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Cytochrome P450 (CYP) enzymes are heme-dependent mon-
ooxygenases that catalyze the oxidation of C�H bonds of
endogenous and exogenous organic compounds with forma-
tion of the respective alcohols.[1] The mechanism involves the
intermediacy of a high-spin oxyferryl porphyrin radical cation
which abstracts a hydrogen atom from the substrate, and the
short-lived alkyl radical then undergoes C�O bond formation.
The binding pockets of CYPs are relatively large, therefore
small compounds do not have a statistically high enough
probability of being properly oriented near the oxyferryl
moiety for rapid oxidation to occur; additionally there are
other effects that slow down or prevent catalysis. A notorious
challenge is the oxidation of methane to methanol by
chemical catalysis[2] or using enzymes of the type methane
monooxygenases (MMOs).[3] It is not only the smallest
alkane, but also has the strongest C�H bond (104 kcalmol�1).
Although CYPs represent a superfamily of monooxygenases,
none have been shown to accept methane, whereas MMOs
are complex enzymes (many membrane bound) that have not
been expressed in heterologous hosts in any significant
quantities, among other problems.[3] Herein we show that
chemical tuning of a CYP, which is based on guest/host
activation using perfluoro carboxylic acids as chemically inert
guests, activates the enzyme for oxidation of not only
medium-sized alkanes such as n-hexane, but also of small
gaseous molecules such as propane and even methane as the
ultimate challenge.

In the present study we chose, for practical reasons, the
enzyme P450 BM3 (CYP102A1) from Bacillus megaterium,
which is a self-sufficient fusion protein composed of a P450
monooxygenase and an NADPH diflavin reductase.[4] Several
crystal structures of this CYP harboring a fatty acid or fatty
acid derived inhibitors, as well in the absence of such
compounds have been published.[5] To engineer mutants of
P450 BM3 and of other CYPs for enhanced activity and
selectivity toward a variety of different compounds, including
such difficult substrates as small alkanes, rational design as
well as directed evolution have proven to be successful to
some extent.[1c,6] For example, P450 BM3 variants character-
ized by numerous point mutations were obtained in extensive

laboratory evolution, and showed for the first time notable
activity toward propane by formation of the respective
alcohols (2-propanol/1-propanol = 9:1);[6a] however, the
ethane to ethanol conversion remains problematic[6b] and
methane oxidation has not been achieved to date. Higher
activity in ethane oxidation was accomplished using mutants
of P450cam,[6c] but here again methane oxidation was not
reported. Our chemical approach involves a chemically inert
compound that serves as a guest in the binding pocket of P450
BM3, thereby filling the space and reducing the translational
freedom of small alkanes or of any other substrate. On the
basis of previous reports involving CYPs harboring various
substrates,[1] such guest/host interactions can be expected to
induce other modes of activation effects as well, specifically
water displacement at the Fe/heme site accompanied by a
change in the electronic state from the inactive low-spin state
to the catalytically active high-spin states.[1, 5d] Moreover,
many studies have shown that P450 enzymes and mutants
thereof can harbor two different substrates simultaneously,
thus leading to cooperative effects;[1, 7–9] one example is lauric
acid and palmitic acid in which cooperativity has been
demonstrated by isotope labeling experiments.[8] In yet
another study regarding the metabolism of bilirubin, the
addition of lauric acid or the perfluorinated analogue was
reported to facilitate NADPH oxidation and substrate
degradation, a finding that has implications for the treatment
of jaundice, uroporphyria, and possibly cancer.[9] It has also
been shown for the case of a distantly related H2O2-
dependent P450 enzyme that its peroxidase activity can be
influenced by the addition of fatty acids, wherein increased or
decreased activity is observed depending upon their chain
length.[10]

In our endeavor we were guided by the binding mode of
the natural substrates, fatty acids, of P450 BM3. The binding
includes H-bonds originating from their carboxy function and
residues Arg 47 and Tyr 51, as well as hydro-
phobic interactions.[5] The use of perfluoro
carboxylic acids such as 1a–h as chemically
inert, yet activating guests was therefore envi-
sioned, because perfluoro alkyl groups are
known to be resistant to oxidation while having
a hydrophobic character.[11] Moreover, it is
known that a CF3 residue is sterically compa-
rable to a CH(CH3)2 group,[11a] which means
that a perfluoro fatty acid fills much more space in a P450
binding pocket than a traditional fatty acid, and can addi-
tionally induce the crucial low-spin to high-spin conversion of
Fe/heme.

In exploratory studies, the oxidation of n-octane and
n-hexane as well as isomers thereof was studied using P450
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BM3 as the catalyst in both the absence and presence
perfluoro carboxylic acid 1 (n� 7) under defined reaction
conditions. A small amount of dimethylformamide (DMF;
1% v/v) served as the solubilizing cosolvent as part of the
standard reaction conditions (Table 1). The results reveal

some remarkable effects. In all cases the presence of a
perfluoro carboxylic acid leads to an increase in the total
amount of alcohol product formed, and the turn over number
(TON) increases by factors ranging between 4 and 12. In
contrast, regioselectivity increases by the presence of an inert
guest only to a small extent. Apparently, the presence of
perfluoro carboxylic acids in the binding pocket does not lead
to a single well-defined orientation of such alkanes, which are
relatively small and lack functional groups for additional
anchoring. In one case we also focused on stereoselectivity by
measuring the enantiomeric excess (% ee) of 2-hexanol
formed in the oxidation of n-hexane (3). In the absence of

the activator, the ee value was found to be 35 % in favor of the
R alcohol, whereas when using 1e as an activator the
enantioselectivity increased to 44% ee (R). The difference is
small, but measurable, indicating that stereoselectivity can in
fact be influenced even when reacting such small nonfunc-
tionalized compounds. When subjecting functionalized com-
pounds to P450-BM3-catalyzed hydroxylation in the presence
of perfluoro carboxylic acids, notable effects on regio- and
stereoselectivity are more likely. When testing iso-hexanes,
products arising from the oxidation of methyl groups could
not be detected.

We then turned to the smaller gaseous substrates n-butane
and propane, and this time tested a wider range of perfluoro

carboxylic acids 1. As before, significant increases in product
formation and in TON were observed (Table 2), and they
depend to some extent on the nature of the perfluoro
carboxylic acid. For example, in the case of n-butane, the
efficiency is highest when using perfluoro carboxylic acid 1b

(TON = 3632). Notably, trifluoroacetic acid (1a) exerts no
activating effect, and the turnover is approximately the same
(TON = 469) as in that for the reaction lacking this additive
(TON = 527). Products resulting from the oxidation of methyl
groups in n-butane or propane were not formed (< 1%). In
the case of propane, which is essentially not accepted by P450
BM3 in the absence of an activating additive, the most striking
effect was observed when using 1e, which resulted in highest
activity (TON = 1021). This is still lower than the reported
activity of a P450 BM3 mutant obtained by directed
evolution,[6a] but our approach is simple to perform and
does not require protein engineering. Moreover, unlike the
results of the protein engineering study,[6a] we observe
complete regioselectivity in favor of 2-propanol.

In ultimate experiments, we considered the oxidation of
methane, which is also not accepted by P450 BM3. To obtain
reliable data regarding small amounts of methanol formation
in an aqueous medium, the sensitive LaCourse method of
pulsed amperometric detection of aliphatic alcohols was
used[12] and coupled with GC/MS measurements (see the
Supporting Information). Gratifyingly, high turnover num-
bers were observed as a consequence of adding the appro-
priate perfluoro carboxylic acids (Table 3). As before, the
activity depends upon the chain length of the perfluoro fatty
acid and achieves a maximum of TON = 2472 in the case of
1d. Presently it is difficult to interpret the observed “trend”,
inter alia because perfluoro fatty acids are sterically quite
different from their nonfluorinated counterparts.

In an effort to unveil the origin of enhanced activity
induced by the appropriate perfluoro carboxylic acids 1,
biophysical and computational investigations were carried
out. It was particularly important to obtain evidence showing
that the perfluoro carboxylic acids do in fact exert their
activating effects as chemically inert guests in the binding

Table 1: Oxidation of alkanes catalyzed by P450 BM3 in the presence and
absence of a perfluoro carboxylic acid 1.[a]

Alkane Additive Total
product
formed
[mm]

TON Regioselectivity

2 none 0.15 150 2-/3-/4-octanol =12:44:44
2 1c 1.16 1184 2-/3-/4-octanol =10:42:48
3 none 0.43 149 2-/3-hexanol = 83:17
3 1e 1.50 525 2-/3-hexanol = 77:23
4 none 0.36 126 2-hydroxy-3-methyl-/3-hydroxy-3-

methylpentane = 89:11
4 1c 1.36 476 2-hydroxy-3-methyl-/3-hydroxy-3-

methylpentane = 88:12
5 none 0.12 111 only 2-hydroxy-3,3-dimethylbutane
5 1c 0.96 891 only 2-hydroxy-3,3-dimethylbutane
6 none 0.02 20 only 2-hydroxy-2,3-dimethylbutane
6 1e 0.19 3241 only 2-hydroxy-2,3-dimethylbutane

[a] Reaction conditions: 3.2 mm alkane, 1% v/v DMF, 2% v/v ethanol,
100 mm glucose, 1 mm NADP+, 1 U mL�1 GDH, 1 mm additive, 100 mm

KPi, pH 8.0, total volume 20 mL, 1 h, 20 8C.

Table 2: Oxidation of n-butane and propane catalyzed by P450 BM3 in
the presence and absence of an additive 1 under standard reaction
conditions.[a]

Alkane Additive Total product
formed [mm]

TON ee [%]

n-butane none 1.2 527 24
n-butane 1a 1.1 469 32
n-butane 1b 8.4 3632 22
n-butane 1c 2.0 879 23
n-butane 1d 3.9 1699 20
n-butane 1e 5.8 2519 19
propane 1e 3.0 1021 –
propane 1 f 0.67 227 -
propane 1h 0.50 170 –

[a] Reaction conditions: 2.5 mL reaction volume, 5 mL gas volume,
100 mm KPi, pH 8.0, 10 bar pressure (10% butane, 8% O2, 82% N2; 7%
propane, 8% O2, 85% N2), 25 8C.
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pocket of P450 BM3. It is known that long-chain substrates,
once in the binding pocket of P450 BM3 (and of other CYPs),
lead to the displacement of water at the Fe/heme which causes
a shift from the low-spin resting state to the catalytically
active high-spin state of the metalloenzyme, as indicated by
UV/Vis and UV/Vis difference spectra.[1, 5d, 7] In contrast, most
inhibitors either stabilize the water or directly ligate to the Fe/
heme, thus favoring the inactive low-spin state. We therefore
applied this technique to P450 BM3 in the absence and
presence of perfluoroundecanoic acid (1e), and for compar-
ison we included the analogous C11 fatty acid (undecanoic
acid). The anticipated effect was indeed observed, with
undecanoic acid and the perfluoro analogue 1e leading to
similar UV/Vis difference spectra (see the Supporting Infor-
mation). In both cases the spectra show an absorption
decrease at 420 nm (low-spin complex) and concomitant
increase at 390 nm (high-spin species). This behavior is typical
of activated, substrate-bound P450 BM3. In additional
experiments, the titration curves resulting from using 1e
(0.1 mm to 16 mm) and P450 BM3, and competition experi-
ments involving n-octylamine as an inhibitor (which is known
to exert its effect by entering the binding pocket of CYPs[13])
support this conclusion (see the Supporting Information).

We surmise at this stage that two phenomena are likely to
be responsible for the guest/host activating effect of perfluoro
carboxylic acids. The occurrence of such compounds in the
binding pocket not only reduces its effective volume, but it
also leads to partial conversion of the low-spin species into a
catalytically active high-spin Fe species, probably induced by
the displacement of water at the Fe/heme.[1,5d, 7 ] In line with
this proposition is the observation that trifluoroacetic acid
(1a) fails to show any activating effect.

To gain additional insight, we turned to molecular
dynamics (MD) simulations.[14] Following MD calculations
of P450 BM3 in the absence of any ligand, the Gromos
algorithm was applied,[15] leading to the visualization of an
ensemble of different conformers. Subsequently, perfluoro-
decanoic acid (1d), which caused the highest activity in
methane oxidation (Table 3), was successfully docked in the
average minimized structure of the most populated cluster of
P450 BM3 conformers. A second MD calculation was then
performed of the enzyme harboring the activator 1d and
simulating the experimental conditions of methane concen-
tration and pressure (see the Supporting Information). It was

found that 1d adopts two different binding modes of
essentially equal energy. In binding mode I the carboxy
function interacts with Tyr51 and Ser72 through hydrogen
bonds that allow the end of the perfluoro chain to lie very
deeply in the binding pocket near the Fe/heme, thereby
distinctly reducing space. Binding mode II is characterized by
hydrogen bonds between the carboxy function and Arg47,
which in this case prevents such deep penetration of the
perfluoro chain. Space around and near the active Fe site is
therefore considerably larger. The simulations do not provide
accurate information as to whether the water at Fe/heme is
displaced by activator 1d as actually indicated by the UV/Vis
difference spectra.

In the final step of the computational analysis, docking
experiments using methane in the presence and absence of
activator 1d were performed (see the Supporting Informa-
tion), and they led to some remarkable results. In the case of
1d undergoing binding mode I with a reduced space around
the active site, a cluster of methane molecules lies directly
above Fe/heme, perfectly juxtaposed for rapid oxidation
(Figure 1). In the case of binding mode II, methane distrib-
utes throughout the distinctly larger cavity, presumably
leading to lower or no activity. In neither of the cases above
nor in the absence of an activating guest was any re-
orientation of the phenyl group of Phe87 with concomitant
shielding of the oxyferryl porphyrin radical cation observed;
this shielding would slow down catalysis as reported for
certain other substrates.[1,4–7]

In the absence of the activator 1d, the binding pocket is
dramatically larger, and the Glide algorithm[15] does not
predict any specific positioning of methane clusters (see the

Table 3: Oxidation of methane into methanol catalyzed by P450 BM3 in
the presence of an additive 1 under standard reaction conditions.[a]

Additive Total product formed [mm] TON

1c 2.75 2053
1d 3.31 2472
1e 1.81 1353
1 f 1.25 933
1g 0.75 560
1h 0.28 210

[a] Reaction conditions: 2.5 mL reaction volume, 5 mL gas volume,
100 mm KPi, pH 8.0, 10 bar pressure (7% methane, 8% O2, 85% N2),
25 8C.

Figure 1. Binding pocket representation of P450 BM3 harboring activa-
tor 1d (perfluoro chain in green) and docking poses of a methane
cluster (carbon atoms in black and hydrogen atoms in white) hovering
above Fe=O (red) in the porphyrin ring. Binding pocket surface is
colored according to its electrostatic potential (red: positive, blue:
negative, white: neutral). Helix I is shown as a point of reference.
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Supporting Information). It remains to be seen whether such
extensive computational analyses of the other perfluoro
carboxylic acids used in the present study will reflect the
observed dependency on chain length (Table 3).

In conclusion, we have implemented a chemical strategy
for tuning the catalytic profile of the monooxygenase P450
BM3 so that the enzyme accepts such notoriously difficult
substrates as propane and methane and results in the
formation of the respective alcohols. We expect ethane[6b,c]

to behave similarly. In contrast to time-consuming protein
engineering,[6] the present approach simply requires the
addition of an appropriate chemically inert perfluoro fatty
acid to the enzyme, thereby triggering a catalytically activat-
ing effect which originates from specific guest/host interac-
tions in the binding pocket. A shift from an inactive low-spin
state to a catalytically active high-spin state and a decrease in
the effective volume of the binding pocket appear to be the
crucial factors as shown by UV/Vis difference spectra as well
as a theoretical analysis based on MD simulations and
docking experiments. The present approach not only allows
methane to be oxidized with notable enzyme activity, but also
opens the door for using perfluoro carboxylic acids, which can
be expected to bind to most CPYs, to influence the catalytic
profile of monooxygenases as catalysts in the functionaliza-
tion of more complex organic compounds, including the
control of regio- and stereoselectivity.[16] The size of the
perfluoro carboxylic acid can then be matched to the specific
requirements, which depend upon the steric and electronic
nature of the to-be-oxidized substrate, with MD simulations
serving as a guide. The use of chiral perfluoro carboxylic acids
or of other types of chemically inert perfluoro compounds as
additives for influencing stereoselective oxidative hydroxyl-
ation is yet another perspective. Finally, we anticipate that the
combination of the present tuning method with protein
engineering techniques[6] constitutes a powerful tool for
controlling regio- and stereoselective P450-catalyzed C�H
activation.
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Experimental Section 

 

Chemical compounds 

In general, chemical compounds were purchased from Aldrich. Perfluoro carboxylic acids were 

purchased from the following sources: 1b (Aldrich), 1c (ABCR), 1d (Aldrich), 1e (ABCR), 1f (Acros), 1g 

(Aldrich), 1h (Aldrich), and 1a (Aldrich). 

 

Plasmid 

The gene p450-bm3/cyp102a1 encoding P450-BM3 from Bacillus megaterium (ATTC 14581, 

DSM32) was cloned into the pETM11 vector (EMBL, Germany) carrying an N-terminal polyhistidine 

tag, as described previously to give the vector pETM11-P450-BM3-WT1. 

 

Protein expression and purification 

E. coli BL21 (DE3) GOLD (Novagen) were transformed with the vector pETM11-P450-BM3-WT. 

An aliquot of an overnight culture in LB medium, supplemented with kanamycin (20 mg/l) and 

tetracycline (12.5 mg/l) for selection, was used to inoculate TB medium supplemented with 50 mg/l 

kanamycin, 0.1 g/l glutamate, 0.4% (v/v) glycerol, trace metals (50 µM FeCl3, 20 µM CaCl2, 10 µM 

MnCl2, 10 µM ZnSO4, 2 µM CoCl2, 2 µM CuCl2, 2 µM NiCl2, 2 µM Na2MoO4, 2 µM H3BO3) and 1 mM 

MgCl2. After cultivation at 37 °C with horizontal shaking at 250 rpm and reaching an OD600 of ~ 0.6–0.8, 

IPTG was added to a final concentration of 100 µM, the temperature reduced to 25 °C and the shaking 

rate reduced from 250 rpm to 130 rpm. The expression was performed for 24 h. Afterwards, the bacteria 

were harvested by centrifugation. The pellet was stored at -80 °C until further processing. For lysis of the 

bacterial cells, the pellet was thawed by adding 50 mL of lysis buffer (25 mM Tris, 20% glycerol, 0.1% 

Tween-20 and 20 mg/l DNAse I (Applichem, Germany)) per 1 l of initial culture and resuspended. The 

cells were broken by passing the suspension through a French-press (American Instruments Company, 

Silverspring, USA) at a pressure of 1200 psi. The collected lysate was centrifuged for 1 h at 18,000 g at 4 

°C. Subsequently, the supernatant was further passed through a 0.22 µm filter. 

The lysate was desalted using 100 mM Tris/HCl pH 7.8 buffer using HiTrap Desalting 5 mL (GE 

Healthcare) columns. This and the following chromatography steps were performed using ÄKTA Purifier 

(GE Healthcare). Protein fractions were collected and subjected to anion exchange2 chromatography 
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using Tosoh DEAE-5PW resin (Tosoh Bioscience, Japan) as stationary phase equilibrated using 100 mM 

Tris-HCl pH 7.8 buffer. The protein was eluted using jump gradient of equilibration buffer containing 1 

M NaCl. For spectral analysis, the red colored, enzyme containing fractions were further subjected to gel 

filtration using Sephacryl S-100 HR (GE Healthcare) and 100 mM Tris-HCl pH 8.0, 150 mM NaCl as 

elution buffer. Protein fractions were collected, and the enzyme concentration determined by CO 

difference spectrum analysis3. Overall, approximately 0.8 µmol of semi-purified wt P450 BM3 was 

obtained from 1 l of culture. 

 

Hydroxylation of C6 and C8 alkanes: 

In order to hydroxylate alkane compounds (C6 and C8), the substrate was given from a 160 mM 

stock in EtOH to a reaction solution with a final concentration of 3.2 mM. The solution further contained 

0.1 M glucose (Riedel de Haen), 1 mM NADP+ (Codexis, Jülich, Germany), 1U/ml GDH (#001, Codexis, 

Jülich, Germany), 1 mM additive (if not specified otherwise), BM3-WT enzyme (for the conversion of 

compound 2: 1µM, 3: 2.9 µM, 4: 2.9 µM, 5: 1.1 µM, 6: 2.7 µM in the final mixture) and 100 mM KPi pH 

7.8 to a total volume of 20 ml. The reactions were run over 1 hr at 20 °C in a 50 ml falcon tube shaken in 

a bacterial incubator set to 130 rpm. After 1 h three aliquots of 1 ml volume each were taken, acidified 

with 0.1 ml 10% hydrochloric acid. 1 mM 1-pentanol was used as internal reference. The mixture was 

extracted using half a volume of MTBE and subjected to GC analysis. 

 

Hydroxylation of C1, C3 and C4 alkanes: 

Hydroxylation of gaseous alkanes was performed in a self-build low-pressure reactor. Twelve 

reaction tubes with a total volume of about 7 ml were filled with 2.5 ml reaction mix containing 0.1 M D-

glucose (Riedel de Haen), 1 mM NADP+ (Codexis), 1 U/ml GDH (Codexis), 1 mM additive, BM3-WT 

enzyme (for the conversion of n-butane: 2.3 µM, propane: 2.9 µM, methane: 1.3 µM in the final mixture) 

and 100 mM KPi, pH 8.0. Afterwards, the reaction tubes were connected to a gas bottle via a multi-

channel gas supply. The following gas mixtures were used to flush the equipment and to apply a pressure 

of 10 bar to the reaction mix: a) 7% methane, 8% oxygen, 85% nitrogen; b) 7% propane, 8% oxygen, 

85% nitrogen; or c) 10% butane, 8% oxygen, 82% nitrogen, all leading to a reaction mixture comprising 

approximately 1 mM alkane. The reaction mixture was stirred at 100 rpm using a magnetic stirring bar 

with a crosshead (VWR) for a) 21,0 , b) 14,5 or c) 17,5 hrs. For termination of the reaction, the pressure 
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was slowly released from the reaction tubes and an aliquot of 1 ml was centrifuged for 10 min at 13,000 

rpm and subjected to HPLC analysis afterwards. Another aliquot of 1 ml was mixed with 0.1 ml 10% 

hydrochloric acid for later GC analysis. Each experiment contained at least one positive control for 

enzyme activity, wherein dodecanoic acid was used as additive (1 mM final concentration, added from 

stock of 100 mM in DMSO) while subjecting the enzyme to 10 bar gaseous alkane-mix. The conversion 

of dodecanoic acid was analyzed using decanoic acid (1 mM final concentration, added from stock of 100 

mM in DMSO) as reference standard. Samples for GC analysis were extracted using 0.5 volumes of 

MTBE and subjected to GC analysis. 

 

GC analyses 

Fatty acids were analyzed by GC using the following setup: 6890N (Agilent, USA); column: 15m 

DB-Free Fatty Acid Phase, inner diameter of 0.25 mm, film thickness of 0.25 µm, J & W, Germany; 

pressure: 0.5 bar H2; injector: 220 °C; temperature gradient: 80–240 °C with 8 °C/min, 15 min 

isothermal. The conversion of lauric acid was calculated by comparison of the peak areas from lauric acid 

with the reaction standard decanoic acid, taking the fact of a 1.22 times bigger signal area for lauric acid 

than decanoic acid at the same concentration into account. The product distribution was calculated by 

setting the product peak areas directly into relation to each other. 

Hydroxylation products of n-octane, 2,2-dimethyl butane, n-hexane, 3-methyl pentane, 2,3-dimethyl 

butane were analyzed by GC using the following setup: HP6890 + 7683HP (Hewlett Packard, USA); 

column: 15m Stabilwax Phase, inner diameter of 0.25 mm, film thickness of 0.5 µm, (J&W, Germany); 

pressure: 0.8 bar H2; split-rate 60; injector: 220 °C; temperature gradient: 40 °C 4 min isothermal, 40–60 

°C with 4 °C/min, 60–250 °C with 15 °C/min, FID detector. For quantification, the product peaks were 

set into relation to the 1 mM 1-pentanol reaction standard peak with the following pre-determined 

correction factors: 2-octanol: 2.36; 3- and 4-octanol: 2.23; 2- and 3-hexanol: 1.218; 3-methyl-3-pentanol 

and 3-methyl-2-pentanol: 1.49; 3.3-dimethyl-2-butanol: 1.43; 2,3-dimethylbutanol: 1.317. 

Butanol was analyzed by GC using the following setup: HP6890plus + 7683HP (HewletPackard, 

USA); column: 15m Stabilwax Phase, inner diameter of 0.25 mm, film thickness of 0.5 µm, (J&W, 

Germany); pressure: 0.8 bar H2; split-rate 60; injector: 220 °C; temperature gradient: 40 °C 4 min 

isothermal, 40–60 °C with 4 °C/min, 60–250 °C with 15 min, FID detector. 
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Propanol was analyzed by GC using the following setup: HP6890plus + 7683HP;530 (Hewlett 

Packard, USA); column: 15m Free Fatty Acid Phase (FFAP) G/366; pressure: 0.5 bar H2; sample size 1 

µl; injector: 220 °C; temperature gradient: 80–240 °C with 8 °C/min, 250 °C with 15 min isothermal, FID 

detector. 

 

Determination of enantiomeric excess (ee) 

For chiral 2- and 3-hexanol analysis the following setup was employed: AT 6890N (HP Agilent, 

USA); column: 15m BGB-177/BGB-15 Phase, inner diameter of 0.25 mm, film thickness of 0.25 µm, 

(BGB Analytik AG, Germany); pressure: 0.5 bar H2; split-rate 25; injector: 220 °C; temperature gradient: 

40–200 °C with 0,5 °C/min, FID detector. 

 

GC-MS analyses  

For GC-MS analysis butanol was analyzed using the following setup: SSQ 7000 GC/MS System 

(Thermo Finnigan, USA); column: 15m DB-Wax Phase, inner diameter of 0.25 mm, film thickness of 0.5 

µm, (J&W, Germany); pressure: 0.5 bar He; split-rate 50; injector: 220 °C; temperature gradient: 30–60 

°C with 4 °C/min, 60–250 °C with 20 °C/min. 

For GC-MS detection of propanol the following setup was employed: GC:HP6890 + MS: HP5973 

(HewletPackard, USA); column: 15m DB-Waxetr Phase, inner diameter of 0.25 mm, film thickness of 

0.25 µm, J&W, Germany; pressure: 0.5 bar He; split-rate 10; injector: 220 °C; temperature gradient: 40 

°C 10 min, 40–240 °C with 16 °C/min. 

For GC-MS detection of Methanol the following setup was employed: GC: HP6890 + MS: 5973 

(Hewlett Packard, USA); column: 60m Stabilwax Phase, inner diameter of 0.25 mm, film thickness of 0.5 

µm (Restek, Germany); pressure: 1.4 bar He; split-rate 5; injector: 220 °C; temperature gradient: 60 °C 30 

min isothermal, 60–240 °C with 16 °C/min, 240 °C with 5 min isothermal. 

 

HPLC analyses 

HPLC analyses were performed using a LC-10A System, controlled by the LC-Solution Software 

(Shimadzu Deutschland GmbH, Duisburg, Germany). The modular LC-System was equipped with LC-

10AD pumps, a SIL-10A autoinjector, a CTO-10AC Column oven, a differential-refractive-index-
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detector RID-10A (all from Shimadzu Deutschland GmbH, Duisburg, Germany) or an electrochemical 

detector ED 50 (Dionex GmbH, Idstein, Germany). 

Separations were carried out with Organic Acid Resin columns (300 mm length, 8 mm i.d. and 

precolumn 40 mm length, 8 mm i.d; CS-Chromatographie Service GmbH, Langerwehe, Germany) and 10 

mM trifluoroacetic acid in water. The separations were performed at 333 K with an eluent flow-rate of 1.0 

ml/min. 

 

Determination of 2-propanol, 2-butanol and methanol 

In order to determine the formation of the oxidation products of the gaseous alkanes n-butane, propane 

and methane quantitatively in the aqueous medium, refractive index detection (RID) and the LaCourse 

method of pulsed amperometric detection (PAD) of aliphatic alcohols were employed.5 This 

electrochemical detection method is sensitive to even small amounts of alcohols including methanol (see 

also Application Note 188 of Dionex Corporation). PAD adjustments were made according to instructions 

of the Dionex Application Laboratory. Quantification of 2-propanol and 2-butanol was performed using 

the RID-10A detector. In the case of methanol, the ED 50 detector was employed in an integrated 

amperometric measurement mode using a Ag reference electrode in the range of 300 nC. The 

measurements were performed in a waveform as follows: 

 

Step Time (sec) Potential (V)  

0 0.0 + 0.4  

1 0.28 + 0.4 Begin 

2 0.30 + 0.4 End 

3 0.31 + 0.4  

4 0.32 + 1.4  

5 0.44 + 1.4  

6 0.45 - 0.4  

7 0.88 - 0.4  

 

Parallel to this assay, GC/MS analyses was performed to further substantiate the presence of methanol: 
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First, an analytical GC was performed. 

 

Figure S1. Analytical gas chromatogram of sample ZFE-ZC-082-05 containing 1d. In this chromatogram 
peak no. 2 falls at the retention time of methanol. The chromatographic parameters are described in 
Figure S1. 

 

In order to confirm methanol as the compound of peak no.2 in Figure S1, two GC-MS analyses were 

carried out with this sample in the selected ion monitoring (SIM) modus. 
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Figure S2. GC-MS analysis of sample ZFE-ZC-082-05 in the SIM modus with preselected, methanol 
specific masses mz 31 and mz 32. The GC separation was performed on a 60m Stabilwax capillary 
separating column. The chromatographic parameters are described in Figure S2. 

 

Figure S3. Additional GC-MS analysis of sample ZFE-ZC-082-05 in the SIM modus, this time 
additionally analyzing the N2 specific mass mz 28, to estimate the portion of air in the sample. 
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Figure S4. GC-MS analysis of a test sample containing methanol in the SIM modus (mz 31 and mz 32) to 
illustrate the characteristic relative ratio of the mass peaks.  

 

Figure S5. GC-MS analysis of a test sample containing tert-butanol to exclude the presence of tert-
butanol in peak no. 2 of sample ZFE-ZC-082-05. The analysis was performed in the SIM modus using the 
masses mz 31 and mz 32. Tert-butanol shows a lower relative intensity for mz 32 than methanol (cf. 
Figure S4).  
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Figure S6. GC-MS analysis of a test sample containing a mixture of methanol and tert-butanol in the 
SIM-Modus focusing on the masses mz 31 and mz 32. Here, the mass mz 32 is clearly present. 

 

 

Figure S7. Additional comparative MS spectrum of tert-butanol obtained from the MPl-Masslib-spectra 
library. The mass mz 32 is absent for 1-butanol.  
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In parallel, the samples were analyzed using HPLC using a pulsed amperometric detection system to 

quantify the methanol content. 

 

 

Figure S8. HPLC chromatogram of sample ZFE-ZC-082-05 and methanol quantitation. 

 

TON calculations 

The TON values were calculated for the enzyme and mediator after the end of the reaction (mol 

product/mol enzyme). 
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UV-VIS spectroscopy 

Prior to UV/Vis measurements4, the protein was treated with NADPH to remove traces of 

compound binding to the enzyme. After this pre-treatement, the buffer was exchanged to 100 mM Tris-

HCl pH 8.0, 150 mM NaCl using ultra centrifugal filters. UV/Vis spectra were recorded using UV-

2401PC spectrophotometer (Shimadzu) and quartz cuvettes of 1.00 cm optical path length. All 

measurements were performed at 25 °C. Measured solutions contained approximately 20 µM solution of 

wt P450 BM3 and appropriate concentration of additives (undecanoic acid, 1e, and n-octylamine). 500 

mM stock solutions of additives in DMF were used. The addition of additives leads to slight precipitation, 

therefore the solutions were spun using top-table centrifuge and supernatant was used for the 

measurements. 

 

Figure S9.  UV/Vis difference spectra of P450 BM3 in the presence of undecanoic acid (red) and the 
perfluoro-analog 1e (blue). BM3 solution was used as a reference. 
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Figure S10. Difference UV/Vis spectra of P450 BM3 in presence of different concentration of 1e. Blank 
cuvette: P450 BM3 mixed with the corresponding amount of DMF. 

 

Further evidence for the binding of the perfluoro fatty acid 1e at the active site was derived from 

competition experiments involving n-octylamine as an inhibitor. The respective guest/host interaction, 

characterized by coordination of the amino group to heme-Fe and hydrophobic effects between the alkyl 

chain and the walls of the binding pocket, has been reported to influence the UV/Vis spectra. Effectively, 

the appearance of the difference spectra recorded in the presence of n-octylamine is different from spectra 

observed in the presence of 1e. The inhibitor causes a hypochromic effect in the P450 BM3 spectrum at 

415 nm and a hyperchromic effect at 435 nm, in addition to a red shift of absorption maximum (Fig. S11). 

 

Figure S11. Difference UV/Vis spectra of P450 BM3 in presence of different concentrations of n-
octylamine. Blank cuvette: P450 BM3 mixed with corresponding amount of DMF. 
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This creates the opportunity to perform competition experiments using the inhibitor n-octylamine 

and the perfluoro fatty acid 1e. Accordingly, a mixture of P450 BM3 with n-octylamine was titrated using 

1e. UV/Vis difference spectra were recorded against a blank containing the enzyme and the 

corresponding concentration of 1e in the absence of n-octylamine. The UV/Vis difference spectra are 

shown in Figure S12. 

 

Figure S12. UV/Vis difference spectra recorded during titration experiments of P450 BM3 harboring n-
octylamine with 1e functioning as the titrant. BM3 solution with the corresponding concentration of 1e 
was used as a reference. 

 

A signal disappearance in the P450 BM3/n-octylamine UV/Vis difference spectrum with increasing 

1e concentration is clearly observed, which shows that the inhibitor is being replaced by the perfluoro 

fatty acid 1e. Adding an excess of inhibitor after the titration restores the spectrum typical for the 

host/guest complex P450 BM3/n-octylamine, indicating reversible competition between the two 

structurally different guests. 

 

Computational studies 

In order to throw some light on the origin of the catalytic activation effect of perfluoro carboxylic 

acids, molecular dynamics (MD) simulations were carried out in presence and absence of the 1d. MD 
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simulations were executed with the Desmond program6 using OPLS-AA/SPC force field, and a recording 

interval of 1.2 ps. Long-range electrostatic interactions using Particle Mesh Ewald (PME) and van der 

Waals interactions were computed with a real space contributions truncated at 9 Å. Bond lengths to 

hydrogens were constrained by using the SHAKE algorithm. We used a RESPA integrator with time 

steps set to 2 fs for bonded and short-range non-bonded interactions, and 6 fs for long-range electrostatic 

interactions. Before every dynamic simulation, the solvated systems were relaxed into a local energy 

minimum using 50 steps of a hybrid method of steepest descent minimization and a limited-memory 

Broyden-Fletcher-Goldfarb-Shanno (L-BFGS) minimization. Additionally, the model systems were 

relaxed before simulation through a series of minimization and short dynamic simulations (NPT ensemble 

using a Berendsen thermostat and barostat) equilibrating the system at 300 K and 1 Atm. Finally, 

production simulations were performed for every solvated system during 5 ns, coupling the system using 

NPT simulation, maintaining 1 Atm at 300 K with a Martyna–Tobias–Klein barostat (relaxation time of 2 

ps) and a Nose–Hoover thermostat (relaxation time of 0.5 ps). MD simulations of P450 BM3 were done 

using a Fe-specie in the heme cofactor which corresponds to the so called resting state.7 In a first 

exploratory MD simulation of P450 BM3 in absence of any ligand and using a SPC water solvent 

system8,9 with 150 mM NaCl, after 1 ns of equilibration in the productive MD simulation, recorded 

conformers from the following 4 ns were clustered using the Gromos algorithm10 with a RMSD cutoff 

value of 0.125 Å. For substrate dockings (1d), the Glide program11,12 was employed over energy 

minimized average structures from every cluster of conformers. Perfluorodecanoic acid (1d), which led to 

the highest activity in methane oxidation (Table 3 in the main manuscript), was successfully docked in the 

average minimized structure of the most populated cluster of P450 BM3 conformers. 

A second round of MD simulations was run using the cluster average structure in presence and 

absence of the previously docked 1d compound. Calculations were executed as described above, but this 

time using a mix solvent system of 1 mM methane in SPC water model pre-equilibrated at 10 bar and 300 

K of temperature and then incorporated to the whole system including the P450 BM3 and perfluoro 

ligand. Production simulations were performed during 5 ns maintaining a pressure of 10 bar at 300 K. 

Recorded conformers were clustered using the Gromos algorithm and minimized average structure of 

each cluster calculated. 

Along the simulation, 1d adopts two principal binding modes, where its carboxy function interacts 

respectively with Tyr51 and Ser72 or Arg47 via hydrogen bonds, placing the activator in a positional 
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orientation similar to what is observed by X-ray analysis of traditional fatty acid binding. Both binding 

modes show the terminus of the perfluoroalkyl chain occupying a position next to the Fe-heme without 

causing the reorientation of the phenyl group of Phe87 with concomitant blocking of the oxyferryl 

porphyrin radical cation, as it has been observed in crystal structures and MD simulations for normal fatty 

acid with longer carbon chains. The first binding mode (binding mode I) observed in the 50 % of the MD 

conformers is characterized for having hydrogen bond interaction with Ser72 and interaction with Tyr51 

through a water bridge. Its perfluoroalkyl chain is located closer to the Fe-heme than the second binding 

mode (binding mode II). In the binding mode II, represented in the 50 % of the conformers 

approximately, the carboxy group interacts mainly with Arg47, locating the end of the perfluoroalkyl 

chain in a more retracted position from the porphyrin ring (Figure S13). 

 

Figure S13. Binding pocket representation of P450 BM3 including compound 1d (carbons in light green 
and fluorine in dark green). On the right it is represented the first main binding mode in which the ligand 
carboxy group interacts with Ser72 and Tyr51. On the left it is shown the second binding mode having 
the carboxy function interacting with Arg47. Binding pocket surface is colored according with its 
electrostatic potential (red: positive, blue: negative, white: neutral). Helix I is given as a landmark. 

 

Subsequently, docking analysis of methane were performed using the minimized average structure 

of the three main cluster obtained from the MD calculations in presence and absence of 1d. At this point a 

decision had to be made as to which Fe-species should be employed in next docking analyses following 

the second round of MD simulations. In view of the known hydroxylation mechanism based on 

biophysical and theoretical studies,7 we decided to use the neutral form of the positively charged activated 

oxygen intermediate proposed in the literature (also called Cpd I), which is believed to participate in rate- 

and regioselectivity-determining hydrogen abstraction as the initial part of oxidative C-H activation. The 
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advantage of using neutral Cpd I as a hypothetical species is the fact that the respective force fields are 

available,13 while also reflecting the real steric situation. In the case of docking calculations in presence of 

1d, P450 BM3 and the different binding modes of fluorinated substrate were included for the receptor 

grid constructions using the Glide program. The results showed that good binding poses for methane were 

only obtained for the binding mode I of 1d, in which the methane occupies a positions near the 

catalytically active Fe-heme within a distance and angle from the active oxygen in accordance with the 

geometric values for hydrogen abstraction in P450s7,14 (see Figure S13 and Figure 1 in the main 

manuscript). Methane cluster of binding poses come to lie between a hydrophobic region in the wall of 

the active site and the perfluoroalkyl extreme of the activator (compound 1d). In the case of the binding 

mode II, the pulling effect due to the Arg47-carboxyl interaction thereby influencing the 

perfluorodecanoic acid position, generates a larger space in the active site where methane can be more 

evenly distributed without energetically favored binding poses. Docking calculations in absence of the 

perfluorinated ligand did not show any binding poses as well. 
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