Published on 25 June 2015. Downloaded by California State University at Fresno on 22/07/2015 19:28:41.

Organic &
Biomolecular Chemistry

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: Org. Biomol. Chem., 2015,
13, 8261

Discrimination of the prochiral hydrogens at the
C-2 position of n-alkanes by the methane/
ammonia monooxygenase family proteinsy

Akimitsu Miyaji, Teppei Miyoshi, Ken Motokura and Toshihide Baba*

The selectivity of ammonia monooxygenase from Nitrosomonas europaea (AMO-Ne) for the oxidation of

C4—Cg n-alkanes to the corresponding alcohol isomers was examined to show the ability of AMO-Ne to

recognize the n-alkane orientation within the catalytic site. AMO-Ne in whole cells produces 1- and

2-alcohols from C4—Cg n-alkanes, and the regioselectivity is dependent on the length of the carbon

chain. 2-Alcohols produced from C4—-C; n-alkanes were predominantly either the R- or S-enantiomers,

while 2-octanol produced from n-octane was racemic. These results indicate that AMO-Ne can discrimi-
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1. Introduction

The selective oxidation of n-alkanes to alcohols is accom-
plished by several monooxygenases under ambient con-
ditions." For instance, methane monooxygenase produces
methanol selectively from methane; the most inert n-alkane.
A further challenge in the oxidation of n-alkanes is the
discrimination of a specific C-H bond within the n-alkane
molecule to selectively produce a specific regioisomer and
enantiomer of the corresponding alcohol. For an enzyme to
discriminate between multiple C-H bonds in a n-alkane mole-
cule, its active site must recognize the orientation of a
n-alkane molecule in the catalytic site.” Specific interactions,
hydrogen bonds and van der Waals interactions between a
n-alkane and the surface of the active site play a key role in its
recognition. Thus, some or all amino acid residues composing
the active site of enzymes should affect the regio- and enantio-
selectivity of the alcohol isomers produced from n-alkanes.
The active site of the copper-containing particulate
methane monooxygenase of Methylococcus capsulatus (Bath)
(pPMMO-Mc) and Methylosinus trichosporium OB3b (pMMO-Mt)
can recognize n-butane and n-pentane. These pMMOs produce
(R)-2-alcohols selectively from n-butane and n-pentane,’
indicating that the active site of these monooxygenases is
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nate between the prochiral hydrogens at the C-2 position, with the degree of discrimination varying
according to the n-alkane. Compared to the particulate methane monooxygenase (pMMO) of Methylo-
coccus capsulatus (Bath) and that of Methylosinus trichosporium OB3b, AMO-Ne showed a distinct ability
to discriminate between the orientation of n-butane and n-pentane in the catalytic site.

able to discriminate the pro-R hydrogen at C-2 of n-butane
and n-pentane. In addition, the two pMMOs have the
same substrate range and product selectivities,”* suggesting
that the two pMMOs have common protein structures around
the catalytic site, which involve the recognition of n-butane
and n-pentane. However, the amino acid sequences and
the crystal structures of pMMO-Mc and pMMO-Mt show
some structural differences between the active sites,
although the shapes of overall protein are almost identical.’
Therefore, the amino acid residues in the active site controll-
ing the orientation of n-butane and n-pentane are possibly
conserved in the two pMMOs, and differences in the
local structure of the active site do not affect the orientation of
n-butane and n-pentane.

The location of the pMMO catalytic site is a controversial
issue. Based on the crystal structure of pMMO, three metal
sites are proposed as the catalytic site of pMMO: di-copper
center,® mono-copper center,” and tri-copper center.® A puta-
tive substrate binding cavity is adjacent to each copper
center.*”® However, the di-copper center is most likely the
catalytic site because the recombinant protein of pMMO sub-
domain containing only the di-copper center shows activity
toward methane oxidation to methanol.® In addition, the
chemistry of various model copper complexes and DFT calcu-
lations of the di-copper center of the pMMO active site led to
the proposal that a mixed-valent (p-oxo) (u-hydroxo) Cu"'Cu™
species catalyzes the homolytic cleavage of the C-H bond in
methane.'® Furthermore, the C-H bond cleavage and C-O
bond formation proceed with retention of configuration for
n-alkanes."!
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For determination of the amino acid residue(s) involved in
substrate recognition, site-directed mutagenesis is the most
effective technique. However, this genetic engineering pro-
cedure cannot be applied to the study of pMMO, because the
heterologous gene expression system of pMMO is not estab-
lished. Alternatively, by comparing the protein structures and
enzyme functions among the family proteins, the key amino
acid residue(s) involved in the molecular recognition can be
predicted.

In this study, we focused on the ammonia monooxygenase
of Nitrosomonas europaea (AMO-Ne) as a family protein of
PMMO-Mc and pMMO-Mt. AMO-Ne plays a role in the physio-
logical oxidation of ammonia to hydroxylamine,"* which is
different physiological role to pMMO. Crystal structure of
AMO-Ne has not been revealed. However, the high amino acid
sequence homology between AMO-Ne and the two pMMOs
(approximately 40% identity and 65% similarity)'® suggests
that these enzymes are evolutionarily related each other,
and indicates that the tertiary and quaternary protein struc-
tures of these enzymes have high similarity. In addition,
the amino acid residues composing the metal binding site
in the two pMMOs are well conserved in AMO-Ne, which
suggests that AMO-Ne has the same catalytic site as the two
PMMOs. In fact, AMO-Ne oxidizes some n-alkanes including
methane as non-growth substrates to the corresponding
alcohols.™**

On the other hand, the substrate binding site of AMO-Ne
may be larger than that of the two pMMOs based on the larger
substrate range of AMO-Ne.'* In addition, differences in the
structure of the substrate binding site of AMO-Ne compared to
the two pMMOs is suggested by the difference in regio-
selectivity of AMO-Ne for alcohols from alkanes,'*” and its
enantioselectivity for epoxides from alkenes.'® The difference
in the local structure of these enzymes may also affect their
ability to discriminate between the prochiral C-H bonds at the
C-2 position of n-alkanes, which enables the enzyme to selec-
tively generate a specific enantiomer of 2-alcohols. Further,
AMO-Ne may be proper enzyme for predicting the key amino
acid residue(s) involved in the molecular recognition of
n-alkane in pMMO/AMO family proteins through the com-
parison of their protein structures.

We report here the influence of the protein structure of
copper-containing monooxygenases on their ability to recog-
nize n-alkanes. We investigated the selectivity for 2-alcohol
enantiomers produced by the oxidation of C,-Cg n-alkanes
using the whole cells of AMO-Ne. In addition, we constructed
a homology protein structure model of the substrate binding
cavity in AMO-Ne based on the protein structure of pMMO-Mc.
According to the product selectivity and the spatial structure of
the substrate binding cavity, the orientation of the n-alkanes in
the substrate binding cavity of AMO-Ne was estimated. Further-
more, comparing the n-alkane orientations and the spatial
structure of the substrate binding cavity, we discussed the
amino acid residue(s) affecting the regio- and enantioselecti-
vities of n-alkane oxidation to the corresponding alcohol by
PMMO/AMO family proteins.
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2. Results and discussion
2.1 n-Butane and n-pentane oxidation by AMO-Ne

Both 1-butanol and 2-butanol were produced from the oxi-
dation of n-butane by AMO-Ne in whole cells, as reported in
ref. 14a. As shown in Fig. 1, butanols were produced at a con-
stant rate for about 15 min after the reaction started, and
the production rate decreased gradually. Butyraldehyde and
2-butanone, which can be produced by further oxidation of
butanols, were not observed in the reaction. We further con-
firmed that no butanols consumption was observed when the
whole cells of AM-Ne were incubated with butanols. These
results indicate that the whole cells of AMO-Ne specifically
show activity toward n-butane oxidation to butanols.

In the initial stage of n-butane oxidation, 82% of the
product was 2-butanol; the distribution of butanol regio-
isomers was almost constant during the reaction, as shown
in Fig. 1. These results indicate that AMO-Ne in whole cells
produces 2-butanol selectively from n-butane. In other words,
n-butane oxidation proceeds predominantly when the C-2
position of n-butane is located close to the catalytic site of
AMO-Ne. Further, we investigated the selectivity for 2-butanol
enantiomers from n-butane. Of the 2-butanol produced, 77%
was the S-enantiomer, as shown in Table 1; the enantio-
selectivity was also almost constant during the reaction. Thus,
AMO-Ne shows some selectivity for (S)-2-butanol in n-butane
oxidation. The selectivity indicates that the pro-S hydrogen at
the C-2 position of n-butane is preferably oriented toward the
catalytic site within AMO-Ne.

For the n-pentane oxidation by AMO-Ne, both 1-pentanol
and 2-pentanol were produced (Fig. S1(A) in ESI}) as reported
in ref. 14a; 3-pentanol and other oxidation products such as
ketone and aldehyde were not observed. The selective pro-
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Fig. 1 Butanol production in n-butane oxidation by AMO-Ne. O, @®:
2-butanol; O, m: 1-butanol. Arrows indicate axis of data. The reaction
was carried out at 30 °C in 50 mM phosphate buffer (pH 7.0) containing
1.2 mM duroquinol, and 4.5 g-wet cells per L whole cells. The initial
concentration of n-butane (dissolved) was 230 pM.

This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c5ob00640f

Published on 25 June 2015. Downloaded by California State University at Fresno on 22/07/2015 19:28:41.

View Article Online

Organic & Biomolecular Chemistry Paper

Table 1 Comparison of the selectivity for 2-alcohol enantiomers in n-butane and n-pentane oxidation among AMO-Ne, pMMO-Mt, and
pPMMO-Mc

Distribution of 2-alcohol
enantiomers (%)

Amount of 2-alcohol®

Biocatalyst (nmol g-wet per cells) R-Form S-Form ee (%)
n-Butane oxidation”

AMO-Ne 14 + 2 23+1 77+1 54 (S)
PMMO-Mt 6.8+ 1.5 76+ 1 24+1 52 (R)
PMMO-Mc 7.9+1.4 75+1 25+1 50 (R)
n-Pentane oxidation”

AMO-Ne 3.1+£0.9 38+1 62+1 24 (S)
PMMO-Mt 3.4+1.2 86 +1 14 +1 72 (R)
PMMO-Mc 8.1+1.5 86+1 14+1 72 (R)

“The amount of 2-alcohol produced over a reaction time of 10 min. ? The reactions were carried out at least three times separately at 30 °C in
50 mM phosphate buffer (pH 7.0) containing 1.2 mM duroquinol, 4.5 g-wet cells per L whole cells, and n-butane or n-pentane. Initial
concentration of n-butane and n-pentane dissolved in the reaction mixture was 230 pM and 92 pM, respectively. The data are shown as the
average of separate reactions. “ Defined as |R — S|/(R + S) x 100, where R and S are the amount of each enantiomer. Major enantiomer is shown in

parentheses.

duction of 1- and 2-pentanols indicates that the oxidation
reaction is selectively proceeded at C-1 and C-2 position of
n-pentane. The major product of the n-pentane oxidation was
1-pentanol; the selectivity for 1-pentanol was 74%, and the
selectivity was constant during the reaction. This regio-
selectivity indicates that n-pentane oxidation proceeds pre-
dominantly when the C-1 position of n-pentane is located
close to the catalytic site of AMO-Ne. The difference in the oxi-
dation position for n-pentane versus n-butane suggests that the
binding state of n-pentane in the AMO-Ne active site is
different. However, 62% of the 2-pentanol produced was the
S-enantiomer, which is consistent with the n-butane oxidation.
Thus, AMO-Ne also has the ability to recognize the pro-S
hydrogen at the C-2 position of n-pentane, although the
selectivity is lower than that of n-butane.

To compare the ability of AMO-Ne to discriminate between
the prochiral hydrogens at the C-2 position of n-butane and
n-pentane with those of pMMO-Mc and pMMO-Mt, we sub-
mitted n-butane and n-pentane for oxidation with the whole
cells of pMMO-Mc and pMMO-Mt. The amount of 2-alcohol
produced in the reactions over 10 min and the distributions
of enantiomers in the 2-alcohol are summarized in Table 1.
The distributions were almost consistent with results of the
previous works by us and other group.?

The amount of 2-alcohol produced was dependent on the
kind of bacterial strains as shown in Table 1. In this study, we
used whole cells for the reactions due to the instability of iso-
lated enzymes in vitro. Possibly, morphology of bacterial cells
and composition of bacterial membranes affect the access of
n-butane and n-pentane to the enzymes in cells, which are not
the properties of enzyme itself. Therefore, differences in the
amount of 2-alcohol between the bacteria shown in Table 1
cannot be considered simply as differences in the ability
between the enzymes.

On the other hand, the distribution of enantiomers in the
reactions can be considered the recognition ability of enzymes.

This journal is © The Royal Society of Chemistry 2015

The enantioselectivity of AMO-Ne for 2-alcohols from n-butane
and n-pentane is clearly distinct from that of pMMO-Mc and
pPMMO-Mt. AMO-Ne predominantly produces (S)-2-alcohols
from n-butane and n-pentane, while the two pMMOs produce
(R)-2-alcohols selectively. The inversion of the prochiral hydro-
gen orientation at the C-2 position of n-butane and n-pentane
is probably due to the structural difference in the substrate
binding site between AMO-Ne and the two pMMOs.

2.2 Comparison of amino acid residues composing putative
substrate binding cavity

In pMMO, putative cavities where the substrate could bind are
located adjacent to the metal binding centers (Fig. 2).” Com-
parison of the amino acid residues composing the surface of
the cavity of the two pMMOs and AMO-Ne (Fig. 3) shows that
three amino acid residues of AMO-Ne (His 141 and Ala 156 of
AmoB, and Met 56 of AmoC) adjacent to the di-copper center
are substituted for Trp, Ile, and Leu, respectively, in the two
PMMOs. On the other hand, all of the amino acid residues
composing the cavities adjacent to the mono-copper center
and the tri-copper center are completely conserved for the
three enzymes. Amino acid residues proximal to the substrate
binding site tend to affect the ability of substrate binding
more strongly than those distal from the site.'® Therefore, the
distinct product selectivities for AMO-Ne and the pMMOs
suggest that one or more of the amino acid residues compos-
ing the substrate binding site of AMO-Ne should be different
from those of the two pMMOs, and that the amino acid resi-
dues likely affect the enzyme’s ability to control the orientation
of n-butane and n-pentane. Thus, according to the results of
the amino acid alignment, the cavity adjacent to the di-copper
center in the three enzymes is most likely the substrate
binding site. The di-copper center was proposed as the cata-
Iytic site by other group based on methane oxidation activity
of the recombinant pMMO subdomain containing only the
di-copper center.®

Org. Biomol. Chem., 2015, 13, 8261-8270 | 8263
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Fig. 2 Three metal binding sites in the protein structure of pMMO-Mc.
(A) Di-nuclear copper site; (B) mono-nuclear copper site; (C) tri-nuclear
copper site.

(A) Di-nuclear copper site

PmoA-MC 189 VRTGT
PmoA-MT 194 VRTSM
AmoA-NE 194 VRTGT

PmoC-MT 49 AGWDSF 133 HMTVIRD

PmoC-MC 76 AGEDSF 160 HQTIVRD
AmoC-NE 54 HGEDSM 140 HQVIIRD

PmoB-MT 40 HGE 97 NAGEPGPV 141 GRZHVHAQINVEGGGPIMGPGQWIE

PmoB-MC 33 HGE 90 NVGMPGPV 134 GDQHVHTMMNVQGGGPIMGPGKWIT
AmoB-NE 38 HGE 95 NVGSPSPV 139 GRizHMHAMLNVKDAGP IIGPGAWMN

(B) Mono-nuclear copper site

PmoC-MC 75 SAGLDSFAPEFET 154 EQDGTWHQTIVRDTDFTPSHII
PmoC-MT 48 RAGLDSFAPEFQT 127 EQDGTWHMTVIRDTDFTPSHII
AmoC-NE 53 SHGMDSMEPEFDR 134 EQDASWHQVIIRDTSFTPSHVV

(C) Tri-nuclear copper site

PmoA-MC 36 SYHIHAMLTMGDWDFWSDWK 98 LGEWINRY
PmoA-MT 41 GYHIHFMLTAGDWDFWVDWK 103 IGEWINRY
AmoOA-NE 41 TYHMHFMLLAGDWDFWMDWK 103 IGEWLTRY

Fig. 3 Comparison of the amino acid residues composing the cavities
adjacent to the three metal binding centers in pMMO-Mc, pMMO-Mt,
and AMO-Ne.

The three different colored ribbons represent the peptides
composing pMMO-Mc: PmoA, PmoB, and PmoC are blue,
purple, and pale purple, respectively.

The amino acid residues composing the protein cavity are
indicated as bold letters, and the residues that are different

8264 | Org. Biomol. Chem., 2015, 13, 8261-8270
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between AMO-Ne and the two pMMOs are shown by white
letters on a black background.

2.3 Spatial structure of the putative substrate binding cavity

To evaluate the influence of the different amino acid residues
composing the cavity’s surface described in section 2.2 on the
orientation of n-butane and n-pentane in the substrate binding
site, protein structures of AMO-Ne and pMMO are required.
However, the crystal structure of AMO-Ne has not been
revealed. Therefore, we constructed a homology model of the
cavity adjacent to the di-nuclear copper site of AMO-Ne (Fig. 4(B))
based on the pMMO-Mc protein structure (PDB ID: 3RGB)
(Fig. 4(A)). The model was constructed by replacing the three
amino acid residues (Trp136 and Ile151 of PmoB, and Ile78 of
PMMO-Mc) with His, Ala, and Met, respectively.

In the cavity of pMMO-Mc, there are two pockets around
the bottom indicated as Pckt-1 and Pckt-2 in Fig. 4(A). The
spatial volume of Pckt-2 is larger than that of Pckt-1. The sub-
stitution of Ile for Ala makes the volume of Pckt-1 larger
because of the difference in the van der Waals volumes of Ile
and Ala (0.165 and 0.090 nm,’ respectively)."” Furthermore,
the substitution of Trp for His makes the entrance of the cavity
wider. These structural changes are consistent with the differ-
ence in the substrate range between pMMO-Mc and AMO-Ne;
AMO-Ne can oxidize larger substrates, such as aromatics, than
pMMO-Mec."* In conclusion, one or more of the three amino
acid residues adjacent to the di-copper site may affect the sub-
strate range and the selectivity for n-butane and n-pentane oxi-
dation to alcohol isomers.

Alternatively, the amino acid residues at locations other
than the surface of the putative cavity in pMMO/AMO affect
catalytic selectivity. Once a method for site-directed muta-
genesis of pMMO or AMO is established, the three amino acid
residues mentioned above will be promising targets for chan-
ging the substrate scope, and the regio- and enantioselectivity
of n-alkane oxidation to alcohols. In addition, construction of
the model of substrate binding site in pMMO/AMO family pro-
teins by the theoretical calculation such as QM/MM method
can expect the regio- and enantioselectivity.

Copper ions are shown as blue balls, amino acid residues
differing between pMMO-Mc and AMO-Ne are shown as red
sticks, and the Connolly surface of the protein is shown in
gray. The right side of the cavity opens up to the outside of the
protein molecule.

2.4 Orientation of n-butane and n-pentane in the putative
substrate binding site of AMO-Ne and pMMO-Mc

Based on the protein structure of the putative substrate
binding cavity shown in Fig. 4, the proposed orientation of
n-alkanes relative to the catalytic site is shown in Fig. 5. In the
case of pMMO-Mc, (R)-2-alcohols are produced selectively from
n-butane and n-pentane. In n-alkane oxidation by pMMO-Mc,
proton abstraction and hydroxyl group insertion occurs with
concerted mechanism." According to this mechanism, the
enantioselectivity indicates that the pro-R hydrogen at the C-2
position of the n-alkanes is predominantly located close to the

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Protein surface structure of the cavity adjacent to the di-nuclear copper center of pMMO-Mc and AMO-Ne. (A) Protein structure of
pPMMO-Mc (PDB: 3RGB). (B) Homology model structure of AMO-Ne.

(A) pMMO-Mc (B) AMO-Ne

A h.
M. -

3

[ Steric hindranaj \
/

|
/

|
4

® Minor binding mode (2) ® Major binding mode (2)

Fig. 5 Proposed orientation of n-butane and n-pentane relative to the di-nuclear copper center in the putative substrate binding cavity in
PMMO-Mc (A) and AMO-Ne (B). R: Ethyl or n-propyl group; Me: methyl group; Hs and Hg: pro-S and pro-R hydrogens, respectively.
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catalytic site in the substrate binding site of pMMO-Mc. This
orientation can be explained by the model shown in Fig. 5(A)-
@®, where the pro-S hydrogen is directed toward Pckt-1, the
methyl group is toward Pckt-2, and the alkyl group, such as
ethyl and n-propyl, is toward the entrance of the cavity. Alterna-
tively, if the pro-S hydrogen is oriented toward the catalytic
site, then the methyl group is directed toward Pckt-2 and the
alkyl group is directed toward Pckt-1 as shown in Fig. 5(A)-®,
and/or the alkyl group is directed toward Pckt-2 and the
methyl group is directed toward Pckt-1 as shown in Fig. 5(A)-
®. However, (S)-2-pentanol was a minor product in n-pentane
oxidation to 2-pentanol. Probably, the volume of Pckt-1 is not
large enough to accommodate methyl, ethyl and n-propyl
groups, whose molecular volumes are about 0.027 nm?
0.044 nm®, and 0.061 nm®, respectively,'® and Pckt-2 is not
large enough for ethyl and n-propyl groups. Thus, these orien-
tations are minor conformers for the binding of n-butane and
n-pentane at the catalytic site in pMMO-Mc.

As shown in Fig. 4, the protein structure of the putative sub-
strate binding cavity in AMO-Ne is locally different from that
in pMMO-Mc. The change from Ile to Ala in Pckt-1 increases
the volume of Pckt-1 by about 0.075 nm?, which is estimated
to be the change in the volume of the amino acid residue sub-
stituted. Therefore, Pckt-1 in AMO-Ne is large enough to
accommodate methyl, ethyl, and n-propyl groups, as shown in
Fig. 5(B)-@ and -®. In this case, the pro-S hydrogen can point
toward the di-copper site, which produces (S)-2-alcohols selec-
tively when the oxidation reaction proceeds at the C-2 position
of n-butane and n-pentane. In fact, the S-enantiomer was the
major product when the oxidation reaction of n-butane and
n-pentane proceeded at C-2 position, as described in section
2.1. This result indicates that the orientations shown in Fig. 5
(B)-@ and -® are preferable conformers for the binding of
n-butane and n-pentane at the catalytic site in AMO-Ne than that
in Fig. 5(B)-®. This may be caused by the optimum packing of
methyl, ethyl, and n-propyl groups in Pckt-1. The molecular
volumes of methyl, ethyl and n-propyl groups are calculated to
be about 0.027 nm?, 0.044 nm?® and 0.061 nm?, respectively.'®

Table 2 n-Alkane oxidation by AMO-Ne®
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These volumes may be optimum for packing the alkyl chains
within Pckt-1; fitting the inner surface of Pckt-1 to the alkyl
chains makes the conformers shown in Fig. 5(B)-®@ and -®
stable and favorable.

In the oxidation of n-butane and n-pentane to alcohols with
AMO-Ne, the selectivity for 1-alcohols was higher than that of
PMMO-Mc. This result indicates that the C-1 position of the
n-alkane molecule is preferably positioned close to the cata-
Iytic site of AMO-Ne unlike that of pMMO-Mc. The larger space
around the entrance of the cavity in AMO-Ne than that in
PMMO-Mc may cause the difference in the n-butane and
n-pentane orientation within the substrate binding site. There-
fore, n-butane and n-pentane may bind around the entrance
prior to diffusing into the cavity, resulting in orientation of the
C-1 position of the n-alkanes close to the catalytic site.

2.5 C¢Cg n-alkane oxidation by AMO-Ne

Previous reports have indicated that AMO-Ne can oxidize
larger substrates in molecular size than n-pentane
(0.096 nm?®)."* Thus, we submitted C4-C, n-alkanes to the oxi-
dation conditions using AMO-Ne whole cells to investigate the
dependence of the recognition ability for the pro-R hydrogen
at the C-2 position of n-alkanes on the carbon chain length.
Alcohol isomers were produced from Cs-Cg n-alkanes using
whole cells, but not from n-nonane. This results suggests that
the cavity size of the substrate binding site in AMO-Ne can
accommodate n-octane (0.147 nms], but not n-nonane
(0.164 nm?).*®

Oxidation of C¢—Cg n-alkanes afforded only 1- and 2-alco-
hols (Fig. S1(B)-(D) in ESIf). As shown in Table 2, the distri-
bution of 1- and 2-alcohols is dependent on the n-alkane, as
reported previously.'** 1-Hexanol was the major product from
n-hexane, and its distribution in the product was 74%.
However, for n-heptane the amount of 1-heptanol and 2-hepta-
nol produced was almost the same. This result indicates that
the position of the n-alkane molecule relative to the catalytic
site is strongly influenced by the chain length of the n-alkane.
In the case of n-alkane oxidation with manganese porphyrin,

Distribution of alcohol

regioisomers (%)

Distribution
of 2-alcohol
enantiomers (%)

Amount of alcohols®

Substrate” (pmol g-wet per cells) 1-Alcohol 2-Alcohol R S ee? (%)
n-CyH,o 16.5 +2.1 18+1 82+1 23+1 771 54 (S)
n-CsHys 12.7 £2.2 74+1 26+1 38+1 62 +1 24 (S)
n-CgHyy 13.6 £ 2.6 731 271 72+1 28+1 44 (R)
n-CyHy6 6.4+1.8 48+2 5242 83+1 17 +1 66 (R)
n-CgHyg 1.8+1.2 97 +1 5+1 48 +1 52+1 4(S)

“The reactions were carried out at least three times separately at 30 °C

4.5 g-wet cells per L whole cells, and n-alkane. The data are shown as the average of three separate reactions.

in 50 mM phosphate buffer (pH 7.0) containing 1.2 mM duroquinol,
Initial concentration of substrate

dissolved in the reaction mixture was: [n-C,Hyo] = 230 pM; [n-CsHi,] = 92 pM; [n-CeHya] = 60 pM; [n-C;Hye] = 38 pM; [n-CgHyg] = 31 pM. “ The
amount of 2-alcohol produced over a reaction time of 10 min. ?Defined as |R — S|/(R + S) x 100, where R and S are the amount of each

enantiomer. Major enantiomer is shown in parentheses.
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the position of oxidation in the n-alkane can be changed by
introducing bulky groups around the Mn center.'® Therefore,
it is reasonable to assume that the steric hindrance caused by
the amino acid residues around the catalytic site affect the
position of the n-alkane relative to the catalytic site.

For the 2-alcohols generated from C,-C, n-alkanes, one
enantiomer was predominant; however, essentially racemic
2-octanol was produced from n-octane (Table 2). These distri-
butions indicate that the ability of AMO-Ne to discriminate
between the prochiral hydrogens at the C-2 position varies
according to the chain length of the n-alkane. The enantio-
selectivity for (R)-2-alcohols increased as the chain length of
the n-alkanes increased from four to seven. This increment is
consistent with the increment in the enantioselectivities of the
two pMMOs for (R)-2-alcohols when the n-alkane chain length
increased from four to five, as previously discussed (see
Table 1). The increment in the enantioselectivity for (R)-2-
alcohol means that the recognition ability for C-H bond orien-
tation at the C-2 position of the n-alkane gradually changed for
increasing molecular size. The cavity volume of the substrate
binding site in AMO-Ne may determine the C-H bond orien-
tation of n-alkanes relative to the catalytic site.

By the proposed n-alkane orientation in AMO-Ne shown in
Fig. 5(B)-®, the increment in the enantioselectivity for (R)-2-
alcohol can be explained. The volume of Pckt-1 (Fig. 5(B)) is
approximately 0.075 nm?. This volume is enough for accom-
modating a propyl group (~0.061 nm®), which is the respective
sidechain for oxidation of n-pentane at the C-2 position as
shown in Fig. 6(a). However, the volume is not large enough to
accommodate a butyl group (~0.078 nm?), which is the
respective sidechain for oxidation at the C-2 position of
n-hexane. Because of steric hindrance in Pckt-1, the pro-R
hydrogen at the C-2 position should be oriented (Fig. 5(B)-®)
as the major binding mode when the chain length of the
n-alkane is six (Fig. 6(b)) and seven. Therefore, (R)-2-alcohol is
the major enantiomer in n-hexane and n-heptane oxidations.

On the other hand, based on the proposed orientation
shown in Fig. 5(B)-®, the alkyl group (R) is directed toward
the entrance of the substrate binding cavity. The space around
the entrance has enough space for accommodating pentyl
group. According to the selectivity for 2-alcohol enantiomers,
when the carbon number of the n-alkane increases, the orien-
tation of n-alkane shown in Fig. 5(B)-® should change to that
shown in Fig. 5(B)-@®. When the carbon number of the
n-alkane increases from four to seven, n-alkane may not be
able to enter deep enough into the cavity for interact methyl
group with Pckt-1 as shown in Fig. 6(c). In this case, the
methyl group can interact with the surface of Pckt-2 as shown
in Fig. 6(b), resulting that pro-R hydrogen is directed toward
the active site.

The hypothesis of n-alkane orientation within AMO-Ne
cavity described above is proposed by assuming that n-alkane
oxidation to alcohol occurs with concerted mechanism pro-
posed as the reaction mechanism of pMMO-Mc. Therefore,
after the homolytic cleavage between pro-S hydrogen and
carbon of n-alkane and prior to the insertion of hydroxyl

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Putative orientation of n-pentane (a) and n-hexane (b)(c) in the
substrate binding cavity of AMO-Ne.

group, inversion of configuration at C-2 position of n-alkane
may occur to some extent. Alternatively, pro-R hydrogen is
abstracted from C-2 position of n-alkane but the hydroxyl
group may be inserted from the opposite face radical inter-
mediate. Considering these inversions, n-alkane orientations
in the substrate binding cavity are more complicated than
those shown in Fig. 5.
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Table 3 n-Butane and n-pentane oxidation by AMO in whole cells of N.
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europaea with various electron donor?

Distribution of
2-alcohol
enantiomers (%)

Distribution of alcohol
regioisomers (%)

Substrate” Amount of alcohols® (pmol g-wet per cells) 1-Alcohol 2-Alcohol R S ee? (%)
n-Butane oxidation

Duroquinol 16.5 + 2.4 18+1 82+1 23+1 77 £1 54 (S)
NH,CI 16.9 + 3.2 20+1 80 +1 23+1 77 £1 54 (S)
N,H, 13.9+2.2 21+1 791 24+1 76 £1 52 (S)
n-Pentane oxidation

Duroquinol 12.7 £ 3.2 76 £1 24+1 38+1 62+1 24 (S)
NH,CI 11.7 3.0 76 1 24 +1 39+1 61+1 22 (8)
N,H, 84+21 71+1 29+1 45+1 55+1 10 (S)

“The reactions were carried out at least three times separately at 30 °C in 50 mM phosphate buffer (pH 7.0) containing 1.2 mM duroquinol,

4.5 g-wet cells per L whole cells, and n-alkane. The data are shown as the average of three separate reactions.

Initial concentration of substrate

dissolved in the reaction mixture was: [n-C4H;,] = 230 pM; [n-CsH;,] = 92 pM; [n-CeHyy] = 60 puM; [n-C,H;6] = 38 pM; [n-CgH, 5] = 31 pM. “The
B B B 5 8

amount of 2-alcohol produced over a reaction time of 10 min.
enantiomer. Major enantiomer is shown in parentheses.

2.6 Influence of electron donor on selectivity

In the reactions described above, duroquinol was used as the
electron donor for AMO-Ne. On the other hand, ammonium
ions (NH,") and hydrazine (N,H,) can be used as alternative
electron donors for AMO-Ne."*” According to the molecular
size of the substrates for AMO-Ne, duroquinol is too large to
enter into the substrate binding site of AMO-Ne. In contrast,
NH," and N,H, are similar in size to methane and ethylene,
respectively, thus they can be accommodated in the substrate
binding site of AMO-Ne. In the case of cytochrome P450 BM-3,
co-occupation of substrate or its analogue alters product distri-
butions.*® These electron donors may be able to co-exist with
n-alkane molecules in the substrate binding cavity, thus
affecting the orientation of the n-alkane.

To examine the influence of the electron donors on
enantioselectivity, we performed n-butane and n-pentane oxi-
dation by AMO-Ne with NH,CI or N,H,. As shown in Table 3,
almost no effect by the two electron donors was observed on
the regio- and enantioselectivity for the oxidation of n-butane
to butanol isomers. In contrast, N,H, affected the selectivity
of the n-pentane oxidation in favor of (R)-2-pentanol. The
increased selectivity for (R)-2-alcohols was previously observed
for longer chain lengths of n-alkanes (see Table 2). In con-
clusion, N,H, may co-exist with n-pentane in the substrate
binding cavity and affect its orientation, while NH," may
be too small to affect the orientation.

3. Conclusions

In conclusion, we have shown that the substrate binding site
of AMO-Ne can discriminate between the prochiral hydrogens
at the C-2 position of n-alkanes. The orientation of the
n-alkane relative to the catalytic site is dependent on the
n-alkane. Furthermore, AMO-Ne differs from pMMO-Mc and
PMMO-Mt in its ability to discriminate between the size of the

8268 | Org. Biomol. Chem., 2015, 13, 8261-8270

“Defined as |[R — S|/(R + S) x 100, where R and S are the amount of each

n-alkane oxidized, to discriminate between the C-1 and C-2
positions, and to discriminate between the prochiral hydro-
gens at the C-2 position of n-butane and n-pentane. We predict
that at least one of the three amino acid residues at the di-
copper site affects the discriminating ability of the pMMO/
AMO family proteins. Mutagenesis of the amino acid residues
has the potential to invert or increase the enantioselectivity for
the oxidation of n-alkanes to 2-alcohols. In addition, substrate
analogue can also be applied for tuning the regio- and enantio-
selectivity of for pMMO/AMO family proteins.

4. Experimental section

4.1 Culture of bacteria

Whole cells of N. europaea (ATCC19718) were used for the
n-butane, n-pentane, n-hexane, n-heptane, and n-octane
oxidation reactions. The cells were grown on a 3 L scale in
mineral salt medium as described previously.”' During culture
growth, the pH of the medium was adjusted to 7.8 by the
addition of 5% (w/v) Na,CO;. The cells were grown to logarith-
mic phase, and then harvested by centrifugation (12 000g for
15 min). The cells were washed with 50 mM phosphate buffer
containing 2 mM MgCl,, pH 7.7, followed by centrifugation at
12 000g for 15 min. The collected cells were suspended in
50 mM phosphate buffer containing 2 mM MgCl,, pH 7.0,
frozen in liquid nitrogen, and stored at —80 °C.

Whole cells of M. capsulatus (Bath) and M. trichosporium
OB3b were also used for n-butane and n-pentane oxidation
reactions. These bacteria were prepared as reported
previously.*”

4.2 n-Alkane oxidation to alcohol

n-Alkane oxidation reactions were carried out using a 50 mL
3-neck flask in a water bath at 30 °C under atmospheric
pressure. The flask contained 13.5 mL of 50 mM phosphate

This journal is © The Royal Society of Chemistry 2015
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buffer (pH 7.0) containing 1 mM duroquinol. For the oxidation
of n-butane, the flask was put under vacuum, and then filled
with n-butane and air (provided by the balloons). For the oxi-
dation of liquid n-alkanes, the n-alkane was added using a
glass syringe to the buffer solution in the flask under atmos-
pheric pressure. To initiate the reaction, bacterial cells
(1.5 mL) suspended in 50 mM phosphate buffer (pH 7.0)
(ca. 0.5 mg dry cells per mL) were added to the reactor using a
glass syringe. Aliquots of the reaction mixture were withdrawn
and immediately placed on ice to quench the reaction. The ali-
quots were centrifuged briefly to pellet the bacterial cells, then
products were extracted from the supernatant using dichloro-
methane and analyzed by gas chromatography. The amount of
product was determined using a TC-WAX column (30 m x
0.25 mm i.d., 0.25 pm film thickness, GL Science) and a
flame ionization detector. The injector and detector were
kept at 250 °C. The flow rate of carrier gas (He) was 34 cm
min~'. Temperature programs for separating each alcohol
enantiomers were as follows: 40 °C for 5 min, 10 °C min™"
to 230 °C.

The 2-alcohol enantiomers were identified using a method
previously reported.”” The dichloromethane solutions of the
2-alcohol products previously extracted (400 pL) were dried
over MgSO, and derivatized with trifluoroacetate (22 pL) to the
corresponding esters. Enantioselectivities were determined by
using a Chiraldex G-TA column (20 m x 0.25 mm i.d., 0.12 pm
film thickness, Sigma-Aldrich) and a flame ionization
detector. The injector and detector were kept at 250 °C. The
flow rate of carrier gas (He) was 34 cm min~'. Temperature
programs for separating each alcohol enantiomers were
as follows: 2-butanol and 2-pentanol: 30 °C for 2 min, 2 °C
min~" to 170 °C; 2-hexanol and 2-heptanol: 30 °C for 2 min,
5°C min~" to 170 °C; 2-octanol: constant at 60 °C.

The representative chromatograms of the enantiomers with
their retention time in the reaction mixtures were shown in
ESI (Fig. S27). Retention times of each enantiomers are shown
in the chromatograms. The tetention times were identified by
using authentic standard prepared by the reaction with tri-
fluoroacetate with commercially available racemic 2-alcohols
and either enantiomer of 2-alcohols. Racemic 2-alcohols
were purchased from Kanto Chemical Co. (S)-2-butanol,
(R)-2-hexanol, and (R)-2-octanol were obtained from Tokyo
Chemical Industry Co., (R)-2-hexanol was from Wako
Pure Chemical Industries, and (S)-2-heptanol was from Sig-
ma-Aldrich. Based on the area of each peaks due to
the 2-alcohol enantiomers, distribution of enantiomers was
calculated.

4.3 Alignment of amino acid sequences

The amino acid sequences of the enzymes were obtained from
the NCBI protein database, and multiple alignments of these
sequences were performed using ClustalW.>® A protein struc-
ture model of AMO-Ne was constructed and visualized using
MolFeat ver. 4.6 (FiatLux Co., Tokyo, Japan).

This journal is © The Royal Society of Chemistry 2015
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