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Previous studies identified the oleABCD genes involved in head-to-head olefinic hydrocarbon biosynthesis. The
present study more fully defined the OleABCD protein families within the thiolase, o/B3-hydrolase, AMP-
dependent ligase/synthase, and short-chain dehydrogenase superfamilies, respectively. Only 0.1 to 1% of each
superfamily represents likely Ole proteins. Sequence analysis based on structural alignments and gene context
was used to identify highly likely ole genes. Selected microorganisms from the phyla Verucomicrobia, Plancto-
myces, Chloroflexi, Proteobacteria, and Actinobacteria were tested experimentally and shown to produce long-
chain olefinic hydrocarbons. However, different species from the same genera sometimes lack the ole genes and
fail to produce olefinic hydrocarbons. Overall, only 1.9% of 3,558 genomes analyzed showed clear evidence for
containing ole genes. The type of olefins produced by different bacteria differed greatly with respect to the
number of carbon-carbon double bonds. The greatest number of organisms surveyed biosynthesized a single
long-chain olefin, 3,6,9,12,15,19,22,25,28-hentriacontanonaene, that contains nine double bonds. Xanthomonas
campestris produced the greatest number of distinct olefin products, 15 compounds ranging in length from C,4
to C;, and containing one to three double bonds. The type of long-chain product formed was shown to be
dependent on the oleA gene in experiments with Shewanella oneidensis MR-1 ole gene deletion mutants con-
taining native or heterologous ole4 genes expressed in trans. A strain deleted in oleABCD and containing oleA
in trans produced only ketones. Based on these observations, it was proposed that OleA catalyzes a nondecar-
boxylative thiolytic condensation of fatty acyl chains to generate a [3-ketoacyl intermediate that can decarbox-

ylate spontaneously to generate ketones.

There is currently great interest in elucidating the means by
which microbes produce nongaseous hydrocarbons for use as
specialty chemicals and fuels (8, 40). While many details re-
main to be revealed, there appear to be several different path-
ways by which microbes biosynthesize long-chain hydrocar-
bons. The most studied of the pathways (16) involves the
condensation of isoprene units to generate hydrocarbons with
a multiple of five carbon atoms (C,,, C;5, Cy, €tc.). A more
obscure biosynthetic route is a reported decarbonylation of
fatty aldehydes to generate a C,,_; hydrocarbon chain (19). A
third mechanism that has received some attention is what has
been denoted head-to-head condensation of fatty acids (2, 3, 4,
8, 64). In this pathway, the hydrocarbons are described to arise
from the formation of a carbon-to-carbon bond between the
carboxyl carbon of one fatty acid and the a-carbon of another
fatty acid (3). This condensation results in a particular type of
hydrocarbon with chain lengths of C,; to Cs; and containing
one or more double bonds. One double bond involves the
median carbon in the chain at the point of fatty acid conden-
sation. An example of this overall biosynthetic pathway leading
to the formation of specific C,, olefinic hydrocarbon isomers
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from fatty acid precursors has been demonstrated in vivo (61,
63, 64) and in vitro (4, 8).

The condensation, elimination of carbon dioxide, and loss of
the other carboxyl group oxygen atoms likely require multiple
enzyme-catalyzed reactions. Recent patent applications by L.
Friedman et al. describe a role for three or four proteins in this
biosynthetic pathway (18 September 2008, WO2008/113041; 4
December 2008, WO2008/147781). Most recently, Beller et al.
demonstrated the requirement for three genes from Micrococ-
cus luteus in the biosynthesis of long-chain olefins (8). That
study also demonstrated in vitro production of olefins by re-
combinant proteins in the presence of crude cell extracts from
Escherichia coli. In another study, Shewanella oneidensis strain
MR-1 was shown to produce a head-to-head hydrocarbon (59).
A cluster of four genes, oleABCD, was shown to be involved in
olefin biosynthesis by that organism.

While genetic and biochemical data have provided evidence
for Ole proteins producing long-chain olefins in M. luteus and
S. oneidensis, there are many outstanding details of the biosyn-
thesis that remain to be elucidated. Moreover, the extent to
which microbial and other species produce head-to-head ole-
fins is unclear. A recent patent application by Friedman and
Rude (W0O2008/113041) presented tables listing genes homol-
ogous to the ole genes described by Beller et al. (8). However,
the homologs identified included genes from mouse and tree
frog, organisms not known to produce head-to-head hydrocar-
bons. Additionally, hydrocarbon biosynthetic genes from Ar-
throbacter sp. FB24 were claimed, and that strain was later
shown not to produce hydrocarbons under identical conditions
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TABLE 1. Organisms, plasmids, and primers used in this study

Organism,” plasmid, or primer

Genotype, relevant characteristic(s), or sequence

Source or reference

Genetically modified organisms

S. oneidensis AoleA S. oneidensis MR-1, AoleA; hydrocarbon minus This study

S. oneidensis Aole S. oneidensis MR-1, AoleABCD; hydrocarbon minus 59

E. coli UQ950 E. coli DH5a \(pir) host for cloning, F~A(argF-lac)169 $80dlacZ58(AM15) ginV44(AS) 52
rfbD1 gyrA96 (NalR) recAl endAl spoTl thi-1 hsdR17 deoR \pir*

E. coli WM3064 Donor strain for conjugation, thrB1004 pro thi rpsL hsdS lacZAM15 RP4-1360 52
A(araBAD)567 AdapA1341:[erm pir(wt)]

Plasmids

pSMV3 9.5-kb vector; Km" version of pSMVS; lacZ sacB 6

pSMV3-AoleA 0.9-kb fusion PCR fragment containing AoleA cloned into Spel/BamHI site of pSMV3; This study
used to make S. oneidensis AoleA strain

pBBRIMCS-2 5.1-kb broad-host-range plasmid; lacZ; Km" 36

pOleA-S.m. 1.1-kb PCR fragment containing S. maltophilia olnA, cloned into Spel/Sacl site of 59
pBBRIMCS-2

pOleA 1.9-kb PCR fragment containing S. oneidensis oleA, cloned into Spel/Sacl site of This study
pBBRIMCS-2

Primers

oleASoF1 ACTAGTTACATGTGCGTTTATTGCAACTGGCC

oleASoR1 CCAGAGATATAGAGGCGCGAGGCGAGATTC

oleASoF2 GGTCTCATGGCACACGATCAAGGCTTTTTAC

oleASoR2 GGATCCCCAACAAATCAGTGTCGGCACC

SooleACompF ACTAGTTACATGTGCGTTTATTGCAACTGGCC

SooleACompR GAGCTCGTTAAAGCATCGGCTAAGGCAGATAACAA

“ The following wild-type organisms were also used in this study (reference number[s]) shown in parentheses: Shewanella oneidensis MR-1 (20, 70), Shewanella
putrefaciens CN-32 (33), Shewanella baltica OS185 (76), Shewanella frigidimarina NCIMB 400 (9), Shewanella amazonensis SB2B (69), Shewanella denitrificans OS217
(10), Colwellia psychrerythraea 34H (18), Geobacter bemidjiensis Bem (45), Geobacter sulfurreducens PCA (12), Opitutaceae bacterium TAV2 (57), Planctomyces maris
DSM 8797 (7), Chloroflexus aurantiacus J-10-fl (48), Kocuria rhizophila DC2201 (37), Brevibacterium fuscum ATCC 15993 (51), Xanthomonas campestris (68), Vibrio

furnissii M1 (46), and E. coli K-12 (lab supply).

for which other Arthrobacter strains did (22). In that context,
the present study closely examined the protein sequence fam-
ilies of Ole proteins and the configurations of putative ole
genes within genomes to identify those most likely to be in-
volved in head-to-head hydrocarbon biosynthesis. This was
followed by experimental testing for the presence of long-
chain head-to-head hydrocarbons in representative bacteria
from diverse phyla. This study also found that, of closely
related bacteria, some produce head-to-head hydrocarbons
and others do not.

A previous publication investigated in vitro olefin biosynthe-
sis from myristyl-coenzyme A (CoA) (8). That study showed
ketone and olefin biosynthesis in vitro and proposed a mecha-
nism requiring the participation of ancillary proteins not en-
coded in the 0leABCD gene cluster. The mechanism proposed
fatty acyl oxidation to generate a 3-keto acid that is the sub-
strate for the OleA protein.

In fact, different mechanisms have been suggested previ-
ously for the biosynthesis of head-to-head olefins (3; Fried-
man and Rude, W0O2008/113041; Friedman and Da Costa,
WO02008/147781), and different roles for the OleA protein
have been proposed (8; Friedman and Rude, WO2008/113041;
Friedman and Da Costa, WO2008/147781). It is not possible to
deduce the olefinic biosynthetic pathway or individual reaction
types based on protein sequence alignments alone, because
this pathway is unique, differing markedly from isoprenoid or
decarbonylation hydrocarbon biosynthesis pathways. More-
over, the individual Ole proteins are each homologous to pro-
teins that collectively catalyze diverse reactions. In that con-
text, we (i) initiated a more detailed study of the Ole protein

superfamilies, (ii) identified likely olefin (ole) biosynthetic
genes out of thousands of homologs, (iii) experimentally tested
bacteria from different phyla for long-chain olefins, (iv) devel-
oped insights into the role of OleA in head-to-head olefin
biosynthesis, and (v) propose an alternative mechanism for
head-to-head condensation of fatty acyl groups.

MATERIALS AND METHODS

Strains and culture conditions. Wild-type and recombinant bacteria used in
this study are listed in Table 1. All organisms, including recombinant strains,
were grown aerobically in 50-ml culture flasks on a rotary shaker at 225 rpm,
except for Geobacter strains, which were grown in a 100-ml anaerobic culture
flask flushed for 30 min with a nitrogen/carbon dioxide gas mix prior to culture
inoculation (50). All organisms were grown at 30°C (7, 11, 35, 37, 50) except for
Shewanella amazonensis (35°C) (69), Shewanella frigidimarina (22°C) (70), Opi-
tutaceae bacterium TAV2 (22°C) (57), Brevibacterium fuscum (22°C) (35), Col-
wellia psychrerythraea (4°C) (75), Chloroflexus aurantiacus (55°C) (48), and all
Escherichia coli strains (37°C) (52). The organisms were allowed to achieve
stationary phase prior to hydrocarbon extraction and analysis. All organisms
were grown in Luria broth (Difco) (35, 37, 69, 70) except for S. frigidimarina (9),
C. psychrerythraea (75), and Planctomyces maris (Marine broth; Difco) (73),
Geobacter species (Geobacter medium; DSMZ) (50), C. aurantiacus (Chlo-
roflexus medium; DSMZ) (48), Opitutaceae bacterium TAV2 (R2A medium;
Difco) (T. D. Schmidt, personal communication), and X. campestris (nutrient
broth; Difco) (11).

Hydrocarbon and ketone extraction, chromatography, and characterization.
Early-stationary-phase cultures were extracted as previously described (72).
Briefly, both cells and medium from a 50-ml bacterial culture that had reached
stationary phase were extracted using a mixture of spectrophotometric-grade
methanol (Sigma-Aldrich), high-performance liquid chromatography (HPLC)-
grade chloroform (Sigma-Aldrich), and distilled water in a 5:5:4 ratio. The
resulting nonpolar phase was collected and dried under vacuum. Evaporated
residue was recovered in 1 ml of methyl-tert-butyl ether (MTBE), applied to a
4.0-g silica gel column (Sigma-Aldrich), and eluted with 35 ml of HPLC-grade
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hexanes (Fischer Scientific), followed by 35 ml of MTBE and 25 ml of HPLC-
grade ethyl acetate (Sigma). Each solvent fraction was concentrated and sub-
jected to GC-mass spectrometry (MS) analysis using an HP6890 gas chromato-
graph connected to an HP5973 mass spectrometer (Hewlett Packard, Palo Alto,
CA). GC conditions consisted of the following: helium gas, 1 ml/min; HP-1ms
column (100% dimethylpolysiloxane capillary, 30 m by 0.25 mm by 0.25 pm);
temperature ramp, 100 to 320°C, 10°C/min, with a 5-min hold at 320°C. The mass
spectrometer was run in electron impact mode at 70 eV and 35 pA. Alkene and
ketone products were identified from the parent ions and corresponding frag-
mentation patterns. Major compounds were further analyzed by hydrogenation
over palladium on carbon (Sigma-Aldrich) and observation of the corresponding
increase in mass to confirm the number of double bonds present.

Gene deletion and oled gene complementation. All deletion strains, plasmids,
and primers used are listed in Table 1. Gene deletions were made using homol-
ogous recombination between flanking regions of oleA cloned into a suicide
vector, pSMV3 (52). Briefly, by using oleASoF1, oleASoR1, oleASoF2, and
oleASoR1, the upstream and downstream regions surrounding the gene were
cloned using the restriction sites Spel and BamHI into the suicide vector in a
compatible E. coli cloning strain (UQ950) (52). This plasmid was transformed
into an E. coli mating strain (WM3064) (52) and then conjugated into MR-1.
While E. coli was commonly grown at 37°C, when S. oneidensis was present cells
were incubated at 30°C. The initial recombination event was selected for by
resistance to kanamycin. Cells containing the integrated suicide vector grew in
the absence of selection overnight at 30°C and then were plated onto LB plates
containing 5% sucrose (52). Cells retaining the suicide vector were unable to
grow due to the activity of SacB, encoded on the vector, while cells that under-
went a second recombination event formed colonies. Colonies were then
screened by PCR to determine strains containing the deletion. The oleABCD
gene cluster deletion of S. oneidensis MR-1 was created as described previously
(59).

Complementation of the S. oneidensis oleA mutant was performed using the
pBBRIMCS-2 expression vector (36) and the endogenous lac promoter (which
is constitutive in MR-1 due to the absence of lacl). Primers oleASoFcomp and
oleASoRcomp containing Sacl and Spel restriction sites were designed for the
regions flanking the ends of oleA. Resulting PCR products were ligated into the
Strataclone cloning system (Agilent Technologies), followed by digestion and
ligation of the product into the pBBRIMCS-2 expression vector. The Stenotro-
phomonas maltophilia oleA gene was introduced into pPBBR1MCS-2 as described
previously (59). Constructs were introduced into E. coli WM3064 prior to con-
jugation with the ole4 deletion, the ole cluster deletion, or wild-type MR-1
strains. All constructs were verified through PCR and sequencing analysis. Fol-
lowing conjugation, all constructs were maintained using 50 pg/ml kanamycin.

Identification of oleABCD-containing organisms. The oleABCD genes in S.
oneidensis MR-1 were used to find homologous gene clusters in the GenBank
nonredundant database using the BLAST algorithm (5). Subsequently, the OleA
homologs in Stenotrophomonas maltophilia strain R551-3 (gi 194346749), Ar-
throbacter aurescens TC1 (gi 119962129), and Micrococcus luteus NCTC 2665 (gi
239917824) were used as additional queries to the database. Other homologous
thiolases were identified. The genome context of each of these thiolases was
investigated and allowed for the assembly of a set of organisms with either a four-
or three-gene cluster, encoding OleA, -B, -C, and -D protein domains. A lack of
clustering did not preclude the existence of the pathway in an organism. There-
fore, those organisms that lacked clustered genes were searched for oleBCD
genes in other locations of their genome. Organisms with clustering of at least
two identifiable ole homologs and which had all four genes in their genome were
included as potential hydrocarbon producers and investigated experimentally.

Superfamily sequence identification and alignments. The PSI-BLAST algo-
rithm with default conditions (53) was used with S. oneidensis MR-1 or A.
aurescens TC1 Ole protein sequences as queries. Thousands of homologous
sequences were found. The sequence and catalytic diversity within each super-
family were sufficiently broad that standard sequence alignment tools did not
align amino acid residues that are known to comprise the active sites in proteins
for which X-ray structures are available (15, 25, 27, 28, 32, 34, 44, 49, 56, 61, 71,
74). Thus, to properly align Ole protein sequences with other proteins in their
respective superfamilies, it was necessary to generate structure-based alignments.
For each OleABCD alignment, 6 to 10 homologous proteins from previously
described high-resolution X-ray structures were structurally superimposed, using
the Match command in Chimera (42). Conserved residues within each super-
family of homologs were derived from the literature (15, 25, 27, 28, 32, 34, 44, 49,
56, 61, 71, 74), and their locations were plotted onto the protein backbone to
confirm alignments. Sequence alignments based on the structure alignments
were exported. Multiple sequence alignments of each of the OleABCD families
were made with 41 to 55 sequences, using ClustalW (13). In the case of the OleA
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alignments, 14 OleA homologs with genes that did not cluster with oleBCD genes
were also included for sequence comparison purposes. A profile-profile align-
ment between the structural superfamily alignments and the family sequence
alignments was produced, using ClustalW (13). These superfamily Ole sequence
alignments were viewed in Chimera with the overlaid superfamily crystal struc-
tures linked to the alignments so that the positions of residues in the alignment
could be viewed (42). For OleBC fusion proteins, the individual domains were
used for alignments with the appropriate superfamilies.

Analysis of protein superfamilies. The Superfamily database (24) was
searched with each of the S. oneidensis MR-1 Ole protein sequences. The su-
perfamilies identified by these searches confirmed assignments made indepen-
dently as described above. The number of distinct proteins in each superfamily
was kindly provided from the Superfamily database (Derek Wilson, personal
communication). The relevant superfamily categories in the Superfamily data-
base are thiolase-like, a/B-hydrolases, acetyl-CoA synthetase-like, and NAD(P)
Rossman fold domains. It should be noted that the NAD(P) Rossman fold
domains superfamily, as listed in the Superfamily database, consists of a number
of families in which the proteins share the ability to bind NAD(P), and it
contained a total of 136,722 proteins as of 1 February 2010. These proteins have
a second domain involved in substrate binding and which confers the catalytic
residues. These differentiations are made in the Superfamily database at what is
denoted as the family level. The OleD proteins belong to the tyrosine-dependent
oxidoreductase domain family. This set was used for our analysis and was equiv-
alent to the set given superfamily status by Jornvall et al. and described as the
short-chain dehydrogenase/reductase superfamily (34).

Network clustering of OleABCD proteins. Network clustering of each of the
OleABCD proteins was analyzed using previously described procedures (43, 55).
This method was used to make an all-by-all BLASTp library for each of the
OleABCD proteins using sequences from 15 organisms. The sequences used
were (i) S. oneidensis MR-1, OleA gi24373309, OleB gi24373310, OleC
gi24373311, and OleD gi24373312; (ii) Shewanella amazonensis SB2B, OleA
gi119774319, OleB gi119774320, OleC gi119774321, and OleD gil19774322; (iii)
Shewanella baltica OS185, OleA gil53000075, OleB gi153000076, OleC
gi153000077, and OleD gi153000078; (iv) Shewanella denitrificans OS217, OleA
2191792727, OleB gi91792728, OleC gi91792728, and OleD gi91792730; (v)
Shewanella frigidimarina NCIMB 400, OleA gi114562543, OleB gi114562544, OleC
gi114562545, and OleD gi114562546; (vi) Shewanella putrefaciens CN-32, OleA
21146292545, OleB gi 146292546, OleC gi146292547, and OleD gil146292548;
(vii) Colwellia psychrerythraea 34H, OleA gi71279747, OleB gi71279056, OleC
2i71281286, and OleD gi71280771; (viii) Geobacter bemidjiensis Bem, OleA
2i197118484, OleB gi197118483, OleC gi197118482, and OleD gi197118481; (ix)
Planctomyces maris DSM 8797, OleA gil49174448, OleB gi149178001, OleC
gi149178707, and OleD gil49178706; (x) Opitutaceae bacterium TAV2, OleA
£i225164858, OleB gi225164858, OleC gi225155590, and OleD (no cluster); (xi)
Stenotrophomonas maltophilia R551-3, OleA gi194363945, OleB gi194363946,
OleC gi194363948, and OleD gi194363949; (xii) Xanthomonas campestris pv.
campestris  strain  B100, OleA gil88989629, OleB gil88989631, OleC
21188989633, and OleD gi188989637; (xiii) Chloroflexus aurantiacus J-10-fl, OleA
21163849058, OleB gi163849062, OleC gi163849060, and OleD gil163849059; (xiv)
Arthrobacter aurescens TC1, OleA gi119962129, OleB gi119960515 (residues 1 to
310), OleC gil19960515 (residues 389 to 921), and OleD gi119962242; (xv)
Arthrobacter chlorophenolicus A6, OleA gi220911225, OleB domain gi220911226
(residues 1 to 296), OleC gi220911226 (residues 370 to 927), and OleD
£i220911227; (xvi) Kocuria rhizophila DC2201, OleA gi184200698, OleB
gi184200697 (residues 1 to 312), OleC gil84200697 (residues 392 to 909), and
OleD gi184200696; (xvii) Micrococcus luteus NCTC 2665, OleA gi239917824,
OleB gi239917825 (residues 1 to 330), OleC gi239917825 (residues 439 to 978),
and OleD gi239917826. From these sequences, a network diagram was created.
The nodes represent protein sequences and the edges represent a BLAST link-
age that connects the two proteins. A shorter edge represents a lower e-score
(greater relatedness). Expectation values from e 2 to e 2% were analyzed for
connectivity and divergence, respectively, of OleA, -B, -C, and -D protein se-
quence clusters.

RESULTS AND DISCUSSION

Ole protein superfamily analysis. Thousands of sequences
were identified as being homologous to each of the OleA,
OleB, OleC, and OleD sequences from S. oneidensis MR-1
(Table 2). OleA is homologous to members of the thiolase
superfamily, also known as the condensing enzyme superfam-
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TABLE 2. Ole protein superfamily characteristics for this study

l?rote_in Superfamily name . . . . . . . No. of . No. of‘Ole

in this al P o y, Enzymatic activities and biological functions in the superfamily homologs in proteins

study (alternative namels]) superfamily  identified

OleA Thiolase (condensing enzymes) Acyl-ACP synthase, thiolase (degradative), thiolase (biosynthetic), 3- 13,586 69

hydroxyl-3-methylglutaryl-CoA synthase, fatty acid elongase, stage V
sporulation protein, 6-methylsalicylate synthase, Rhizobium nodulation
protein NodE, chalcone synthase, stilbene synthase, naringenin
synthase, B-ketosynthase domains of polyketide synthase
OleB  «o/B-Hydrolase Esterase, haloalkane dehalogenase, protease, lipase, haloperoxidase, lyase, 67,923 69
epoxide hydrolase, enoyl-CoA hydratase/isomease, MhpC C-C
hydrolase (carbon-carbon bond cleavage)

OleC  AMP-dependent Firefly luciferase, nonribosomal peptide synthase, acyl-CoA synthase 19,660 69
ligase/synthase (LuxE; acyl- (AMP forming), 4-chlorobenzoate:CoA ligase, acetyl-CoA synthetase,
adenylate/thioester-forming, O-succinylbenzoic acid-CoA ligase, fatty acyl ligase, acetyl-CoA
acetyl-CoA synthetase-like) synthetase, 2-acyl-glycerophospho-ethanolamine acyl transferase,

enterobactin synthase, amino acid adenylation domain, dicarboxylate-
CoA ligase, crotonobetaine/carnitine-CoA ligase
OleD  Short-chain dehydrogenase/ Nucleoside-diphosphate sugar epimerase/dehydratase/reductase, aromatic 25,454 69

reductase

diol dehydrogenase, steroid dehydrogenase/isomerase, sugar

dehydrogenase, acetoacetyl-CoA reductase, 3-oxoacyl-ACP reductase,
alcohol dehydrogenase, carbonyl reductase, 4-a-carboxysterol-C3-
dehydrogenase/C4-decarboxylase, flavonol reductase, cinnamoyl CoA
reductase, NAD(P)-dependent cholesterol dehydrogenase

ily. The sequence relatedness between different OleA proteins
and FabH, a thiolase superfamily member, has been noted
previously even though sequence identities of OleA to FabH
and other superfamily members are generally low, in the range
of 20 to 30% (8; Friedman and Rude, W0O2008/113041; Fried-
man and Da Costa, WO2008/147781). OleB is a member of the
a/B-hydrolase superfamily. OleC is a member of the AMP-
dependent ligase/synthase superfamily, also known as the
acetyl-CoA synthetase-like superfamily. OleD is a member of
the short-chain dehydrogenase/reductase superfamily.

Figure 1 shows conserved regions of a structure-based mul-
tiple sequence alignment for each of the OleA, -B, -C, and -D
proteins with three of their respective superfamily members.
Figure 1 focuses on regions containing catalytically important
residues that are highly conserved among the homologous pro-
teins. A more detailed set of alignments is available in the
supplemental material. The superfamily members shown in
Fig. 1 were selected to represent proteins serving quite differ-
ent biological functions. So, while OleABCD are clearly seen
to contain critical catalytic residues of each respective super-
family, a precise prediction of the biochemical reaction cata-
lyzed is difficult due to the enormous functional diversity found
within each Ole protein’s superfamily.

The superfamilies to which Ole proteins belong each consist
of between 10* and 10° curated protein members that have
been identified for inclusion in the Superfamily database (Ta-
ble 2). The present study suggested that only 0.1% to 1% of the
proteins in each superfamily represents Ole proteins that par-
ticipate in head-to-head hydrocarbon biosynthesis. The iden-
tification of these Ole proteins in the sequenced genomes of
microorganism is discussed below.

Protein relatedness and gene organization used to identify
ole genes among thousands of homologs. Only a limited num-
ber of bacteria to date have been found to produce long-chain
olefinic hydrocarbons. For example, among 10 Arthrobacter
strains tested, 6 produced long-chain olefinic hydrocarbons

and 4 did not (22). Of three closely related Arthrobacter strains
for which genome sequences were available, two (A. aurescens
TC1 and A. chlorophenolicus A6) were shown to produce hy-
drocarbons and one (Arthrobacter sp. FB24) was devoid of
long-chain olefinic hydrocarbons. The FB24 strain that did not
produce hydrocarbons contained ole gene homologs, but the
percent identity was much lower and the genes were distrib-
uted within the genome differently. By examining such diver-
gences, a strategy for identifying highly likely ole genes was
developed as described in the Materials and Methods section.
The example below is illustrative.

A putative oleA gene region was identified in Geobacter
bemidjiensis Bem that, after translation, showed 58% amino
acid sequence identity to the OleA protein in S. oneidensis
MR-1. Directly downstream from the G. bemidjiensis Bem oleA
gene, oleBCD gene homologs were present in a configuration
that mirrored that of S. oneidensis MR-1 (Fig. 2). An OleA
homolog was also identified in Geobacter sulfurreducens PCA.
It showed significantly lower amino acid sequence identity,
28%, to the OleA from S. oneidensis MR-1. It lacked flanking
ole gene neighbors. Closer examination of the two genomes
revealed that the OleA homolog in G. sulfurreducens PCA was
encoded by a gene region that matched a gene region with
identical synteny in G. bemidjiensis Bem. This same gene re-
gion was also identified in S. oneidensis MR-1. From this anal-
ysis, it was concluded that the OleA homolog in G. sulfurredu-
cens PCA was not involved in a head-to-head condensation
reaction and it was suggested that this organism was genetically
incapable of making head-to-head olefins. Cells of G. sulfurre-
ducens PCA were tested experimentally for the presence of
long-chain olefinic hydrocarbons. Hydrocarbons were absent
under identical growth conditions in which they were present
in G. bemidjiensis Bem (see the discussion on hydrocarbon
identification below).

A collection of 3,558 genomes were examined using the
described methods, leading to the identification of several dif-
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OleA - Thiolase superfamily

MR1 OleA S4GAVVYTGVC-. . . '*’ACLGVLSGI. . . **DKVICHQ. . . ***LLGNM. . . **'GSGL
FabH "GLIVVATTSA. .. 'ACAGFTYAL. . .*’DWLVPHQ. . . *’*RHGNT. . . **°GGGF
HMG_CoA "2GMVIVATESA. . . '"ACYAATPAI. . .***ASLCFHV. . .?"?YVGNI. . . °°GSGS
Chalcone 125THLIVCTTSG. . . ***GCFAGGTVL. . . 2**~FWIAHP. . .***EYGNM. . . *"*GPGL

OleB - alB-hydroIas? superfamily

MR1 OleB 00T TLVVHDWGG. . . **°GLQDF. . .**’DCGHYILE
HAD ST TLYVQDWGG. . . 2*’GMKDL. . . 2*°*DAGHFVQE
EH 10lAYVVGHDFAA. . . 2**GLGDT. . . ?’’DCGHFLMV
Prolyl *4°L TINGGSNGG. . . “**ADHDD. . . “’’KAGHGAGK

OleC - AMP-dependent ligase/synthase superfamily

MR1 OleC 229pSGSTGTPK. . . >’ °YGATE. . . *"°MGD
Gramicidin 10PSGTTGNPK. . . *2°YGPTE. . . **'TGD
AcCoA 320pSGSTGAPK. . . “°YWQTE. . . °°"TGD
Luciferase 2008SGSTGLPK. . . ***YGLTE. . . **’TGD

OleD - Short chain dehydrogenase/reductase superfamily

MR1 OleD OGAGGFLG. . . *°LVYTSTP. . . ®°YYAHSK
Udp-gal-4 epim SGGAGYIG. . .'?®VFSSSAT. . . '°°PYGKSK
7a-HOstroid DH  ‘°GAGAGIG...'*"’LTITSMA...'°°SYASSK
D-3-HObut DH HESTSGIG. . L P INIASAH. . . °PAYVARK

FIG. 1. Structure-based amino acid sequence alignments of OleA, OleB, OleC, and OleD from S. oneidensis MR-1 (denoted MR1 in the figure)
with highly conserved regions of proteins catalyzing divergent reactions from each respective superfamily. Accession numbers or PDB identifiers
of the proteins used are as follows. OleA thiolase superfamily: OleA from Shewanella oneidensis MR-1 (gi 24373309), B-ketoacyl-acyl carrier
protein synthase III (FabH) from Escherichia coli (1IEBL), 3-hydroxy-3-methylglutaryl-CoA synthase (HMG_CoA) from Staphylococcus aureus
(1XPK), and chalcone synthase (Chalcone) from Medicago sativa (1CGZ); blue residues indicate the glutamate that abstracts a proton to produce
a carbanion for the nondecarboxylative condensation reaction, red indicates the absolutely conserved cysteine of the superfamily that forms a
covalent bond with the substrate, and green residues are involved in formation of an oxyanion hole. OleB o/B-hydrolase superfamily: OleB from
Shewanella oneidensis MR-1 (gi 24373310), haloalkane dehalogenase (HAD) from Xanthobacter autotrophicus GJ10 (1B6G), epoxide hydrolase
(EH) from Agrobacterium radiobacter AD1 (1EHY), and prolyloligopeptidase (prolyl) from porcine brain (1H2W); red residues indicate the
catalytic nucleotide (Ser, Asp, or Cys in the whole superfamily), green indicates the general acid, and blue indicates the conserved histidine that
activates water. OleC AMP-dependent ligase/synthetase superfamily: OleC from Shewanella oneidensis MR-1 (gi 24373311), gramicidin synthetase
(gramicidin) from Brevibacillus brevis (1AMU), acetyl-CoA synthetase (AcCoA) from Saccharomyces cervisiae (1IRY2), and luciferase from the
Japanese firefly (2D1Q); red indicates absolute conservation in the three consensus regions identified by Conti et al. ([STG]-[STG]-G-[ST]-[TSE]-
[GS]-x-[PALIVM]-K, [YFW]-[GASW]-x-[TSAJ-E, [STA]-[GRK]-D) (15); blue and green indicate Thr/Ser residues thought to be involved in
binding the phosphoryl group in ATP and AMP. OleD short chain dehydrogenase/reductase superfamily: OleD from Shewanella oneidensis MR-1
(gi 24373312), UDP-galactose-4-epimerase (Udp-gal-4 epim) from humans (1EK6), 7-a-hydroxysteroid dehydrogenase (7a-HOstroid DH) from
Escherichia coli (1AHH), and D-3-hydroxybutyrate dehydrogenase (D-3-HObut DH) from Pseudomonas fragi (3ZTL); blue identifies the tyrosine
anion that abstracts the proton from the substrate, red is a lysine that stabilizes the tyrosine anion, green is a glycine-rich region involved in cofactor
NAD(P)* binding, and pink is the serine that orients the substrate or stabilizes intermediates.

ferent ole gene arrangements (Fig. 3). One major distinction in
ole gene organization had been recognized previously by Fried-
man et al. (WO2008/113041 and WO2008/147781); a signifi-
cant number of organisms contained either three or four sep-
arate ole genes. Of those characterized in this study, the largest

3A and B). In 61 organisms either the four- or three-gene
cluster was readily identifiable (Fig. 1A to D). Genomes that
had a clear clustering of homologs of at least two of these
genes were included as potential clusters. At least one sample
organism from each of the gene clusterings in Fig. 3A to F was

set contained four contiguous oleABCD genes. However, some
bacteria of the class Actinobacteria contained three ole genes,
with the oleB and oleC gene regions fused into one gene (Fig.

AcleA oleB oleC  oleD plsX fabH fabD fabG  fabF
Do 0 A »

B oleA oleB oleC oleD pisX fabH fabD fabG  fabF
L32 ACP rpiA

C plsX fabH fabD fabG  fabF
132 ACP rpiA

FIG. 2. Analysis of the gene regions of S. oneidensis MR-1 (A), G.
bemidijiensis Bem (B), and G. sulfurreducens PCA (C). Genes denoted
oleA and fabH are homologs to the ole4 from S. oneidensis MR-1. A
predicted oleA gene region is shown for S. oneidensis (A) and G.
bemidijiensis Bem (B), clustering with oleBCD genes. The fabH gene,
which is an oleA homolog with highest percent identity with G. sul-
furreducens PCA, fails to cluster with oleBCD homologs.

obtained, and the phenotype was confirmed experimentally by
the presence of long-chain olefinic hydrocarbons in solvent
extracts of growing cells (see below). As of 20 July 2009, highly
likely ole genes were identified in 69 genomes. This was out of
3,558 total genomes. Thus, only 1.9% of the genomes exam-
ined contained evidence for ole genes based on the methods
described here. Of the bacterial genomes, 69 out of 1,331, or
5.2%, showed bioinformatic evidence for ole genes. The ge-
nome analysis included 2,143 Eukaryota and 84 Archaea, none
of which showed clear evidence of containing an ole gene
cluster. This analysis does not rule out that the head-to-head
hydrocarbon genes and pathway will be shown to be present in
Archaea or Eukaryota, but only that our analysis could not
identify them with confidence.

Hydrocarbon identification. It could not be inferred from
sequence analysis alone whether all of the gene configurations
would give rise to hydrocarbon products. In this context, at
least one organism from each class (A to F) of Fig. 3 was tested
directly for long-chain olefin biosynthesis. In previous studies
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Colwellia psychrerythraea 34H

Desulfococcus oleovorans Hxd3

Desulfuromonas acetoxidans DSM 684

Gamma proteobacterium NOR5-3

Geobacter sp. FRC-32, sp. M21, G. bemidjiensis Bem, G. lovleyi SZ, and
G. uraniireducens Rf4

Moritella sp. PE36

Photobacterium profundum SS9 and 3TCK

Plesiocystis pacifica SIR-1

Psychromonas ingrahamii 37

Psychromonas sp. CNPT3

Shewanella sp. ANA-3, sp. MR-4, sp. MR-7, sp. W3-18-1, S. amazonensis SB2B, S.baltica 05155, S.

baltica 05223, S. baltica 05185, S. baltica 05195, S. benthica KT99, S.denitrificans 05217, S.

frigidimarina NCIMB 400, S. halifaxensis HAW-EB4, S. loihica PV-4, S.oneidensis MR-1,
S.pealeana ATCC 700345, S. piezotolerans WP3, S. putrefaciens 200, S. putrefaciens CN-32,
S.sediminis HAW-EB3, and S.woodyi ATCC 51908

Streptomyces ambofaciens DSM40697 and S. ghanaensis ATCC 14672

A.
oleA oleB oleC oleD

o -

oleB/oleC
fusion

Arthrobacter aurescens TC1 and A. chlorophenolicus A6
oleD Brachybacterium faecium DSM 4810
Brevibacterium linens BL2
)- Clavib is subsp. sepedonicu:
Congregibacter litoralis KT71
Geodermatophilus obscurus DSM 43160
Kineococcus radiotolerans SRS30216
Kocuria rhizophila DC2201
Kytococcus sedentarius DSM 20547
Micrococcus luteus NCTC 2665
Nakamurella multipartita DSM 44233

"oleA
IO

ter michi
g

C.
oleA 93 oleB 13 oleC 03 oleD

genes genes flenes

Stenotrophomonas maltophilia R551-3 and S. maltophilia K279a

Xanthomonas axonopodis pv. citri str. 306

Xanthomonas c ris pv. ¢ ris str. ATCC 33913, str. 8004, and str. B100

Xanthomonas oryzae pv. oryzicola BLS256, X. oryzae KACC10331, X. oryzae MAFF 311018 and X.
oryzae PXO99A

D. i 4
oleB °'g°pe§" ase oleC oleD oleA

o O >

E'oIeA oleB

Chloroflexus aggregans DSM 9485, C. aurantiacus J-10-fl, sp. Y-400-fl

oleC oleD Opitutus terrae PB90-1
D.Dg _-_ Pelobacter propionicus DSM 2379
F.
oleA oleB oleC oleD

m #Dﬂ‘/ m Planctomyces maris DSM 8797

FIG. 3. ole gene regions of different bacteria. The gene region configuration is shown on the left, and the bacteria containing each are listed
at the right. The double slashes in panels E and F indicate that the genes on either side are not contiguous. Green, ole4; yellow, oleB; red, oleC;
blue, oleD; orange, oleBC fusion; white, other genes not currently identified as being involved in hydrocarbon biosynthesis. The different parts
represent the most common contiguous four-gene configuration (A), the three-gene cluster in which the oleB and oleC genes are in a single gene,
oleBC fusion (B), and gene organization with various insertions between the identified ole genes (C). The white boxes indicate multiple genes that
may be encoded in the same or opposite directions to the ole genes. In particular, various Xanthomonas spp. strains have different numbers of genes
identified in the indicated locations. (D) Chloroflexi species that have an oligopeptidase inserted between oleB and oleC. Also, the oleA homolog
is located after the other genes. (E) Configuration in which pairs of genes are in different parts of the genome. (F) A configuration in which ole4
and oleB are located in different parts of the genome but oleC and oleD are clustered. Note: hydrocarbon production was confirmed in at least one
organism in each class, A to F. Identifiers for each of the genes are listed in Table S1 of the supplemental material.

(2, 8, 22, 59, 62), olefins were produced under all growth
conditions for all of the organisms tested; olefin production
appears to be constitutive. In this context, each strain was
grown under optimum conditions for the strain, as described in
Table 1 and Materials and Methods. From each organism,
nonpolar material was extracted with solvent and analyzed by
chromatography and mass spectrometry. Controls were con-
ducted with solvent blanks and organisms previously described
not to produce head-to-head hydrocarbons (72) to exclude that

olefins were derived from solvents or work-up procedures. This
study showed that bacteria from the different types of gene
clusterings shown in Fig. 3 produced hydrocarbons in direct
experimental tests (Fig. 4 and Table 3). Different hydrocarbons
were produced, but all were long chain (>C,;) and contained
at least one double bond, consistent with their formation by a
head-to-head coupling of fatty acyl groups.

Shewanella amazonensis SB2B, isolated from the Amazon
River Delta off the coast of Brazil (69), contains recognizable
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FIG. 4. Gas chromatograms of extracts from different bacteria con-
taining ole genes as identified by bioinformatics. Bacteria were extracted,
and extracts were analyzed by GC-MS as described in Materials and
Methods. The major products are labeled with their chemical formulas.
No hydrocarbon peaks were identified beyond the elution range shown.
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TABLE 3. Compilation of head-to-head olefins
produced by different bacteria

Total hydrocarbons i;il(l]'gtclzlilrlz)i)r:
Microorganism No Mass
detected Size range spectrum”  Formula
(m/z)

C. aurantiacus 1 C;Hsg 430,303  C;Hsg
J-10-f

K. rhizophila 12 C,H,g-CooHsg 478,348 C,;Hsy
DC2201

B. fuscum ATCC 9 CyHsy—CyoHsg 406,376 CyoHsg
15993

X. campestris pv. 15° CogHs-C5 Hsg 402,303 CyoHs,
campestris

S. oneidensis 1 C3Hye 418,281  C3Hye
MR-1

S. putrefaciens 1 C3Hye 418,281  C3Hye
CN-32

S. baltica OS185 1 C5,Hyg 418,281  C5Hye

S. frigidimarina 1 C5,Hyg 418,281  C5.Hye
NCIMB 400

S. amazonensis 1 C5,Hyq 418,281  C5Hye
SB2B

S. denitrificans 1 C5,Hyq 418,281  C5Hye
08217

C. psychrerythraea 1 C5,Hyg 418,281  C5.Hye
34H

G. bemidjiensis 1 C5,Hyg 418,281  C5.Hye
Bem

O. bacterium 1 C5,Hyg 418,281  C5Hye
TAV2

P. maris DSM 1 C3,Hyg 418,281  C5Hye
8797

“ Identifying ions for the predominant long-chain olefin.
® Number readily identifiable by GC-MS.

ole genes. It produced a single product with a carbon chain
length of 31 and with nine double bonds (C;,H,s). The GC
retention time and the mass spectrum indicated that the
compound was identical to that produced by S. oneidensis
strain MR-1, which had been described previously (59). The
hydrocarbon in S. oneidensis MR-1 is the C;; polyole-
fin 3,6,9,12,15,19,22,25,28-hentriacontanonaene. Additional
Shewanella strains were tested in this study, and all produced the
C;; polyolefin as the only discernible hydrocarbon (Table 3).

Colwellia psychreryhtraea is an obligate psychrophile that
grows at temperatures below 0°C, Geobacter bemidjiensis Bem
was isolated from a petroleum-contaminated aquifer sediment,
Opitutaceae TAV?2 is a member of the phylum Verrucomicrobia
but is not well studied (54), and Planctomyces maris DSM8797
is in the phylum Planctomycetes and was isolated from the open
ocean (7). Despite the great phylogenetic and ecological di-
versities of these bacteria, they all produced a single hydrocar-
bon product with the same retention time (20.2 min) and mass
spectrum, consistent with its identity as 3,6,9,12,15,19,22,25,28-
hentriacontanonaene (Fig. 4 and Table 3).

A closely migrating, but clearly distinct, hydrocarbon prod-
uct was produced by Chloroflexus aurantiacus strain J-10-l
(Fig. 4), a bacterium isolated from hot springs and that grows
optimally at 55°C (48). The Chloroflexus hydrocarbon migrated
more slowly on the GC column (20.4 min), and the mass
spectrum indicated a chemical formula of C;;Hsg, consistent
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with a hydrocarbon containing 31 carbon atoms and three
double bonds. These data are consistent with previous reports
that identified hentriaconta-9,15,22-triene (C5,Hsg) growing in
microbial mats (67) and being formed by Chloroflexus spp. in
pure culture (66).

Kocuria rhizophila strain DC2201 was isolated for its ability
to withstand organic solvents (23), and its complete genome
sequence was reported in 2008 (60). Here it was shown to
produce multiple olefinic hydrocarbon products that ranged
from 24 to 29 carbon atoms (Table 3). Each identified com-
pound contained one double bond. The clusters of compounds
eluting at approximately 16 min, 16.8 min, 17.5 min, and 19
min (Fig. 4) represent isomeric clusters of C,s, C,4, C,5, and
C,o chain lengths, respectively, based on mass spectrometry.
This type of hydrocarbon cluster resembled, but was not iden-
tical to, those found in species of Arthrobacter (22) and Micro-
coccus (2, 8, 63) that have been studied previously. The major
compounds in Kocuria analyzed here contained 25 and 27
carbon atoms. Another actinobacterial strain that had not yet
been tested for the presence of head-to-head hydrocarbons,
Brevibacterium fuscum ATCC 15993, similarly produced iso-
meric clusters of hydrocarbons but in the range of 27 to 29
carbon atoms (Table 3).

The most extensive array of hydrocarbon products from
those organisms tested here was observed with Xanthomonas
campestris (Fig. 4 and Table 3), a bacterium that causes a range
of plant diseases (11, 68). X. campestris produced hydrocarbons
with chain lengths of C,g, C,q, C5, and Cs;. Based on the mass
spectra, hydrocarbons containing one, two, or three double
bonds could be identified. There was additional structural
complexity that was likely due to isomerization, which could
arise from different types of methyl branching at the hydrocar-
bon termini. The complexity of the mixture precluded precise
structural determinations, which would require the availability
of synthetic standards.

Negative controls were run to rule out artifacts that could
result, for example, from hydrocarbon contamination external
to the cells (72). The most telling experimental results were
obtained with Geobacter sulfurreducens PCA, an organism
closely related to G. bemidjiensis Bem but suggested from
bioinformatics analysis, in this study, to contain an ole4 ho-
molog with a different function (Fig. 2). Olefinic hydrocarbons
were not detected in G. sulfurreducens. Additionally, long-
chain olefinic hydrocarbons were not detected in cultures of E.
coli K-12 or Vibrio furnissii M1, both of which were determined
not to contain ole genes based on the bioinformatics analysis
described here.

Most previous studies had investigated bacterial head-to-
head hydrocarbon biosynthesis in members of the Actinobac-
teria, including Micrococcus (2, 3, 8) and Arthrobacter (22).
Long-chain olefinic hydrocarbons had also been demonstrated
in Stenotrophomonas maltophilia (58), a member of the phylum
Proteobacteria. The present study showed additional Actino-
bacteria (Brevibacterium) and Proteobacteria (Geobacter sp.)
produce head-to-head hydrocarbons. In addition, members of
the phyla Verucomicrobia, Planctomyces, and Chloroflexi were
shown to contain bona fide ole genes and to produce olefinic
hydrocarbons. This greatly expanded the phylogenetic diversity
demonstrated experimentally to produce head-to-head olefinic
hydrocarbons and revealed the type(s) of hydrocarbon pro-
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duced. The latter could not be discerned from the ole gene
sequences alone based on previous studies. The present study
is a start in establishing a link between one of the Ole protein
sequences with the hydrocarbon(s) produced as discussed in
the section below.

OleA has a major role in determining the type of head-to-
head products formed. The different long-chain olefinic hydro-
carbons identified in this and other studies show variable chain
lengths and degrees of unsaturation. These findings could be
determined largely by the fatty acid composition within the
cell, by the substrate specificity of the Ole proteins, by other
proteins, or by some combination of these factors. To begin to
investigate this, S. oneidensis MR-1 strains with different ole4
gene contents were grown identically and tested for hydrocar-
bon content. The S. oneidensis MR-1 strains contained, respec-
tively (A) the native Shewanella oleA gene only, (B) the native
Shewanella oleA gene plus a Stenotrophomonas oleA gene, (C)
no oleA gene, (D) the Stenotrophomonas oleA gene in a Sh-
ewanella oleA deletion strain, or (E) the Stenotrophomonas
oleA gene in a Shewanella oleABCD deletion strain. Each strain
(A to E) was grown under the same conditions of medium,
temperature, and aeration. Each strain was harvested and ex-
tracted the same way. Each extract was subjected to the same
chromatographic procedures.

The chromatograms shown in Fig. 5 suggested that the prod-
uct composition is strongly influenced by the ole4 gene. In the
same cell type, with cells grown under the same conditions and
therefore likely having the same fatty acid precursor pools, the
product distribution was completely different when ole4 genes
from different organisms were present. When ole4 genes na-
tive to Shewanella and Stenotrophomonas were expressed in the
same cell, the products were additive to what was found with
either alone (Fig. 5B). Moreover, the Stenotrophomonas oleA
gene, in the absence of the native oleBCD genes, was sufficient
to make products of fatty acid head-to-head condensation (Fig.
SE). This has implications for the mechanism of olefin biosyn-
thesis and will be discussed in more detail below.

When the Shewanella oleA gene was present, the cells made
compound I (Fig. 5A and B), which had been previously iden-
tified as a polyolefin containing nine double bonds derived
from an intermediate in the polyunsaturated fatty acid biosyn-
thetic pathway (59). The presence of the Stenotrophomonas
oleA gene led to the formation of new products of fatty acid
condensation. All of the later-eluting compounds, labeled II to
V in Fig. 5, were ketones. This was apparent from mass spec-
trometry based on (i) the parent ions, (ii) prominent fragment
ions, and (iii) comparison to an authentic long-chain ketone
standard. From known fragmentation of alkyl ketones and the
observed fragmentation with standard 14-heptacosanone, the
major fragments expected were R—CH,—C==0. In the case of
14-heptacosanone, the carbonyl group is directly in the middle
and fragmentation at either side on the carbonyl functionality
yields a fragment of m/z 211, and this was observed experimen-
tally using GC-MS. Compound II (Fig. 5) showed fragments of
m/z 223 and 225 and a parent ion of m/z 420, consistent with a
compound containing a carbonyl functionality directly in the
middle of a C,, chain with 14 saturated carbon atoms on one
side and a C,, chain with one double bond on the other.
Compound IIT showed a fragment with m/z 223 and a parent
ion of m/z 418. This mass spectrum is consistent with a com-
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FIG. 5. Gas chromatograms of extracts from wild-type and mutant
S. oneidensis strains with and without the ole4 gene from S. malto-
philia. Extracts are from the following strains: (A) S. oneidensis MR-1
wild type; (B) S. oneidensis MR-1 wild type with S. maltophilia oleA;
(C) S. oneidensis AoleA; (D) S. oneidensis AoleA with S. maltophilia
oleA; (E) S. oneidensis AoleABCD with S. maltophilia oleA. Products
were identified as described in the text.

pound containing a carbonyl functionality directly in the mid-
dle of a C,, chain flanked by two C,, chains, each containing
one double bond. Compound IV showed a fragment with m/z
225 and a parent ion of m/z 422. This mass spectrum is con-
sistent with a compound containing a carbonyl functionality
directly in the middle of a C,, chain flanked by two saturated
C,, chains. Compound V had a very similar mass spectrum as
compound II. This suggested that it is a positional isomer of
compound II and consists of hydrocarbon chains with one
double bond and a saturated chain, respectively, linked to-
gether by a carbonyl functionality.

The data above are consistent with a fatty acid condensation
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between specific saturated and monounsaturated fatty acids. In
separate experiments in which the Shewanella oleABCD dele-
tion mutant was complemented with the Shewanella oleA gene,
a compound with m/z 434 was obtained. This mass is consistent
with a C5; compound containing one ketone functionality and
eight carbon-carbon double bonds. The structure was con-
firmed by chemical modification. After hydrogenation, the
compound had a parent ion of m/z 450 with a major fragment
ion of m/z 239. This had the expected parent ion and major ion
fragment for 16-hentriacontanone. Like the results shown in
Fig. 5A to E, this result was consistent with an oleA gene
product causing specific condensation of two fatty acids. The
Shewanella OleA showed selectivity for polyunsaturated fatty
acids, while the Stenotrophomonas OleA showed selectivity for
saturated or mono- or di-unsaturated fatty acids.

A mechanism to explain the formation of ketones in the
presence of ole4 genes alone is proposed below. In total, these
data highlight a potentially strong selectivity difference be-
tween OleA proteins from Shewanella and Stenotrophomonas.
The observations here, showing that different oleA genes exert
a strong influence on fatty acid condensation, have implica-
tions for the potential use of different ole genes to produce
targeted hydrocarbon products commercially. Certain hydro-
carbon products may be more desirable for industrial applica-
tions. In this context, a knowledge of OleA protein specificity
would be critical in efforts to control product structure.

Olefin type in divergent bacteria tracks most closely with
OleA sequence. Very different types of olefin products were
observed in wild-type bacteria, containing a range of from one
to nine double bonds. Most bacteria in this study made exclu-
sively the nonaene polyolefin previously identified in Sh-
ewanella. Data were presented in a previous study that indi-
cated that the C;; nonaene compound was derived from
polyunsaturated fatty acid precursors (59). However, polyun-
saturated fatty acids account for 10% or less of the total fatty
acids produced by Shewanella and other bacterial strains (1, 29,
31, 39). This strongly suggested that Ole enzymes must show
selectivity in condensing certain fatty acids and not others. In
light of the observations with ole4 genes from Shewanella and
Stenotrophomonas (Fig. 5), the OleABCD protein sequences
were analyzed to see if, among the diverse bacteria analyzed
here, Ole protein sequence relatedness correlated with the
type of olefin produced by the cell.

Network clustering software was used to visualize the mul-
tidimensional relatedness of different sequences, as this
method has been shown to be superior to trees for visualizing
protein sequence relatedness (42, 43). The method makes an
all-by-all BLASTp library of a sequence set. From these data,
a network diagram is created in which the nodes represent
protein sequences and the edges represent a BLAST linkage
that connects the two proteins. A shorter edge represents a
lower e-score (greater relatedness). For example, an e-value
cutoff of e ~”? was used in Fig. 6. If the e-value of any pairwise
comparison is lower (more related) than e 7, then the se-
quences (Fig. 6, circles/nodes) are connected by a line. Nodes
that are not connected, or connected to fewer other nodes, are
more divergent sequences. In this way, the network represen-
tation allows visualizations of connectivity more fully than pro-
tein tree analyses.

The network sequence analysis conducted for 17 each OleA,
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FIG. 6. Network protein sequence clusters for OleA (A), OleB (B), OleC (C), and OleD (D). The nodes represent protein sequences, and the
edges represent a BLAST linkage that connects the two proteins with an e-score better than e~ 7>, Other methods are described in the text. The
nodes are numbered to identify the organism from which each Ole protein was derived. The organism names and number identifiers for each
sequence are listed in Materials and Methods. The nodes are colored to reflect the type of hydrocarbon produced by that organism: white, a C5;H,,
nonaene product; dark gray, diene, triene, or tetraene product; light gray, monoene product. Additional network diagrams that depict divergence

of the clusters can be found in Fig. S2 of the supplemental material.

OleB, OleC, and OleD sequences is shown in Fig. 6 (see Fig.
S2 in the supplemental material for results of more detailed
clustering experiments). Those 17 were selected because all
had been experimentally tested and shown to produce olefinic
hydrocarbons, and the hydrocarbon products were identified.
The top left side of Fig. 6 readily shows that 10 of the OleA
proteins cluster together (having all pairwise comparisons with
e-values less than e~ 7?) and all produce the single polyolefinic
hydrocarbon that is derived from polyunsaturated fatty acids.
One explanation for this, which we favor based on the other
data presented, is that the OleA proteins in Shewanella,
Geobacter, Planctomyces, and Opitutacae specifically condense
polyunsaturated fatty acids but do not condense the larger pool
of more highly saturated fatty acids found in these classes of
bacteria (14, 29, 31, 38).

Figure 6A also shows that the OleA proteins that make
moderately saturated head-to-head olefins cluster differently
than the OleA found in bacteria that produce the polyolefinic
hydrocarbon. For example, Chloroflexus aurantica is known to
make a C;, triene hydrocarbon (67), and that was confirmed in
this study. A Cj; triene would derive from the head-to-head
condensation of two monounsaturated fatty acids. Chloroflexus
aurantica makes predominantly C,4, and C,g saturated fatty
acids (66). The most obvious explanation is that the head-to-
head biosynthetic pathway shows selectivity for only certain
fatty acids within Chloroflexus.

Since the Ole-mediated head-to-head condensation process
shows selectivity, it was investigated which Ole protein se-
quence networks clustered most strongly with the type of head-
to-head olefin formed. Figure 6A, B, C, and D represent the
clustering networks of OleA, OleB, OleC, and OleD, respec-
tively. For OleA (Fig. 6A), sequence relatedness tracks with
the type of olefinic hydrocarbon produced. For OleB, -C, and -D
(Fig. 6B, C, and D), the sequences cluster differently and are
less reflective of the olefinic hydrocarbon structure. This is
perhaps most apparent with OleB (Fig. 6B).

With the cluster represented by the OleABCD sequences
from the actinobacterial genera Arthrobacter, Kocuria, and Mi-
crococcus, it was not possible to discern selectivity. The olefinic
hydrocarbons produced are methyl branched, and the major
fatty acids in Arthrobacter and Microccus are methyl branched
(62, 65). The OleA proteins in the actinobacterial branch may
be nonselective, or the proteins may have evolved selectivity
that mirrors the major fatty acid types produced by the cell.

Potential mechanisms of OleA. The observation that Sh-
ewanella OleA (Fig. 5), Stenotrophomonas OleA (Fig. 5), and
other OleA proteins (Fig. 6) confer fatty acid substrate selec-
tivity is consistent with OleA catalyzing the first reaction in
head-to-head hydrocarbon formation. An alternative proposal
has been advanced in which several B-oxidation steps precede
the OleA-catalyzed condensation reaction, and the reaction is
coincident with the decarboxylation step (8). That mechanism
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was supported by two observations, the requirement for E. coli
cell extract to support in vitro olefin synthesis and sequence
alignments of the Micrococcus luteus OleA with E. coli FabH.
The latter enzyme catalyzes a decarboxylative fatty acyl
(Claisen) condensation reaction. OleA proteins show the high-
est percent sequence identity with thiolase superfamily mem-
bers, like FabH, that catalyze decarboxylative Claisen conden-
sations.

The present study offers an alternative mechanism. As illus-
trated in Table 2, the thiolase superfamily contains several
members that catalyze nondecarboxylative fatty acyl conden-
sation reactions, for example, the biosynthetic thiolase in-
volved in polyhydroxybutyrate (PHB) biosynthesis (17) and
3-hydroxyl-3-methylglutaryl-CoA synthase (HMG-CoA syn-
thase) (56). The latter enzyme and other nondecarboxylative
thiolase superfamily enzymes share the same highly conserved
residues with those of OleA and FabH (Fig. 1). The decar-
boxylative and nondecarboxylative thiolase superfamily pro-
teins use these residues in an analogous manner to acylate a
cysteine and then attack the bound acyl group with an enzyme-
generated carbanion (27). The differences in mechanisms are
subtle. Thus, sequence arguments cannot rule in or out decar-
boxylative versus nondecarboxylative mechanisms for OleA
proteins.

Moreover, the mechanism proposed by Beller et al. for OleA
is not analogous to that catalyzed by FabH. FabH acts on
condensing a fatty acyl group containing an a-carboxy group,
and this activation mechanism is not shown in the proposed
mechanism (8). Those authors propose a series of steps cata-
lyzed by unidentified enzymes to generate a 3-ketoacyl chain
that then reacts in condensation with release of coenzyme A
and carbon dioxide.

An alternative mechanism would be for OleA to catalyze a
nondecarboxylative Claisen condensation directly analogous to
the reaction catalyzed by biosynthetic thiolases that function in
PHB (17) and steroid (27) synthesis. Both biosynthetic and
catabolic thiolases show free reversibility, and dozens of en-
zymes in the thiolase superfamily are already known to catalyze
this general reaction. While the equilibrium constant for the
biosynthetic direction is typically unfavorable, subsequent
steps can affect the equilibrium, as occurs in PHB and steroid
biosyntheses.

The product data are also suggestive that OleA catalyzes the
first step in head-to-head hydrocarbon biosynthesis. The prod-
uct selectivity shown in this study to arise from the ole4 gene
would be unusual if the OleA protein was in the middle of the
biosynthetic pathway, as proposed by Beller et al. (8). Biosyn-
thetic pathways are typically controlled at the first committed
step in the pathway (26, 41). The mechanism proposed by
Beller et al. requires additional enzymes to generate the 1,3-
diketone that is proposed to undergo OleA-catalyzed conden-
sation with a second fatty acyl chain. Those putative genes
were searched for in the present study. The genes would need
to be present in organisms producing head-to-head hydrocar-
bons and they might be expected to be contiguous, at least in
some organisms, to the other genes encoding enzymes in the
same metabolic pathway. However, we could not identify genes
contiguous to the oleABCD gene clusters encoding enzymes
that act to oxidize an acyl chain and generate a B-ketoacyl
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Human liver Bacterium expressing OleA

NP NP

CH, CH, SCoA CH, CH  SCoA

Acetoacetyl-CoA Proposed OleA product

CoASH CoASH
co, co,
0

(0]
AN A /
CH, CH, CH, CH,
Acetone Observed ketone

FIG. 7. Parallel biological reaction sequences. At left is the known
reaction sequence leading to ketones in humans. At right is the pro-
posed reaction sequence leading to ketones in bacteria expressing
OleA.

chain. This suggests that the OleABCD proteins may be suf-
ficient for ketone and olefin biosynthesis.

Unlike the previous study (8), a nondecarboxylative, thio-
Iytic type of fatty acyl condensation is proposed here. The
nondecarboxylative type of mechanism would explain the ob-
served formation of ketones with OleA in vivo and in vitro (2,
8, 59; Friedman and Rude, WO2008/113041; Friedman and Da
Costa, WO2008/147781; this study) and that the proposed 1,3-
dione intermediate (8) has not been observed to date. Ketone
formation following a direct OleA-catalyzed nondecarboxyla-
tive coupling of fatty acyl chains is chemically plausible and
biochemically precedented (Fig. 7). This is reminiscent of the
formation of acetone in humans via acetoacetyl-CoA (30).
Acetoacetyl-CoA is a B-ketoacyl compound, as is the thiolytic
product of the OleA reaction that we propose (Fig. 7). In
human liver, excess acetoacetyl-CoA can give rise to aceto-
acetate, which is known to undergo spontaneous decarboxyl-
ation to acetone. The spontaneous decarboxylation of B-keto
acids of this type has been known for more than 80 years and
is quite facile (47). In a similar manner, we propose that the
product(s) of the OleA reaction, if not acted upon by OleBCD,
could undergo thioester hydrolysis either spontaneously (21)
or enzymatically and then decarboxylation to generate a ke-
tone(s). Note that the acyl-CoA compounds shown in Fig. 7 are
directly analogous. They can both arise from thiolytic conden-
sation of either acetyl-CoA or longer-chain acyl-CoAs, respec-
tively. The thioester could undergo enzyme-catalyzed hydroly-
sis. Alternatively, spontaneous thioester hydrolysis is known to
be an important step in the mammalian blood clotting cascade
(21). Thioester hydrolysis and facile B-ketoacid decarboxyl-
ation offer a plausible explanation as to why monoketones have
been observed whenever the ole4 gene, by itself, is cloned into
a heterologous host (8, 59; Friedman and Rude, WO2008/
113041; Friedman and Da Costa, WO2008/147781,; this study).
Moreover, ketones were observed in this study when exoge-
nous oleA genes were placed into the S. oneidensis MR-1 back-
ground.
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At this time, there are two alternative mechanisms proposed
for the initiation of head-to-head hydrocarbon biosynthesis
and the specific role of OleA. Further studies will be required
to discern between the mechanism proposed previously (8) and
the nondecarboxylative Claisen condensation favored here.
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