkB functioning,
might be implicated in the chemistry detected. The OCT
plasmid that contains AlkB has been well characterized
and does not contain an effector protein [43]. Further-
more, the E. coli clone is constructed from only the
hydroxylase, a reductase and a rubredoxin. Since the
E. coli clone and wild type organism behave very simi-
larly in our assay, it is unlikely that the unusual effects
we see are due to the presence of an unidentified effector
protein.

The possibility that the results represent an artifact of
our intact cell assay conditions has been considered. For
several reasons, however, this explanation is not likely.
First, the same results are observed with two very differ-
ent organisms — the wild type P. putida GPol and the
E. coli clone. Second, we — and others — have done
experiments comparing results obtained with whole cells
to results obtained with purified enzymes and they gen-
erally agree [27,39,40]. This does not rule out the possi-
bility that there could be some effect that will
differentiate the results obtained with purified enzymes
from those obtained with intact cells, but it does indicate
that the approach of using whole cells to investigate en-
zyme mechanisms is inherently sound. Third, the cells
have been lysed after incubation with substrate and
the distribution of products studied. No differences are
seen between the products observed when cells are lysed
and not lysed, ruling out the possibility that products
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are differentially released from the cells under some con-
ditions. Finally, careful control experiments have been
done with potential products and no unexpected trans-
formation of products is seen. Because the analysis that
leads to the determination of radical lifetimes relies on
the relative amounts of ring-opened and ring-closed
products, any failure to account for all of the products
could introduce an error. The use of GC-MS and sterile
controls for every experiment permits identification of
all norcarane-derived products. If a radical-containing
intermediate were to diffuse from the active site and
react or dimerize, the resulting product would be
detectable by GC-MS. Furthermore, the presence of
data from both the clone and the wild type organism
are helpful in this regard in that the clone has only a rel-
atively ineffective native alcohol dehydrogenase (not
one that is being over-expressed as part of the over-
expression system) and so conversion of alcohols to ke-
tones and aldehydes is slow. The compatibility of the
data from all of these different organisms and experi-
mental approaches supports the claim that the results
reported here are robust. In addition, the direct compar-
ison experiment between purified T4MO oxidation of
norcarane and whole cell TAMO oxidation of norcarane
showed very little difference between the whole cell and
purified enzyme experiments, confirming the general
validity of using in vivo approaches to determining
enzyme reaction mechanisms.

These results suggest relatively restricted substrate ac-
cess to the metal site, consistent with other published re-
ports on the regioselectivity of AlkB [39,44,45]. Diethyl
cyclopropane is transformed effectively by AlkB but is
hydroxylated exclusively at the terminal position, de-
spite the fact that the C-H bond adjacent to the cyclo-
propyl group should be weaker than other C-H
bonds, especially a terminal methyl group. With norca-
rane, significant hydroxylation (between 23% and 72%
of the total norcarane-derived products) occurs at the
C-3 position, which is again the energetically disfavored
position although sterically less hindered. This is in
striking contrast to results seen with other enzymes
where a very small percentage of the norcarane hydrox-
ylation occurs at the 3-position. With T4MO, ap-
prox10% of the norcarane hydroxylation occurs at the
3-position [28], with XylM between 0% and 3% of the
norcarane hydroxylation occurs at the 3-position [29],
with sMMO 9% of the hydroxylation occurs at the 3-
position [18], and with P450 between 8% and 13% of the
norcarane hydroxylation occurs at the 3-position [23].

These results suggest another hypothesis for the pre-
sented data. Perhaps the substrate affects the enzyme ac-
tive site in a manner that changes the rate of radical
capture by the enzyme. Recent results with T4AMO con-
firm that active site structure can affect radical lifetime
[28]. In those experiments, three single amino acid mu-
tants were studied in addition to the native enzyme.

While all four isoforms catalyzed the hydroxylation of
norcarane with similar coupling efficiency and catalytic
parameters, they yielded different values for the radical
lifetime, ranging from 0.08 4 0.011 to 0.343 £ 0.055 ns
[28].

We can envision two possible routes by which the
presence of substrate might change the active site. Be-
cause the active site of AlkB is so near the cell mem-
brane, the presence of hydrophobic compounds in the
cell membrane might affect the structure and hence the
reactivity of the enzyme. Due to their lipophilic nature,
hydrocarbons accumulate in the lipid bilayer. This af-
fects both membrane structure and function [46,47].
Expression of AlkB in both the native host and in sev-
eral E. coli strains leads to the formation of vesicle-like
structures in the cytoplasm [48]. In E. coli W3110 where
these vesicles were analyzed, they were enriched in AlkB
and contained a higher phospholipid/protein ratio than
the cytoplasmic membrane [48], pointing to the possibil-
ity that AlkB in both native and non-native hosts expe-
riences an unusual molecular environment. There is
evidence from abiotic systems that the nature of the
environment surrounding a radical pair can affect the
radical lifetime. In a paper exploring the chemistry of
photoinitiated radical pairs generated inside the cages
of porous polymeric materials, wall stiffness (which is re-
lated to relaxation rates of the polyolefinic chains) and
cage shape anisotropy affected the lifetime of the radical
pairs and allowed some radicals to persist for much
longer than they would in other environments [49].

Alternatively, there might be a substrate accessible
channel attached to the active site that could affect the
active site differently when filled with water or with sub-
strate molecules. A recent crystal structure of the soluble
toluene monooxygenase hydroxylase from Pseudomonas
stutzeri provides clear evidence for a substrate channel
that can simultaneously accommodate multiple sub-
strate molecules [50]. Organisms that metabolize hydro-
carbons have evolved strategies to regulate hydrocarbon
concentrations inside cells to avoid toxic effects [46].
Whether substrate channels turn out to reflect part of
a protective strategy widely incorporated into hydrocar-
bon-transforming enzymes remains to be seen, but it is
reasonable to hypothesize that they may.

A recent paper by van Beilen et al. [14] presents data
that are intriguing in light of the findings presented here.
In this paper, a single amino acid was identified that
controlled the alkane chain length that AlkB-like homo-
logs could hydroxylate. In the prototypical AlkB from
P. putida GPol, when the tryptophan at position 55
was mutated (either deliberately or through selection
experiments) to a less bulky amino acid, the enzyme
could hydroxylate alkanes with chain lengths that ex-
ceed its normal substrate range. Conversely when the
AlkB from Mycobacterium tuberculosis H37RV was mu-
tated to introduce a bulky amino acid into the corre-
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Fig. 4. Presumed structure of membrane-bound AlkB (adapted from [14]). Six trans-membrane helices form a substrate channel to the diiron site on
the cytoplasmic side. Norcarane is depicted at the active site end of the substrate channel. The histidine-rich coordination environment of the diiron

site is depicted in the inset.

sponding site, it was no longer able to hydroxylate alk-
anes with chain lengths greater than 11 carbons. The key
amino acid in these experiments is predicted to lie
approximately half way through a trans-membrane he-
lix, between 15 and 19.5 A from the conserved histidines
thought to bind the diiron motif. These results are con-
sistent with the presence of a substrate channel inside
the trans-membrane spanning portion of the protein
where this amino acid acts as a plug, which, when bulky,
limits the substrate length that can fill the channel and
still reach the active site. This work again points to a re-
stricted active site for GPol AlkB and suggests that
minor changes in the scaffolding around the active site
can yield large changes in enzyme reactivity. A picture
illustrating the key structural features of AlkB that
may affect its reactivity is provided in Fig. 4.

Detailed explorations of the reaction mechanisms of
membrane spanning proteins are just beginning as the
difficulties associated with purifying them and maintain-
ing activity are substantial. However, it is clear that sub-
tle changes in the active site structure can alter radical
lifetimes. Further experiments to explore the nature of
the structural changes at play in this work are underway.
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