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The Catalytic Oxidation of Linear and Branched Table 1. The NADH Turnover and Total Product Formation Rates

and Coupling Efficiency of Alkane Oxidation Catalyzed by
Alkanes by Cytochrome P45 Wild-Type P45Q.m and the YO6A and Y96F Mutants

Julie-Anne Stevenson, Andrew C. G. Westlake, alkane VADH turnover raté product rate (% couplingy
Catherine Whittock, and Luet-Lok Wong* substrate  WT Y96A Y96F WT Y96A Y96F

34.8 419.6 404.8 0.9 (2.6) 60.8(14.5) 105.7 (26.1)
19.5 388.7 234.4 0.4(2.0) 89.3(23.0) 109.8 (47.0)
7.9 103.4 559 0.2(25) 25.7(25.0) 18.3(32.7)
77.1 2109 222.0 5.9(7.7) 86.0(40.8) 97.0(43.7)
130.4 191.2 224.0 27.7 (21.3) 99.1 (52.0) 122.6 (54.7)
The selective catalytic oxidation of simple alkanes under mild 31.6 907 57.8 17(53) 18.9(20.8) 17.9(30.9)
conditions is one of the most difficult chemical reactions to 2 Given as nanomoles of NADH consumed per nanomoles of 2450
achieve using conventional synthetic methods. However, the per minute. Incubation mixtures (2.5 mL) contained 50 mM Fris
non-heme diiron methane monooxygenase enzymes fromHCI, pH 7.4, 1uM P45Q.n, 16xM putidaredoxin, 1«M putidaredoxin
Methylococcus capsulatBath): andMethylosinus trichospo- reductase, 200 mM KCl, and 4@ mL™* bovine liver catalase. Alkane

: : : substrate (1xmol) was addedsaa 1 Mstock in ethanol. The mixture
rium OB3L? catalyze the hydroxylation of methane and higher as preincubated at 3(C for 2 min, NADH was added to a final

homologues. Less well-characterized are the h"j‘me'dependen&ncentraﬁon of 40@M, and the absorbance at 340 nm was monitored.
cytochrome P450 alkane hydroxylases found in yeasd b The total amount of alkane oxidation products formed (nmol) per
bacteri&® and the non-heme iron alkane hydroxylase from nanomole of P45Q,per minute. Organics from a turnover incubation
Pseudomonas oleorans GPoX Here we report the protein ~ were adsorbed onto a Varian Bond-Elug €olumn (1 mL matrix
engineering of the heme monooxygenase cytochrome £450 volume). The column was washed with 1 mL of 50 mM F3CI

: : : ot : buffer, pH 7.4, and then dried under vacuum. The products were eluted
to investigate factors which promote the oxidation of simple from the column with 30QuL of CHCl,. An internal standard was

alkanes. The natural substrate of P&a0s camphor’® and added, and the mixture was analyzed on a Fisons Instruments 8000
although the enzyme has been shown to oxidize a number ofseries gas chromatograph using a DB-1 fused silica column (30 m
unrelated substrat@s!? the turnover of simple alkanes has not 0.25 mm i.d.) and flame ionization detection. To obtain quantitative
been described. results, mixtures containing known concentrations of a product alcohol
The hghresoluion crysal stucture of PAgshons that 04 3.8 1 neipaton camponents except BaDh here xtected
the_subst_rate_—blndlng pocket is lined mostly_ W'th. hydrophqblc Sassed t%rough the origin were obtained for all the progﬂdﬂae
amino acid side chain$. The most hydrophilic side chain is  ¢oypiing is the ratio of the total amount of products formed to the
that of tyrosine-96. Since alkanes are highly hydrophobic, we amount of NADH consumed and is expressed as a percentage.
have therefore changed this residue to alanine (the Y96A
mutant419 and phenylalanine (Y96f1) and investigated the  3-methylpentanes), and 2-methylhexanes). For the linear
catalytic activity of wild-type P45Qm and these two mutants  alkanes, the Y96A and Y96F mutants were up to 19 times as
toward simple alkanes. active as the wild-type. Smaller differences were observed with
Monooxygenase activity of P4gQ, requires two electrons  the branched alkanes. This data suggest that the increased
which are passed from NADH to P4&@ via the electron hydrophobicity of the active sites of the mutants does indeed
transfer proteins putidaredoxin and putidaredoxin reductase. Thepromote alkane oxidation.
NADH turnover rates of the wild-type and two mutants in the ~ The NADH turnover rates are however not the same as the
fully reconstituted system with a number of linear and branched product formation rates because the P450 catalytic cycle is
alkanes as substrates are listed in Table 1. The alkanes werausceptible to uncoupling.€., not every molecule of NADH
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pentane 1), hexane 2) heptane §), 2-methylpentane 4}, consumed leads to substrate conversiéfj. Therefore, the
(1) Green, J.. Dalton, HJ. Biol. Chem 1989 264, 17698-17703. actual a!ka”ef ﬁx'da“g” aC]E'V'ty gan Oﬂ'y be assessed by
(2) Fox, B. G.; Froland, W. A.; Dege, J. E.; Lipscomb, J.D.Biol. quantitation of the products formed. In these experiments we
Chgr;J dﬁﬁé’rf“blms’ih}uﬁ%ﬁsvsv‘ H.: Kargel. E. Frontiers of Biotrans four&d tlr;at.hydr_ogendp?]romde generated through gn?odﬁhngf
) A . K ) B S -~ gradually inactivated the enzyme system. The inclusion o
(%Tit_'o” Rein, H., Ruckpaul, K., Bds.; Taylor and Francis: London, 1991, 541256 in the reactions to remove the perdXigfe?l allows
(4) Cardini, G.; Jurtshuk, Rl. Biol. Chem197Q 245, 2789-2796. the quantitation of products even from highly uncoupled
31@3Azzpefgef' O.; Muller, R.; Kleber, H. Pcta Biotechnol 1983 3, reactions, enabling the effects of mutations on the catalytic
(6) van Beilen, J. B.; Kingma, J.; Witholt, Enzyme Microb. Technol activity of the P45 enZym_e to be accurately assessed' .
1994 16, 904-911. The total product formation rates and derived coupling
Bi (7r)1 DusBK.;hKatangri, l\él Yul,ls%qﬁz:o lilrgze;ﬁélé-; Gunsalus, I. C.  efficiencies of alkane oxidation by all three proteins are listed
lochem. blopnhys. kRes. Comm A . H H H
(8) Gunsalus, I. C.; Wagner, G. ®lethods Enzymoll978 52, 166— L?]u-{;rﬁlsesﬁow\évét?nati g%iaerr S‘:E%Eif}otgﬁa:gr?f‘ ani OEQGF
188. atasi00-
(9) Loida, P. J.; Sligar, S. Giochemistry1993 32, 11530-11538. fold) than the wild-type. These arose from both higher NADH
yc10) Fruetel, . A Collins, J. R, é%rgpflrhl%glg%_l.gg;vé G.H. Ortizde over rates and increased coupling efficiencies of the mutants.
(11) Watanabe, Y.: Ishimura, 1. Am. Chem. Sod989 111, 410— With the branched alkanes, the differences were smatter (
411. _ _ 10-fo|d_), particularly f_or5 for Whl_ch the mutants were only
11&%%%3’;%57’ J. P.; Trager, W. F.; Carlson, TJ.Jam. Chem. S0d993 approximately three times as active as the wild-type.
(13) Poulos, T. L.; Finzel, B. C.; Howard, A. 3. Mol. Biol. 1987, 195 For all the alkanes, the coupling efficiencies of the three
687—700. enzymes were in the order Y96F Y96A > wild-type. The
(14) Fowler, S. M.; England, P. A.; Westlake, A. C. G.; Rouch, D. A;;
Nickerson, D. P.; Blunt, C.; Braybrook, D.; West, S.; Wong, L.-L.; Flitsch, (18) Gorsky, L. D.; Koop, D. R.; Coon, M. J. Biol. Chem1984 259,
S. L.J. Chem. Soc., Chem. Comm894 2761-2762. 6812-6817.
(15) England, P. A.; Rouch, D. A.; Westlake, A. C. G.; Bell, S. G; (19) Atkins, W. M.; Sligar, S. GJ. Am. Chem. S0d.987, 109, 3754-
Nickerson, D. P.; Webberley, M.; Flitsch, S. L.; Wong, L.d..Chem. Soc., 3760.
Chem. Commuril996 357—358. (20) White, R. E.; Miller, J. P.; Favreau, L. V.; Bhattacharyya, JA.
(16) Atkins, W. M.; Sligar, S. GJ. Biol. Chem 1988 263 18842~ Am. Chem. Soc986 108 6024-4031.
18849. (21) Imai, M.; Shimada, H.; Watanabe, Y.; Maysushima-Hibaya, Y.;
(17) Atkins, W. M.; Sligar, S. GJ. Am. Chem. Sod 989 111, 2715~ Makino, R.; Koga, H.; Horiuchi, T.; Ishimura, YProc. Natl. Acad. Sci
2717. U.S.A.1989 86, 7823-7827.
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Table 2. Product Distributions for the Oxidation of Hexane and
2-Methylpentane

of preference for €H bond attack was tertiary secondary,
with no attack at primary €H bonds. This is consistent with

substrate/ T the radical rebound mechanism proposed ferHCactivation
protein product/distribution (%6) by P450 enzymé&?* and suggests that the alkanes are
hexane 2-hexanol 3-hexanol 2-and somewhat mobile within the active site, such that the ferryl
3-hexanone species can attack the more activated tertiary or secondady C
WT 43 57 bonds. In this respect the wild-type and Y96 mutants of R450
Y96A 47 53 behave very differently to the hed®&® and non-heme alkane
Y96F 37 60 3 hydroxylase$,which give mainly terminal €H bond oxidation
2-methyl- 2-methyl- 2-methyl- 4-methyl- even with branched alkanes. It is possible that the natural alkane
pentane 2-pentanol 3-pentanol 2-pentanol - ) . h
WT 60 16 24 hydroxylases have more channel-like active sites with less space
Y96A 60 11 29 in the vicinity of the hydroxylation center such that only the
Y96F 78 7 15 terminal methyl group can approach sufficiently close to the

iron center for attack.

In summary, we have shown that cytochrome R450
catalyses the oxidation of simple alkanes and that the activity
' can be greatly enhanced by mutations at a single active site
S&esidue which increase the hydrophobicity of the substrate

. o . pocket. However, since the P45Q substrate pocket is
pocket is optimized for camphor, therefore water is excluded optimized for camphor binding, a single mutation is not

N . ) 0
from the active site and the reaction shows a coupling of 180%. sufficient to bind the alkane molecule in one specific conforma-

In contrast, the size and shape of simple alkanes do not matchy,, "4 thys the proteins exhibit little regioselectivity of alkane
the substrate pocket, thus it is likely that there is sufficient room C—H bond oxidation. It could be envisaged that further

for v;/t{:\ter'to enter tlhe acﬂve snethdulrllngt tge catalyt;c fky cle, mutations at strategic locations in the active site could lead to
resuting in uncoupiing. -Among the fimited range ot akane binding of alkanes in specific conformations, resulting in
substrates studied so far, no clear pattern emerges, although th?egioselective alkane hydroxylation

best proteir-substrate match appears to be with The order
of coupling efficiency for the enzymes could arise in part from
differences in the hydrOphObic-ity ar!d Si?e of the active site Biotechnology Directorate-Clean Technology Unit-Department of Trade
pockets. The more hydrophobic active Slte.s of the Y96A and and IndustrglyLlNK program. L.L.W. thar?lzls the ROF))/aI Society and
Y96F mutants may exclude water more effectively than the wild- £5A Research Fund for equipment grants. A.C.G.W. thanks British
type protein, and thus the reactions are much more coupled. ltgas pic for a CASE Studentship, and J.A.S. thanks the EPSRC for a
is likely that the YO6A mutant has a larger substrate pocket siudentship.
than the Y96F which could explain the lower coupling with
the Y96A mutant.

The product distributions for hexane and 2-methylpentane
oxidation are shown in Table 2. For all of the alkanes the order

(22) Gelb, M. H.; Heimbrook, D. C.; M&bnen, P.; Sligar, S. G.
Biochemistry1982 21, 370-377. 8

aValues were obtained from GC peak area integrations.

primary uncoupling pathway has been proposed to occur when
the ferric—peroxo intermediate is accessible to water molecules
leading to protonation of the heme-bound oxygen and the relea:
of hydrogen peroxidé. The wild-type P45@,substrate-binding
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