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Abstract

OleA is a thiolase superfamily enzyme which has been shown to catalyze the condensation of two
long-chain fatty-acyl-Coenzyme A (CoA) substrates. The enzyme is part of a larger gene cluster
responsible for generating long-chain olefin products — a potential biofuel precursor. In thiolase
superfamily enzymes, catalysis is achieved viaa ping-pong mechanism. The first substrate forms a
covalent intermediate with an active site cysteine which is followed by reaction with the second
substrate. For OleA, this conjugation proceeds by a non-decarboxylative Claisen condensation.
The OleA from Xanthomonas campestris has been crystallized and its structure solved, along with
inhibitor bound and xenon derivatized structures, to better understand substrate positioning in the
context of enzyme turnover. OleA is the first characterized thiolase superfamily member that has
two long-chain alkyl substrates that need to be bound simultaneously, and therefore uniquely
requires an additional alkyl binding channel. The location of the fatty acid biosynthesis inhibitor,
cerulenin, that possesses an alkyl chain length in the range of known OleA substrates, in
conjunction with a single xenon binding site, leads to the putative assignment of this novel alkyl
binding channel. Structural overlays between the OleA homologs, 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA) synthase and the fatty acid biosynthesis enzyme FabH, allow assignment of the
remaining two channels; one for the thioester-containing pantetheinate arm and the second for the
alkyl group of one substrate. A short B-hairpin region is ordered in only one of the crystal forms
and that may suggest open and closed states relevant for substrate binding. Cys143 is the
conserved catalytic cysteine within the superfamily, and the site of alkylation by cerulenin. The
alkylated structure suggests that a glutamic acid residue (Glu117p) likely promotes Claisen
condensation by acting as the catalytic base. Unexpectedly Glu117p comes from the other
monomer of the physiological dimer.

The impetus to discover microbial pathways capable of producing new, high-energy
molecules has increased in response to a dwindling fossil fuel supply. Consequently,
microbes have been isolated that are capable of generating such compounds as aliphatic
isoprenoid compounds and alkanes from fatty acid deformylation (1, 2). The biocatalyzed
generation of energy rich long-chain olefins by microbes across multiple phyla produces
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Co-ordinates and structure factors have been deposited in the Protein Data Bank as entries 3BROW (OleA unbound), 3521 (OleA-
cerulenin co-crystal), and 3523 (OleA-cerulenin co-crystal Xe pressurized).

SUPPORTING INFORMATION AVAILABLE

An a-carbon overlay of all reported OleA structures (Figure S1), and an overlay of OleA-cerulenin with £. coli FabB-cerulenin
(Figure S2). This material is available free of charge via the Internet at http://pubs.acs.org.
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hydrocarbons ranging in size from C,7-C3q (3). Future large scale production of such
compounds would provide a higher-energy biofuel in comparison to current technologies
such as the ethanol fermentation process (4).

The ability of microbes to generate long-chain hydrocarbons has been well documented (5-
9). Consistent amongst the microbial olefinic hydrocarbon products is a double bond located
at the median carbon (6). This transformation is initiated by a “head-to-head” condensation;
so called because the carboxyl carbon on one fatty acyl group reacts with the a.-carbon of
another fatty acyl group to generate a new carbon-carbon bond (10). Recent work has
demonstrated that a dedicated gene ensemble (0/eABCD for olefin biosynthesis)1 is required
for the production of olefins formed through head-to-head condensation (11, 12). Sequence
homology has assigned the o/eBCD gene products as an a/B-hydrolase, AMP-dependent
ligase, and short-chain dehydrogenase respectively (3). The o/eA gene product was
predicted to belong to the thiolase superfamily which contains members known to catalyze
carbon-carbon bond condensation reactions.

Heterologous o/eA gene expression and /n vitro characterization of purified OleA has
confirmed the enzyme is capable of initiating olefin biosynthesis (3, 13). Specifically, the
enzyme can condense two coenzyme A (CoA) charged fatty acids to produce a long-chain
B-ketoacid v/aa non-decarboxylative Claisen condensation reaction (Figure 1A) (13). The
catalytic cycle begins with transesterification of the first fatty acyl-CoA group to an active
site cysteine (Figure 1B). The second fatty acyl-CoA then binds, and proton abstraction from
the cysteine-tethered acyl group is thought to generate a f-carbanion capable of nucleophilic
attack on the CoA thioester. The final step is hydrolysis of the cysteine acyl to free the p-
ketoacid product. /n vitro studies have shown that the p-ketoacid product can then be
converted to an olefin by incubation with OleC and OleD (13).

A decarboxylative Claisen condensation mechanism is utilized by other enzymes in the
thiolase superfamily, such as the fatty acid biosynthetic (Fab) enzymes. The Fab enzymes
condense fatty acid acyl-CoA substrates with malonic acid, which is typically charged with
an Acyl Carrier Protein (ACP) rather than CoA (14). Crystal structures have been
determined for members of the Fab enzyme family (FabB, FabP, and FabH), and the
homologous 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) synthase that employs a similar
catalytic mechanism to OleA (15-21). These enzymes are functional homodimers, with an
active site in each monomer containing the proposed reactive cysteine. Structures of FabH
(also known as B-ketoacyl-acyl carrier protein synthase I11) and HMG-CoA have been
determined in complex with substrates, substrate analogues, and inhibitors that define
substrate binding in these enzymes (18-21). A frequently used inhibitor is the antibiotic
cerulenin, a natural product that irreversibly inhibits fatty acid biosynthesis by forming a
covalent adduct with the active site cysteine (Figure 2) (22, 23). HMG-CoA synthase
condenses two acetyl-CoA molecules to yield acetoacyl-CoA, in a ping-pong mechanism
that requires a single substrate binding channel to bring each CoA activated substrate
sequentially to the active site (20, 21). Fab enzymes, in particular FabH from
Mycobacterium tuberculosis that elongates long-chain fatty acyl substrates (C14-Cy7) by two
carbons, require an additional binding channel for the alkyl chain prior to Claisen
condensation (18, 19). However, OleA is unusual in that both its substrates possess long
alkyl chains (C19-C1g). In that context, an additional alkyl binding channel is required. In the
present study, we have solved the structure of OleA alone, in complex with cerulenin, and in

1ABBREVIATIONS: CoA, coenzyme A; Ole, olefin biosynthesis enzyme; Fab, fatty acid biosynthesis enzyme; ACP, acyl carrier
protein; HMG-CoA synthase, 3-hydroxy-3-methylglutaryl-CoA synthase; PDB, Protein Data Bank; AU, asymmetric unit; TFZ,
translation function Z-score
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complex with cerulenin and xenon, to better understand how this atypical thiolase enzyme
may accomodate both long-chain fatty acyl-CoA substrates during turnover.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Crystallization

The expression and purification of Xanthomonas campestris OleA were carried out as
described previously (13). Protein stocks were concentrated between 220-300 M in 500
mM NaCl, 20 mM Hepes pH 7.4. To covalently bind cerulenin to OleA, the protein stock
was reacted with 6 mM cerulenin for one hour, resulting in complete inhibition of the
enzyme (Figure 2). Initial crystallization trials of ~1600 conditions for both OleA and
cerulenin-treated OleA were conducted at the Hauptman-Woodward Medical Research
Institute (24). Multiple conditions gave crystals for both enzyme forms, with the final
condition selected for ease of growth, reproducibility and diffraction quality. All crystals
were grown Via hanging drop vapor diffusion at 20°C. OleA was crystallized in drops
containing 1 pl protein plus 1 pl of mother liquor (16-21% w/v PEG 8000, 70-100 mM
potassium phosphate dibasic, and 100 mM sodium citrate pH 4.2), while OleA-cerulenin co-
crystals were grown in drops containing 1 pl protein plus 1 pl of mother liquor (13-18% w/
v PEG 4000, 80-100 mM manganese chloride, and 100 mM MES 6.0). OleA crystals were
cryoprotected in a mother liquor solution containing 20% PEG 400, whilst the OleA-
cerulenin co-crystals were cryoprotected in a mother liquor solution containing 25%
glycerol, prior to flash freezing in liquid nitrogen.

Xenon Derivitization of OleA-Cerulenin Co-Crystals

OleA-cerulenin crystals were harvested and washed in their respective cryoprotectant
solutions. Crystals were then transferred into a pressure cell for derivatization (4DX
Systems). Crystals were pressurized with xenon (Airgas Inc.) at ~130 PSI for fifteen
minutes. Crystals were then immediately flash frozen in liquid nitrogen.

X-ray Data Collection, Processing, and Refinement

The datasets using 1.03 A X-rays were collected at GM/CA-CAT beamlines 23-1D-D and
23-1D-B of the Advanced Photon Source (APS), Argonne National Laboratory, Argonne IL
at 100 K using a MARmosaic 300 CCD. The beam size was adjusted to match the crystal
size and orientation, and attenuated by 100-250-fold; 200° of diffraction data were collected
on a single crystal, during which time no significant degradation of diffraction quality was
observed. The dataset at a wavelength of 2.29 A was collected at the University of
Minnesota using a MicroMax-007 chromium rotating anode X-ray generator with
VariMaxCr optics and a R-AXIS IV++ detector with a helium cone (Rigaku) at 100 K. Data
collection statistics are given in Table 1.

OleA and OleA-cerulenin co-crystals crystallized in distinct space groups (£212121 and
P3,21 respectively). The orthorhombic OleA structure was solved by molecular
replacement. The crystal structure of the annotated FabH from Xanthomonas oryzae without
solvent (Protein Data Bank (PDB) ID 3FK5) was used as a search model (sequence identity
91% to X. campestris OleA). The X. oryzae enzyme has not been biochemically
characterized, and the high sequence identity with X. campestris OleA, coupled with the
gene being found within an o/e gene cluster (3), suggests that this gene is misannotated and
actually codes for an OleA. Molecular replacement with PHASER placed a dimer within the
asymmetric unit (AU). For all structures cycles of model building with COOT (25) and
restrained refinement using PHENIX 1.7-650 (26) with TLS were performed until all
interpretable regions of the 2Fo-Fc and Fo-Fc electron density maps were explained (PDB
ID 3ROW).

Biochemistry. Author manuscript; available in PMC 2013 May 22.
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OleA-cerulenin co-crystals were in a different space group (£3,21), and so the structure was
solved by molecular replacement using PHASER and the OleA model without solvent as the
search model (27). The correct enantiomorph, £3,21, was confirmed by a strong translation
function Z-score (TFZ) peak of 30.6 (TFZ, 8.5 for £3;21) with a single monomer in the AU.
The physiological dimer was generated through the two-fold crystallographic axis. The final
structure was consistent with cerulenin bound at 100% occupancy (PDB ID 3S21). X-ray
diffraction data from a xenon pressured OleA-cerulenin co-crystal were collected at
wavelengths of 1.03 A and 2.29 A; the latter leading to a strong anomalous signal due to the
xenon (A=2.29 A; Xe f”=11.9 electrons). Difference Fourier was used to solve the 1.03 A
wavelength data, whilst the PHENIX maps program suite was used to generate anomalous
peak maps using the 2.29 A wavelength data (26). Both used the OleA-cerulenin co-crystal
structure (without solvent) for phasing. Two xenon sites were identified (occupancy 45%
and 35%) (PDB ID 3S23). Final refinement statistics for all structures can be seen in Table
1.

Overall Structures of the Unbound and Inhibited OleA Dimer

The crystal structures of unbound OleA and OleA-cerulenin were determined to 1.85 and
1.70 A resolution, respectively (Table 1). The unbound structure of OleA is a dimer
consistent with the oligomeric state of most characterized thiolase superfamily members
including FabH and HMG-CoA synthase (Figure 3A) (28). The monomer consists of two
domains, with the dimer interface (2135 A2) being formed between a single equivalent
domain from each monomer (29). The OleA-cerulenin structure contains a single monomer
in the AU with a crystallographic two-fold axis running directly through the dimer.
Nevertheless, the gross structures of the three OleA structures are similar, with the largest
overall rmsd between any pair being < 0.7 A across all matching atoms (Figure S1).

An eleven residue B-hairpin (239-249) is ordered in only a single monomer of the £21212;
crystal form and is disordered in the P3,21 crystal form. The B-hairpin contains hydrophobic
residues (Leu243, Met246, and VVal247) that pack against OleA when ordered.

Active Site of OleA

The active site of each monomer contains a single catalytic cysteine residue (Cys143)
resting at the base of a solvent accessible channel (Figure 3B). A novel feature of OleA is a
glutamate (Glul17p) in the active site that originates from a loop in the neighboring
monomer. Immediately above Cys143 are two pockets positioned to stabilize tetrahedral,
oxyanionic intermediates generated during turnover. The first is formed by the side-chains
of His285 and Asn315 (oxyanion hole 1), and the second by the main chain amides of
Ser347 and the catalytic Cys143 (oxyanion hole 2). Ordered waters interlink these residues,
and a hydrogen bond between the carboxylate side chain of Glu117p with the hydroxy! of
Ser347 (Figure 3B) may be important for positioning Glu117 within the active site.

Active Site Changes Induced by Reaction with Cerulenin

Cerulenin treatment leads to the formation of a covalent adduct with Cys143 of OleA
(Figures 2 and 4A). The entire cerulenin molecule is well resolved with clear positioning of
the amide and hydroxyl moieties, and is at 100% occupancy. The amide of the bound
cerulenin forms hydrogen bonds with the backbone amide nitrogen of Cys143 and Ser347,
and the hydroxyl of Ser347. The adduct displaces the water network and causes movement
and increased mobility in the side chain of Glu117, which only retains a single hydrogen
bond to the hydroxyl of Ser347 (Figure 4A). The cerulenin hydroxyl is hydrogen bonded to
Asn315 of oxyanion hole 1. To accommodate the cerulenin, Cys143 rotates approximately
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120° from its position in the unbound form of the enzyme (Figure 4B). The imidazole ring
of His285 in the unbound and cerulenin-complexed structures is rotated by 180° in x 2
(flipped) compared to the common conformer observed in other thiolase superfamily
members, and hydrogen bonds directly to Asn315 of oxyanion hole 1.

A New Long-Chain Alkyl Binding Pocket Defined in OleA

The cerulenin complex experimentally identifies an undescribed alkyl channel accessible in
OleA. When compared to the substrates of .X. campestris OleA (C1g, C12, C14, C16 and
C16:1) cerulenin is equivalent to a Cq,., fatty acid (the two double bonds are #rans, Figure 2).
To seek further evidence an OleA-cerulenin crystal was pressurized with xenon gas to
identify hydrophobic sites that might further delineate this new channel, and suggest
compatibility with longer X. campestris OleA substrates. 2Fo-Fc maps indicated the
presence of an electronically dense atom at the base of the channel originating from the alkyl
chain of Cys143 tethered cerulenin (Figures 5A). The xenon site did not refine to full
occupancy (45%) but anomalous maps collected on a Cr anode X-ray source allowed for
unambiguous assignment. Taken together, the position of the cerulenin Cq4., alkyl chain
(whose length is in the range of X. campestris OleA substrates) and this xenon site suggest a
continuous channel beginning at the enzyme active site and terminating at a group of bulky
hydrophobic residues (Figures 5A). Residues 252-272 and 289-301 are a pair of a-helices
that form the ceiling of the channel, while a B-sheet consisting of residues 280-284,
339-346, and 349-355 forms the base. The interior of the channel contains hydrophobic side
chains creating a favorable environment for binding of a long alkyl chain. The channel
(designated channel A) extends beyond the length of the cerulenin alkyl chain to the xenon
site, and is compatible with the C1g-Cg fatty acyl substrates of OleA (13).

DISCUSSION

OleA initiates long-chain olefin biosynthesis by condensing two fatty acyl-CoA substrates at
a cysteine-centered active site (Figures 1 and 3). The pantetheinate channel that
accommodates CoA- or ACP-charged substrates have been well characterized and
structurally visualized in the thiolase superfamily enzymes FabF, FabB, FabH and HMG-
CoA synthase, and the channel is conserved in OleA (Figure 6A; Table 2) (16, 17, 19, 21).
However, OleA is distinct in requiring two additional channels to simultaneously
accomodate two long alkyl chains. HMG-CoA synthase substrates do not have long alkyl
chains, while members of the Fab enzyme family need to accommodate a single long alkyl
chain (18, 19). The hydrophobic channel A defined by cerulenin and xenon in the OleA
structure has not been previously described (Figure 5A). /n vitro data on X, campestris OleA
demonstrate the enzyme can use Cyq, C12, C14, C16, and Cyg:1 as substrates (13). Modeling
an extended alkyl chain from the cerulenin is consistent with channel A being able to
accomodate C4g alkyl chains, although the exact length tolerance remains unclear.

While the alkyl chain of cerulenin lies in OleA channel A, the crystal structure of the
Escherichia coli FabB-cerulenin complex shows the cerulenin alkyl chain bound in the
opposing direction (Figure S2; Table 2) (17). This channel (known as B) has been shown to
bind alkyl chains in other Fab enzymes and thus appears to be the preferential binding site
for the long-chain alkyl substrate utilized in fatty-acid biosynthesis (Figure 6A; Table 2).
The two helices of OleA channel A are spread apart when compared to the closely packed
helices observed in the Fab enzymes (Figure 5B), consistent with the idea that alkyl chains
can more easily thread between the p-sheet and two helices that define channel A.

Channel B in OleA appears very similar to channel B in the Fab enymes. A B-hairpin
(residues 239-249) that defines the ceiling of channel B is ordered in only one of the
monomers within the £2,2,2, crystal form, and disordered in the OleA-cerulenin structure.

Biochemistry. Author manuscript; available in PMC 2013 May 22.
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In M. tuberculosis FabH, this region is similarly disordered and ordered in different crystal
structures, and has been proposed to represent an open state allowing easy access for the
long alkyl chain of a CoA-charged substrate, and a closed state with an ordered B-hairpin
optimized for productive catalytic turnover (19). As cerulenin binds in the newly defined
channel A, this is likely the site where the OleA first substrate binds. The OleA second long-
chain fatty acyl-CoA substrate would then bind in channel B. This would favor ordering of
the B-hairpin to attain the closed state, as suggested for FabH (18), promoting the Claisen
condensation and hydrolysis (Figure 1B). This model is also consistent with the observed
release of fatty acids as aborted reaction products in OleA turnover (13). Acylated Cys143 in
the open conformation is likely more vulnerable to premature hydrolysis within the time-
frame required to bind the second fatty acyl-CoA substrate.

The OleA active site reveals a spatial arrangement of chemical groups conserved within the
thiolase superfamily (Figure 3). Oxyanion holes are formed on either side of the centralized
Cys143 and the active site is fully occupied by solvent (Figure 3B). In OleA, cerulenin-
binding reveals hydrogen bonding partners in each pocket that are likely important during
turnover (Figure 4A). In HMG-CoA synthase, biochemical and structural studies have
identified the histidine as the general base that deprotonates the cysteine to initiate the
nucleophilic attack on the first substrate that leads to acetylation (21, 30). By analogy,
His285 likely acts as the general base in this part of the OleA reaction.

The subsequent activation of the acetylated Cys to initiate condensation with the second
substrate requires an additional base that in biosynthetic thiolases is another Cys, and in
HMG-CoA synthase is a Glu (31, 32). OleA does not have a second Cys in the active site,
but does contain a glutamate (Glu117p). The residue is in a loop element (L2) from the
neighboring monomer, and is the first superfamily member in which both monomers
contribute to the active site. The glutamic acid base of HMG-CoA synthase (Glu79)
originates from loop element L3 within the same monomer that contributes the other active
site residues (Figure 7). In OleA, the sequential and structural equivalent of the HMG-CoA
synthase Glu79 is Val111, whereas the equivalent of OleA Glull7p in HMG-CoA synthase
is an alanine (Ala85p, Figure 7). In the cerulenin complex, Glul17p is relatively disordered
and is not in contact with the cerulenin, being ~ 4 A away at closest approach. Having
Glull7p in a loop that is not structurally part of the core protein fold containing the active
site may provide a more flexible environment in which to spatially coordinate the chemistry
between the two long-chain fatty acid acyl-CoA substrates during OleA turnover. Such
plasticity may allow for the binding of large substrates whilst permitting the reactive acyl-
thioester moieties of CoA charged fatty acids to be correctly positioned within the active
site.

Interestingly, most organisms with the o/eABCD operon produce a single length olefin
product, while in X. campestris multiple length olefins are produced (3). The chain length
appears primarily due to the action of OleA, as genetic experiments that switched o/eA
genes between species took on the olefin profile of the recombinant OleA protein (3). The
substrate promiscuity of X. campestris OleA is an unusual trait within the thiolase
superfamily. Differences in the alkyl channels of OleA enzymes may explain the diverse
product length profiles amongst different OleA proteins.

CONCLUSIONS

Our results support the presence of three major substrate binding channels in OleA that
promote the condensation of the two long-chain fatty acyl-CoA substrates. The location of
the fatty acid biosynthesis inhibitor cerulenin, in conjunction with a xenon binding site,
strongly supports channel A as the additional alkyl binding channel required for OleA

Biochemistry. Author manuscript; available in PMC 2013 May 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Goblirsch et al. Page 7

catalysis. A glutamic acid residue (Glu117p) from the neighboring monomer likely
promotes Claisen condensation by acting as the catalytic base. Future mutagenesis studies of
Glul17p and His285 should test their catalytic roles as bases in OleA turnover.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A
0
R A
"NCHy > s—CoA 2CoA-SH 5
1l
+ U RZ/C
OleA
0 R4
!:I:
Ry~ “S—CoA
B
Transesterification
COA\SO R F|(1
T Oy SHz
|
8 CoA—SH S
Enz B Enz B
Claisen Condensation
0
//
Ro—f\y
T1 S/COA T1
OQ? /HC\H —l> O\\?/CH
S Q L S
Enz” .B- CoA—SH Enz”
Hydrolysis
T1
= o\\?/(‘,r[]CI/Fa2
|
Oy .CH__Ro +H20 OH O
T %
S 0 s~
Enz” Enz”

O

Page 10

OleA catalyzed condensation with CoA-charged substrates. (A) The overall reaction. (B)

The three steps of the catalytic cycle.
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Figure 2.
Inhibition of OleA through covalent modification of the active site cysteine by cerulenin.
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Figure 3.

OleA dimer and active site. (A) The physiological dimer of OleA. The two monomers are
drawn in gray and tan cartoon. Each monomer contains one active site. The gray cartoon
active site residues are drawn in stick. Note that E117f derives from the neighboring
monomer. (B) Stereo view of the OleA active site. The 2Fo-Fc electron density map is
contoured to 1.0 o. Ordered solvent molecules are represented by red spheres. This figure
was produced using PyMOL (http://www.pymol.org/).
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Figure 4.
Stereo view of the OleA active site with cerulenin bound to Cys143. Active site residues and

inhibitor are drawn in stick. Solvent molecules are represented by red spheres. Hydrogen
bond contacts are indicated by dashed lines. Blue mesh illustrates the 2Fo-Fc electron
density maps contoured at 1.0 o. (A) Active site of OleA co-crystallized with cerulenin
(carbon green). (B) Overlay of OleA active sites in the unbound (carbon gray), and cerulenin
bound states. The overlay was generated in PyMOL using the program SUPER. This figure
was produced using PyMOL (http://www.pymol.org/).
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Figure 5.

Proposed OleA channel A. (A) The position of the cerulenin alkyl chain and xenon (Xe)
atom are consistent with a continuous alkyl binding channel. The cerulenin bound to Cys143
and the xenon are drawn in space-filling colored by atom (carbon, green; Xe, pale yellow).
Electron density for the Xe is included (2Fo-Fc contoured at 1.0 o, blue mesh; anomalous
contoured at 9.0 o, pink mesh). The OleA secondary structural elements that form the
channel and contact the cerulenin and Xe are represented in cartoon and colored orange. The
bulky hydrophobic side chains that line the most distal part of the channel from Cys143 are
also colored orange and drawn in stick. (B) Two helices that line channel A of OleA (gray
cartoon) are more closely packed in FabF (PDB ID 1B3N, carbon cyan), FabB (PDB ID
1FJ8, carbon brown), and FabH (PDB ID 2QX1, carbon pink). This figure was produced
using PyMOL (http://www.pymol.org/).
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Figure 6.

[llustration of OleA binding channels. (A) OleA bound with cerulenin overlaid with FabH
(bound with decane-1-thiol and coenzyme A, PDB ID 2QX1) and HMG-CoA synthase
(bound with coenzyme A, PDB ID 1TXT). OleA is drawn in gray cartoon and cerulenin as a
green ball-and-stick model. For clarity, the monomers of FabH and HMG-CoA synthase are
omitted and their bound ligands are drawn in ball-and-stick (pink and yellow respectively).
Decane-1-thiol occupies the alkyl channel B in FabH. Coenzyme A occupies the
pentetheinate channel in both FabH and HMG-CoA synthase. (B) Putative assignment of
OleA binding channels. Active site residues are drawn in stick (carbon green) and bound
cerulenin drawn in green space-filling. Labeled arrows indicate the position of the alkyl and
pantetheinate channels in the OleA monomer (gray cartoon). An eleven residue (239-249) B-
hairpin that could only be modeled in one monomer of the 221212, crystal form is drawn as
red cartoon. This figure was produced using PyMOL (http://www.pymol.org/).
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Figure 7.

Overlay of HMG-CoA synthase (PDB ID 1TXT) onto OleA. The dimer of OleA is shown in
faded cartoon colored as in Figure 3. Three loop elements (L1, L2, and L3) conserved
between OleA and HMG-CoA synthase are highlighted, with L2 originating from the
neighboring monomer. Residues forming a single active site in each enzyme are drawn in
stick. For simplicity, a single active site cysteine (C143) from OleA is drawn. Residues from
OleA are colored by monomer and labeled in black font. The E117p (carbon tan) derives
from the L2 loop element making hydrogen bonding contacts with the S347 found in the L1
loop. Spatially equivalent residues from HMG-CoA are labeled in yellow font and colored
by monomer. The active site of HMG-CoA synthase is formed completely from one
monomer (carbon yellow) including the E79 catalytic base that derives from the L3 loop. In
HMG-CoA synthase, the position of the E117 aligns with A85p (carbon pale yellow). The
overlay was generated in PyMOL using the program SUPER. This figure was produced
using PyMOL (http://www.pymol.org/).

Biochemistry. Author manuscript; available in PMC 2013 May 22.


http://www.pymol.org/

1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Goblirsch et al.

Data collection and refinement statistics?

Table 1
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OleA unbound

OleA-cerulenin co-crystal

OleA-cerulenin co-crystal
Xe Pressurized

OleA-cerulenin co-crystal
Xe Pressurized

Data Collection

Wavelength (A)

1.03

1.03

1.03

2.29

Space Group

P212121

P3,21

P3,21

P3,21

Unit Cell (&)

82.2 x 85.4 x 102.7

90.5 x 90.5 x 69.8

90.0 x 90.0 x 69.5

90.0 x 90.0 x 69.5

Resolution (A)

50.0-1.85 (1.88-1.85)

50.0-1.70 (1.73-1.70)

50.0-1.95 (1.98-1.95)

50.0-2.46 (2.50-2.46)

Measured Reflections 509308 270278 267054 113152
Unique Reflections 61685 36319 24115 11836
Completeness (%) 98.8 (97.9) 99.0 (100) 99.9 (99.8) 97.5 (90.5)
Rmerge (%)? 5.5 (38.5) 4.4(42.3) 5.8 (40.8) 6.7 (30.6)
/ol 40.2 (5.3) 445 (5.0) 55 (7.1) 48.7 (9.8)
Multiplicity 8.2 (8.1) 7.4(7.9) 11.1 (11.1) 8.8 (9.6)
Wilson B-factor (A2) 21.4 233 27.4

Refinement

Resolution (A)

44.0-1.85 (1.89-1.85)

27.6 - 1.70 (1.75-1.70)

29.5-1.95 (2.03-1.95)

No.reflections; work/test

57593(2364)/3059(123)

34442(2646)/1852(130)

22513(2344)/1224(139)

Rwork (%)C

16.0 (19.4)

17.8 (22.4)

18.0 (19.9)

Riree (%) 19.1 (28.6) 20.9 (25.2) 21.82 (25.2)
Protein atoms 5244 2590 2614
Other atoms 594 249 146
Ramachandran Statistics
Allowed (%) 100 100 100
Outliers (%) 0 0 0
RMS deviation
Bond lengths (A) 0.007 0.007 0.008
Bond angles (°) 1.038 1.013 1.027
Average B-factor (A2) 21.2 235 27.1
Coordinate Error (ML 0.18 0.18 0.22
based)f
Protein Data Bank 1D 3ROW 3821 3523

a . . .
Data in parentheses are for the highest resolution shell.

meerge =Zi [Ihkli = (IhkDI /Zhk! Zi Ihkl, i, where | is the observed intensity, and (Ink|) is the average intensity of multiple measurements.

c . ’ . .
Rwork = Z|Fol-|Fc| / Z|Fo|, where |Fo] is the observed structure factor amplitude, and |Fc| is the calculated structure factor amplitude.

d . ] . .
Rfree is the R factor based on 5% of the data excluded from refinement keeping the same 5% between isomorphous datasets.

eBased on values obtained from MolProbity (33).
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Estimated coordinate error based on maximum likelihood estimate in Phenix 1.7-650 (26).
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