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Abstract Previously, we demonstrated triacylglycerol
(TAG) accumulation and the in vivo ability to catalyze
esters from exogenous short chain alcohol sources in Gor-
donia sp. strain KTR9. In this study, we investigated the
effects that putative lipase (KTR9_0186) and wax ester syn-
thase/acyl-CoA:diacylglycerol acyltransferase (WS/DGAT;
KTR9_3844) gene knockouts had on TAG accumulation.
Gene disruption of KTR9_0186 resulted in a twofold
increase in TAG content in nitrogen starved cells. Lipase
mutants subjected to carbon starvation, following nitrogen
starvation, retained 75 % more TAGs and retained pigmen-
tation. Transcriptome expression data confirmed the dele-
tion of KTR9_0186 and identified the up-regulation of key
genes involved in fatty acid degradation, a likely compen-
satory mechanism for reduced TAG mobilization. In vitro
assays with purified KTR9_3844 demonstrated WS/DGAT
activity with short chain alcohols and C16 and C18 fatty
acid Co-As. Collectively, these results indicate that Gordo-
nia sp. KTR9 has a suitable tractable genetic background
for TAG production as well as the enzymatic capacity to
catalyze fatty acid esters from short chain alcohols.
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Introduction

Members of the Actinomycetes group of bacteria are
known to naturally accumulate intracellular lipid storage
compounds composed of TAGs [2]. Interest in bacterial
TAGs has grown over the years as these compounds have
a potential application as a renewable feed-stock source for
biofuels and other bio commodities, similar to plant derived
oils. Synthesis of TAGs can be induced under unbalanced
growth conditions in which carbon is present in excess and
nitrogen, and to a lesser extent phosphate, is limiting [2].
Members of the genera Gordonia, Rhodococcus, Myco-
bacterium, Streptomyces, and Nocardia, can accumulate
significant internal reserves of TAGs, as high as 80 % of
bacterial cell dry weight [14, 31]. This response is likely a
physiological adaptation for survival in nutrient poor envi-
ronments given that Actinomycetes are widely distributed
in the natural environment.

The search for the biological trigger that causes TAG
accumulation upon nitrogen starvation in Actinomycetes
has largely focused on the bifunctional wax esterase syn-
thase/acyl-CoA diacylglycerol acyltransferase (WS/DGAT)
enzymes encoded by the atf genes. This enzyme was first
described in Acinetobacter baylyi ADP1 and catalyzes
the condensation of acyl-CoA with diacylglycerol to form
TAGs [26, 29]. These enzymes have since been described
for other gram negatives as well as actinomycetes, each
displaying a promiscuous activity for a variety of alcohol
and fatty acid substrates [1, 3, 6, 11, 25, 29]. Reductions
in TAG accumulation of 25-30 % were reported in Rho-
dococcus opacus PD630 that had a#f2 inactivated, further
confirming the importance of these enzymes in TAG syn-
thesis [17]. A transposon-based genetic screen in Rhodo-
coccus opacus PD630 for TAG accumulation deficient
mutants identified a NADPH-dependent glyceraldehyde
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3-phosphate dehydrogenase activity, which was believed to
generate excess reducing power under nitrogen limitation
for increased TAG synthesis [20]. Global transcriptome-
based insights into TAG accumulation have largely come
from experimentation on the green algae Chlamydomonas
reinhardtii [7, 8, 22]. Changes in transcript abundance in
this organism following nitrogen deprivation reveal a gen-
eral redirection of metabolism with carbon flowing directly
to fatty acid biosynthesis. Interestingly, the majority of
genes encoding fatty acid metabolism were only subjected
to a modest twofold increase in expression. However,
stronger transcript responses were observed for a diacylg-
lycerol transferase gene, phosphatidic acid phosphatases,
membrane bound desaturases, and lipases [22]. These regu-
lated genes offer potential targets to manipulate the synthe-
sis and degradation of TAGs in bacterial systems like the
Actinomycetes.

The metabolic diversity of genera like the Gordonia [4]
suggests this genus is especially well suited for TAG pro-
duction, in that they possess a large number of genes dedi-
cated to fatty acid and lipid metabolism [9] and are capa-
ble of utilizing alternative feedstocks as a cheap carbon
source [16]. Previously, we demonstrated TAG accumula-
tion and the in vivo ability to catalyze esters from exog-
enous short chain alcohol sources in Gordonia sp. KTR9
[14], a strain isolated from arid soil [27]. We identified a
number of pathways and associated genes involved in
TAG synthesis and degradation including 7 atf homologs,
genes involved in the Kennedy pathway, and multiple
fatty acid synthases, lipases, fatty acyl-CoA reductases,

and diacylglycerol kinases. Here, based on insights from
system-wide transcriptome studies in Chlamydomonas
reinhardtii [7, 8, 22] and the KTR9 genome [9], we investi-
gated the effects of putative lipase and wax ester synthase/
acyl-CoA:diacylglycerol acyltransferase gene knockouts on
triacylglycerol accumulation and transcriptome expression
in KTRO.

Materials and methods
Bacterial strain and culturing conditions

All bacterial strains used in this study are listed in Table 1.
Gordonia sp. KTR9 was grown on mineral salts medium
(MSM) [14] supplemented with 1 g/l NH,CI and 20 mM
each of fructose, gluconate, and succinate at 30 °C, shaking
at 180 rpm. All studies were done in 50 ml of MSM media
in 250 ml flasks. For nitrogen limited studies, cultures
were grown for 3 days, centrifuged at 3,220x g for 5 min,
washed twice with 5 ml phosphate buffered saline (PBS),
then re-suspended in fresh, nitrogen free MSM media. Fol-
lowing re-suspension, cultures were incubated for 2 days
prior to harvesting. Complete depletion of NH,Cl from the
media was verified by analysis with an Aquanal ammo-
nium assay kit (Sigma-Aldrich Corp, St. Louis, MO, USA).
Controls were treated the same but re-suspended in MSM
media with 1 g/l NH,CI. Carbon starved studies were per-
formed the same as described above except that following
nitrogen starvation, the cells were centrifuged at 3,220x g

Table 1 Bacterial strains,

; ; Bacterials strains, constructs, and primers ~ Catalogue number, sequence, References
primers, apd genetic constructs or description
used in this study

Strains
Gordonia sp. KTR9
Gordonia sp. KTR9 A0186 KTR9_0186 putative lipase gene deletion  This study
Gordonia sp. KTR9 A3844 KTR9_3844 putative atf gene deletion This study
E. coli one-shot® BL21 star™ Life Technologies

Plasmid constructs
Deletion plasmid for KTR9_0186 pK18mobSacB/KTR9_0186 This study
Deletion plasmid for KTR9_3844 pK18mobSacB/KTR9_3844 This study
Expression vector pASK-IBAS IBA technologies
Plasmid construct for expression pASK-IBAS5/KTR9_3844 This study

of KTR9_3844

Primers
KTR9_3844RF GTTGCTGGCCCGGACTTCCC This study
KTR9_3844RR GAGTTGCTCTTGCCCGGCGT This study
NKO_0186F GCGGCGACGGTCTTGAACCA This study
NKO_0186R AGAAGCACTGGCCGCGTGTC This study
NKO_3844F CGACGAGGCGACCATCGAGC This study
NKO_3844R AGGTCGGCCCTTCGGAGACC This study
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for 20 min, washed twice with 5 ml phosphate buffered
saline (PBS), then re-suspended in fresh, carbon free MSM
media with 1 g/l NH,Cl for 72 h. All experiments were
done in triplicate.

Gene deletions

Based on DNA sequence information of KTRY, gene
deletion constructs were synthesized (Eurofins Genom-
ics, Huntsville, AL USA) with a total of 1.0-kb flanking
sequences (500 bp on each side) in the pCR2.1 vector and
pBSII SK(+) vector for KTR9_0186 and KTR9_3844,
respectively. Gene deletion inserts were liberated from the
vectors via EcoRI restriction enzyme digestion, gel purified
with a Wizard SV Gel and PCR Cleanup System kit (Pro-
mega, Madison, WI), and sub-cloned into the EcoRI site of
the mobilizable plasmid pK18mobsacB [24]. The resulting
plasmids, pKTR9_0186 and pKTR9_3844, were used for
gene deletion in Gordonia sp. KTR9 based on a conjuga-
tion strategy [30] using a sacB counter selectable marker,
with the exceptions of using kanamycin and nalidixic acid
at 50 g/ml. Transconjugants were replica plated on the
same medium with and without 10 % sucrose. Sucrose-
sensitive colonies were propagated overnight at 30 °C in
25 ml of LBP (1 % (wt/vol) Bacto peptone (Difco), 0.5 %
(wt/vol) yeast extract (BBL Becton—Dickinson and Com-
pany), and 1 % (wt/vol) NaCl) medium and then spread
on LBP plates supplemented with 10 % sucrose. Sucrose-
resistant colonies were checked for kanamycin sensitivity
and screened for the deleted gene by PCR amplification
and DNA sequencing using primers listed in Table 1. PCR
amplification with primers NKO_0186F and NKO_0186R
was done to verify deletion of KTR9_0186. The PCR
conditions were an annealing temperature of 59 °C with
a 1 min extension time. The expected product size in the
mutant was 806 bp. The KTR9_3844 deletion was verified
with primers NKO_3844F and NKO_3844R and an anneal-
ing temperature of 60 °C with a 1:10 min extension time.
The expected PCR product size in the mutant was 660 bp.
Gene deletions were further confirm by sequencing using
an ABI 3100 Genetic Analyzer (Life Technologies, Grand
Island, NY USA) and Big Dye® Terminator v 3.1 Cycle
Sequencing kit (Life Technologies #4337455) according to
the manufacturers’ directions.

RNA extraction, labeling, and microarray experimentation

Total RNA was extracted from KTR9 cells using the Qia-
gen RNeasy kit (Qiagen, Valencia, CA). Prior to extraction,
an enzymatic lysis/mechanical disruption step was added to
the protocol, whereby the cell pellet was re-suspended in
100 pl TE buffer and 200 pl lysozyme (20 mg/ul), trans-
ferred to an MP Biomedicals Lysing Matrix B tube (MP

Biomedicals, Santa Ana, CA, USA) and vortexed for
1 min. An optional on-column DNA digestion using the
Qiagen RNase-Free DNase Kit was performed to remove
any remaining DNA. The quantity and quality of RNA
were assessed with the Agilent 2100 Bioanalyzer using the
Agilent RNA 6000 Kit (Agilent, Santa Clara, CA, USA).
The cDNA for microarray analysis was generated using the
Invitrogen Superscript II Double-Stranded cDNA Synthe-
sis Kit (Life Technologies, Grand Island, NY, USA) and
the quality of the cDNA was confirmed using the Agilent
2100 Bioanalyzer and Agilent DNA 1000 Kit. The cDNA
was Cy3-labeled with the NimbleGen One-Color DNA
Labeling Kit (Roche NimbleGen, Madison, WI, USA).
Two micrograms of the labeled cDNA was used for hybrid-
ization to NimbleGen Bacterial Gene Expression Arrays
(Roche, Madison, WI, USA) using a Gordonia sp. KTR9
(12 x 135 K) array developed from the annotated KTR9
genome [9]. The arrays were hybridized for 18 h at 42 °C
in a NimbleGen Hybridization system and subsequently
washed using the NimbleGen Wash Buffer Kit. Washed
arrays were scanned using the Agilent Microarray Scan-
ner and images were analyzed using NimbleScan v2.5.26
software and ArrayStar v4.0.0 software (DNAStar, Madi-
son, WI, USA). Expression data across multiple transcrip-
tomes were log2 transformed and statistical significance
was determined by Moderated ¢ test (P value = 0.05, two-
fold induction). The microarray data set obtained from
this effort is available from the NCBI gene expression and
hybridization array data repository (www.ncbi.nlm.nih.
gov/geo) under accession GSE60245.

Protein purification and activity assay

A 1,401 bp fragment representing a 50.7 kDa putative
WS/DGAT protein encoded by KTR9_ 3844 was codon
optimized for expression in Escherichia coli and synthe-
sized (Celtek Biosciences) in the pGH vector (Invitro-
gen, Carlsbad, CA, USA) based on the predicted protein
sequence information of KTR9. A 1,413 bp fragment was
liberated from the pGH vector via EcoRI restriction enzyme
digestion, gel purified with a Wizard SV Gel and PCR
Cleanup System kit (Promega, Madison, WI, USA), and
cloned into the EcoRI site of the pASK-IBA5plus protein
expression vector (IBA Life Sciences, Germany). Recombi-
nant clones were transformed into E. coli One-Shot® BL21
Star™. Clones were screened for the correctly oriented
insert using primers KTR9_3844RF and KTR9_3844RR,
which yielded a 1,237 bp insert. Step-Tagll labeled
KTR9_3844 protein was expressed and purified according
to the manufacturer’s instructions using Strep-Tactin® col-
umns. Briefly a 100 ml culture of the KTR9_3844 contain-
ing E. coli clone was induced with 10 pl of 2 mg/ml anhy-
drotetracycline in Dimethylformamide (DMF). Following
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induction, cultures were incubated at 30 °C, 200 rpm for
3 h. Cells were harvested by centrifugation at 4,500x g for
12 min at 4 °C. Cell lysate was prepared by three passages
through a French Press (Glen Mills Model 11, Clifton,
NJ, USA) at 20,000 psi. Cleared lysates were prepared
by centrifuging the lysate at 14,000xg, 15 min at 4 °C.
Cleared lysates were loaded on Strep-Tactin® columns and
the proteins were purified following the manufacturer’s
instructions.

Purified proteins were quantified via the Bradford
assay, solubilized in 2x Laemmli Sample Buffer (Bio-
Rad #161-0737) and analyzed on a Bio-Rad 4-20 %
Criterion Stain-Free™ Tris—HCl gel (Bio-Rad #345-
0412) to confirm the size and purity of the target pro-
tein. WS/DGAT activity for various short and long-chain
alcohols and C16 and C18 fatty acyl-CoA substrates was
determined using a 5,5’-dithiobis(2-nitrobenzoic acid)
(DTNB) based colorimetric protein assay as described
previously [6, 21]. Briefly, proteins were diluted to a final
concentration of 0.5 pg/ul in 1 ml of 50 mM potassium
phosphate (pH 7) and 300 mM NacCl buffer. Ten microlit-
ers of 18 mg DTNB/ml dimethyl sulfoxide (DMSO) was
added along with 50 pl of the appropriate alcohol (metha-
nol, ethanol, dodecanol, or hexadecanol). Fatty alcohols
were dissolved in DMSO. Fifteen microliters of either
1 mM pamitoyl-CoA or stearoyl-CoA was added to initi-
ate the reaction and the absorbance at 412 nm was meas-
ured for 5 min. Initial reaction rates were calculated in
Excel (Microsoft, Redmond, WA, USA) using the slope
from the best fit line obtained from the spectrophoto-
metric assays during the first minute of the reaction and
calculating nmol of NTB2~ dianion formed per second
using the extinction coefficient of the NTB2%~ dianion at
412 nm of 14,150 M~ cm™! [6].

Fig.1 PCR confirmation of A

KTR9_0186 and KTR9_3844

gene deletions in Gordo- 1 2 3
nia sp. KTR9. a PCR with

NKO_0186F/R primers. Prod- -

uct size is 806 bp with 0186
deleted. Lanes 1-3 are clones
that have the correct 806 bp
knockout region. Lane 4 is a
Thermo Scientific GeneRuler

1 kb Plus DNA ladder. b PCR
with NKO 3844F/R primers.
Product size is 660 bp with

the KTR9_3844 gene deleted.
Lanes 1-2 Thermo Scientific
GeneRuler 1 kb Plus and 100 bp
DNA ladder, lanes 3-6 knockout
clones
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Lipid extraction and analysis

Total lipids were extracted from 40 to 50 mg of dry cells
as described in Eberly et al. [14]. Briefly, total lipids were
recovered from cells by extraction in 1.5 ml methanol
(MeOH) and 5 ml methyl tert-butyl ether (MTBE) follow-
ing incubation for 1 h at room temperature with constant
mixing. One-half of the recovered total lipids were sub-
jected to fractionation on silica gel columns to isolate the
neutral or non-polar lipids from the glyco- and polar lipids.
Neutral lipids were eluted in 4.5 ml of CHCl; contain-
ing 1 % acetic acid to enhance the recovery of free fatty
acids. Recovered total and neutral lipids were assayed via
GC-MS following strong acid methylation in methanol:c
hloroform:concentrated hydrochloric acid (10:1:1, v:v:v)
with heat (80 °C) for 1 h as described previously [14]. Total
TAG content was determined by colorimetric assay using
an ABcam Triglyceride Quantification Kit (ABcam, Cam-
bridge, MA, USA).

Results

Deletion of KTR9_0186 and its effect on TAG
accumulation and transcriptome expression

Deletion mutants were constructed using a counter selec-
tion recombination strategy and genotypes were confirmed
by DNA sequencing and PCR (Fig. 1) as described in the
“Materials and methods”. The amount of TAGs produced
by deletion strain KTR9_0186, a putative lipase was twice
that produced by the wild type when grown under similar
conditions. (Fig. 2a). The amount of TAGs accumulated
by these mutants under balanced growth conditions was
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Fig. 2 a TAG accumulation in wild type (KTR9) and the lipase dele-
tion mutant (A0186) following growth under balanced and unbal-
anced [nitrogen starved (-N)] conditions. b Reduced TAG mobi-
lization (neutral lipid fatty acid content) was observed in the lipase
mutant (A0186) following carbon starvation (-C)

greater than those measured in the wild type when propa-
gated under unbalanced growth conditions to stimulate
TAG synthesis. The ability of this mutant strain to mobilize
TAGs, relative to the wild type, was assessed by first stimu-
lating TAG synthesis under carbon rich, nitrogen limiting
conditions followed by carbon starvation in the presence of
nitrogen. Following 3 days of carbon starvation, deletion
strain KTR9_0186 retained twofold greater neutral lipid
fatty acid content compared to wild type suggesting a func-
tional role for KTR9_0186 in TAG mobilization (Fig. 2b).
Cultures of the carbon starved mutant also retained their
characteristic pigmentation, which was in stark contrast to
the wild-type cultures that lost all pigmentation (by visual
inspection, data not shown).

To further investigate the mechanism(s) of TAG accumu-
lation in the KTR9_0186 deletion strain, microarray exper-
iments were performed on wild-type and mutant strains
grown under the conditions described above. Transcript-
expression analysis of carbon starved KTR9 0186 mutant
cells identified 475 targets with statistically significant
differences in gene expression compared to the wild-type
controls. A total of 358 of the gene targets had twofold or

greater increases in expression, whereas the remaining 117
gene targets had twofold or greater decreases in expres-
sion. A subset of transcripts involved in lipid metabolism
induced/repressed as a result of deletion of KTR9-0186 is
presented in Table 2. Expression data confirmed the dele-
tion of KTR9_0186 with a zerofold change in expression.
In addition, a number of genes involved in fatty acid metab-
olism, beta-oxidation in particular (KTR9_0374, 0584,
0585, 0721, 2316, 3121, 3122, 3480, 3505, 3836, 4289,
and 5406), were found to be differentially expressed in the
KTR9_0186 mutant. Alternative putative lipase/esterase
activities (KTR9_0645, 0995, 151, 3686) were also up-reg-
ulated in the KTR9_186 mutant, possibly as a compensa-
tory mechanism for the loss of lipase activity.

Expression and characterization of KTR9_3844

The WS/DGAT enzyme encoded by KTR9_3844 was
cloned, heterologously expressed and purified as described
in the ‘“Materials and methods”. A prominent expected
band of around 52 kDa was observed when the sample was
electrophoresed through an SDS-PAGE gel (Fig. 3). Spec-
trophotometric assays were used to monitor enzyme activ-
ity as described in the “Materials and methods”. Michae-
lis-Menten kinetic parameters were calculated using a
Lineweaver—Burk double reciprocal plot to calculate V,
and K. Substrates for these assays included methanol,
ethanol, hexadecanol and dodecanol as acyl acceptors and
palmitoyl acyl-CoA and stearoyl acyl-CoA as acyl donors.
Of the substrates tested, methanol and ethanol with palmi-
toyl-CoA produced the highest activity with a calculated
Vinax Of 259 £ 9.6 and 21.5 £ 8.6 nmol product/min/
mg protein respectively and K, values of 17.3 & 5.6 and
6.5 £ 3.7 %, respectively (Table 3). Longer chain hexade-
canol and dodecanol acyl acceptors exhibited much less
activity (Fig. 4) due in part to their low solubility. Dele-
tion strain KTR9_3844 did not result in a statistically sig-
nificant change in total TAG content compared to wild type
under the growth conditions tested (data not shown).

Discussion

Previously, we demonstrated TAG accumulation and the in
vivo ability to catalyze esters from exogenous short chain
alcohol sources in Gordonia sp. KTR9 [14]. As part of this
study, we revisited a subset of our previous transcriptome
data in which KTR9 was grown under nitrogen rich vs
nitrogen starved conditions to look at changes in expression
of genes and pathways that might implicated a “biological
trigger” for TAG accumulation [18]. Interestingly, in that
study the majority of genes encoding fatty acid metabolism
were only subjected to a modest twofold or less change in
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Table 2 Subset of transcripts

; DR . Locus Function Fold change P value

involved in lipid metabolism

induced/repressed as aresultof  KTR9 0062  Anti-anti-sigma regulatory factor 2.1 0.0254

deletion of KTR9-0186 KTR9_0186 triacylglycerol lipase 0.0 0.000008
KTR9_0374  Acyl-CoA dehydrogenases 3.0 0.00362
KTR9_0376  Acetyl-CoA acetyltransferase 2.6 0.018
KTR9_0554  Enoyl-CoA hydratase/carnithine racemase 0.4 0.031
KTR9_0584  Acyl-CoA dehydrogenases 3.8 0.000681
KTR9_0585  Acyl-CoA dehydrogenases 3.0 0.000373
KTR9_0645  secretory lipase 2.5 0.00646
KTR9_0648 Isocitrate lyase 2.4 0.0124
KTR9_0720  Predicted acyl-CoA transferases/carnitine dehydratase 0.4 0.0233
KTR9_0721  Acyl-CoA dehydrogenases 0.5 0.0263
KTR9_0950 thioesterase superfamily protein 22 0.0112
KTR9_0995 Predicted acyl esterases 2.0 0.00548
KTR9_1293  Mg-chelatase subunit Chll 2.1 0.0461
KTR9_1515 Predicted esterase 22 0.0234
KTR9_1885  Acetyl-CoA acetyltransferase 2.3 0.0323
KTR9_2116  Phage shock protein A, PspA family 3.5 0.00221
KTR9_2316  Acyl-CoA synthetases (AMP-forming)/AMP-acid ligases Il 2.3 0.00578
KTR9_2643 Malate synthase 2.7 0.0108
KTR9_3116  3-oxoacyl-(acyl-carrier-protein) synthase 2.5 0.025
KTR9_3121  Acyl-CoA synthetases (AMP-forming)/AMP-acid ligases II ~ 2.3 0.00628
KTR9_3122  Enoyl-CoA hydratase/carnithine racemase 24 0.0203
KTR9_3480  Acyl-CoA synthetases (AMP-forming)/AMP-acid ligases II 0.5 0.0324
KTR9_3505  Acyl-CoA dehydrogenases 2.0 0.0223
KTR9_3686 Predicted esterase 2.4 0.025
KTR9_3836  Acyl-CoA dehydrogenases 24 0.0183
KTR9_3973 Fatty acid desaturase 3.5 0.0024
KTR9_4034  putative carveol dehydrogenase 3.7 0.000171
KTR9_4289  Acyl-CoA dehydrogenases 2.1 0.0123
KTR9_4412  Acetyl-CoA acetyltransferase 3.6 0.0014
KTR9_5406  Acyl-CoA synthetases (AMP-forming)/AMP-acid ligases II 7.6 0.0000297
KTR9_5416  thioesterase superfamily protein 2.7 0.00101

expression similar to what others have reported [7, 22].
Studies in Chlamydomonas strengthen these observations
indicating that TAG accumulation appears to be largely
independent of de novo protein synthesis, suggesting that
carbon availability is a key factor in TAG biosynthesis [15].
While prior transcriptome studies combined with the KTR9
annotation provided little insights into mechanisms of TAG
accumulation [18], they did confirm that the genes targeted
in this study for deletion were expressed.

Expression and in vitro characterization of KTR9_3844
confirmed that this enzyme can catalyze formation of
fatty acid methyl esters (FAME) and fatty acid ethyl esters
(FAEE) in the presence of methanol and ethanol with both
palmitoyl acyl-CoA and stearoyl-CoA as an acyl donor. This
finding is consistent with our previous work demonstrating
the in vivo ability to catalyze esters from exogenous short
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chain alcohol sources in Gordonia sp. KTR9 [14]. Dele-
tion strain KTR9_3844, a putative WS/DGAT enzyme, did
not lead to a decrease in total TAGs as reported previously
for other atf deletions [17] however, sequence analysis indi-
cated that there are multiple atf genes present and therefore
KTR9_3844 may only play a limited role in TAG synthesis.
Indeed, further analysis showed that this enzyme had great-
est activity with short chain alcohols, indicating it may play
a greater role in transesterification of TAGs rather than TAG
synthesis. Previous studies have shown that the WS/DGAT
enzyme has a broad substrate range that includes short and
long-chain alcohols and acyl-CoA esters ranging from C,, to
C,, resulting in the synthesis of both wax esters (WE) and
TAG’s [26]. However, some species show a marked prefer-
ence for specific alcohols and acyl-CoA chain lengths. For
example, the WS/DGAT from Acinetobacter sp. ADP1
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Fig. 3 SDS-PAGE analysis of the recombinant protein KTR9_3844.
Proteins recovered at different purification steps were separated by
SDS 20 % polyacrylamide gel electrophoresis. Lane 1 induced, lanes
2—4 column washes, lanes 5-6: eluted protein, lane M BioRad Preci-
sion Plus protein standard

Table 3 KTR9_3844 enzyme kinetics

showed the highest specific activity with medium chain
(C14-C18) alcohols and palmitoyl-CoA acyl-CoA [26]. In
contrast, a more recent study of 5 WS/DGAT’s by Barney [6]
showed significantly higher rates of activity with dodecanol
(C12) than hexadecanol (C16) with palmitoyl-CoA as the
acyl donor. As shown in Fig. 4, the WS/DGAT from KTR9
preferred even shorter alcohols and had significantly higher
activity with short chain alcohols such as methanol and etha-
nol. This is significant in the context of biofuels production
as short chain alcohols such as methanol and ethanol are the
primary alcohols used for biodiesel synthesis.

Deletion of a putative lipase gene, KTR9_0186, led to a
twofold increase in TAG accumulation. Previously, a fivefold
increase in TAG accumulation was reported in a lipase knock-
out in Acinetobacter baylyi ADP1 [23]. While the role of this
lipase in TAG accumulation was unclear, the authors sug-
gested that the enzyme might be involved in the mobilization
of TAGs when the cells are exposed to carbon starvation. Stud-
ies in both Mycobacterium tuberculosis and Chlamydomonas
reinhardtii provide additional evidence that lipases do have a
role in the mobilization of TAGs during carbon starvation [12,
19]. Similarly, when we subjected KTR9_186 mutants to car-
bon starvation following TAG accumulation, we observed a
75 % higher TAG content indicating reduced TAG mobiliza-
tion compared to the wild-type strain (Fig. 2b). Gene expres-
sion data confirmed the deletion of KTR9_0186 and identified
the up-regulation of key genes involved in fatty acid degrada-
tion. These findings in combination with the TAG accumula-
tion data suggest that the KTR9_0186 lipase mutant is less
efficient at retrieving carbon from TAGs under carbon starva-
tion growth conditions. It is possible that the cells compensate
by recruiting the activity of other lipase/esterases as well as

Substrate Vimax (nmol of product/min/mg K, (%)
protein)

MeOH palmitoyl-CoA 25.9 +9.6 173 £5.6

MeOH stearoyl-CoA  16.5 2.7 35+0.38

EtOH palmitoyl-CoA  21.5 + 8.6 6.5+3.7

EtOH stearoyl-CoA 179+ 4.1 40+1.7

Fig. 4 Specific enzyme activity 14.00

of recombinant KTR9_3844
with short and long-chain alco-
hols and C16 and C18 acyl-CoA
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ethanol and palmitoyl-CoA
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increase basal expression levels of genes involved in the sub-
sequent beta-oxidation of fatty acids. Interestingly, a Phage
shock protein, PspA, was also found to be up-regulated in the
lipase mutant (KTR9_2116). This protein was recently identi-
fied as a functional component of prokaryotic lipid granules
and a deletion of this gene resulted in changes to the structure
of the associated lipid granules [13]. It is intriguing to spec-
ulate that the lipase knockout resulted in tertiary structural
changes to the TAG granules suggesting a possible mecha-
nism for TAG mobilization.

During carbon starvation we observed significant differ-
ences in the intensity of pigmentation of the mutant strain
compared to wild-type, when cultured in liquid media, with
the mutant strain displaying a more orange rather than pink
pigmentation. Previously, transposon insertional mutants
displaying altered pigmentation have been observed in
Gordonia polyisoprenivorans [5]. In particular, a dark
orange phenotype was associated with an anti-anti-sigma
regulatory factor mutant. A KTR9 homlog (KTR9_0062)
to this gene was up-regulated in the KTR9_0186 lipase
mutant. Links between TAG accumulation and pro-oxidant
molecules like carotenoids have recently been investigated
in Rhodococcus species [28]. It is intriguing to speculate
that reduced mobilization of TAGs limits NADPH generat-
ing lipolysis reactions under carbon starvation conditions,
exposing the cells to increased oxidative stress which the
cells respond to by modulating pro-oxidant levels.

Declining petroleum reserves and the growing demand
for energy have led to an increased interest in alternative,
renewable fuels. Towards the goal of producing renewable
biofuels in microorganisms, a host of synthetic biology and
metabolic engineering approaches are being pursued for
biosynthesis of biodiesel in well characterized production
hosts, like E. coli [10]. As an alternative to using E. coli,
members of the Actinomycetes group of bacteria are known
to naturally accumulate TAGs and therefore may be a more
suitable bacterial host for de novo biosynthesis of fatty acid
esters. Collectively, these results indicate that Gordonia sp.
KTRO has a suitable tractable genetic background for TAG
production as well as the enzymatic capacity to catalyze
fatty acid esters from short chain alcohols.
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