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Coxiella burnetii, the etiological agent of human Q fever, occupies a unique niche inside the host cell, where
it replicates in a modified acidic phagolysosome or parasitophorous vacuole (PV). The PV membrane is
cholesterol-rich, and inhibition of host cholesterol metabolism negatively impacts PV biogenesis and pathogen
replication. The precise source(s) of PV membrane cholesterol is unknown, as is whether the bacterium actively
diverts and/or modifies host cell cholesterol or sterol precursors. C. burnetii lacks enzymes for de novo
cholesterol biosynthesis; however, the organism encodes a eukaryote-like A24 sterol reductase homolog,
CBU1206. Absent in other prokaryotes, this enzyme is predicted to reduce sterol double bonds at carbon 24 in
the final step of cholesterol or ergosterol biosynthesis. In the present study, we examined the functional activity
of CBU1206. Amino acid alignments revealed the greatest sequence identity (51.7%) with a A24 sterol
reductase from the soil amoeba Naegleria gruberi. CBU1206 activity was examined by expressing the protein in
a Saccharomyces cerevisiae erg4 mutant under the control of a galactose-inducible promoter. Erg4 is a yeast A24
sterol reductase responsible for the final reduction step in ergosterol synthesis. Like Erg4-green fluorescent
protein (GFP), a CBU1206-GFP fusion protein localized to the yeast endoplasmic reticulum. Heterologous
expression of CBU1206 rescued S. cerevisiae erg4 sensitivity to growth in the presence of brefeldin A and
cycloheximide and resulted in new synthesis of ergosterol. These data indicate CBU1206 is an active sterol

reductase and suggest the enzyme may act on host sterols during C. burnetii intracellular growth.

The intracellular Gram-negative bacterium Coxiella burnetii
is the causative agent of the zoonosis Q fever. Inside the host
cell, C. burnetii thrives in a unique parasitophorous vacuole
(PV) that is considered “phagolysosome-like” due to its mod-
erate acidity (pH ~5), the presence of active hydrolytic en-
zymes, and labeling with lysosomal markers (14, 21). Proteins
secreted by a specialized Dot/Icm type IV secretion system
(T4SS) are thought to modify the PV to support pathogen
replication (21). The C. burnetii PV promiscuously fuses with
endosomes and lysosomes; however, it does not appear to
intercept Golgi body-derived vesicles or to closely associate
with the endoplasmic reticulum (ER) (4, 12).

The C. burnetii PV membrane is structurally strong and
contains lipid raft proteins such as flotillin, characteristics that
likely reflect its high cholesterol content (13). Cholesterol is a
critical component of cellular membranes, where it provides
structural stability and platforms for signaling proteins. Cho-
lesterol is also a precursor for a variety of signaling molecules
(8). Intracellular pathogens exploit cholesterol as sources of
energy (6, 19) and membrane lipid (7) and interact with cho-
lesterol to manipulate host cell trafficking (10, 25). Indeed, we
have previously shown that pharmacological inhibition of host
cell cholesterol biosynthesis or uptake blocks C. burnetii PV
formation and growth (13), suggesting a critical role for sterols
in C. burnetii pathogenesis.

Cholesterol synthesis occurs in the ER through a complex
series of enzymatic reactions, with the final and required step
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being the reduction of the carbon-24 bond by a A24 sterol
reductase (Fig. 1). Mutations in the human A24 sterol reduc-
tase DHCR24 result in desmosterolosis, where the absence of
cholesterol results in severe developmental and neurological
problems (24). Interestingly, analysis of the C. burnetii genome
revealed two genes encoding putative sterol reductases:
CBU1158 and CBU1206 (3, 20). Here, we utilize heterologous
expression in Saccharomyces cerevisiae to demonstrate that
CBU1206 is an active A24 sterol reductase.

MATERIALS AND METHODS

Reagents. Brefeldin A, cycloheximide, ergosterol, and high-performance lig-
uid chromatography (HPLC)-grade methanol, acetonitrile, and hexane were
from Sigma-Aldrich (St. Louis, MO). Yeast growth medium was obtained from
Clontech (Mountain View, CA).

Construction of yeast expression plasmids. All PCRs were conducted using
Accuprime Pfx DNA Polymerase (Invitrogen, Carlsbad, CA) and gene-specific
primers (Integrated DNA Technologies, Coralville, IA) (Table 1).

The pYES-DEST52 C-terminal V5/6XHis tags (Invitrogen) were replaced
with green fluorescent protein (GFP) to generate pYES-DEST-GFP. Briefly, the
pYES-DESTS52 backbone was amplified by inverse PCR using the primers YES-
DEST52recFforGFP and YES-DESTS52recRforGFP. GFP was amplified from
pcDNA-DEST47 (Invitrogen) using the primers YES-GFP-recF and YES-GFP-
recR. The resulting PCR products were gel purified by using a QiaQuick gel
extraction kit (Qiagen, Valencia, CA). Equal amounts (150 ng) of each PCR
product were ligated by using an In-Fusion reaction (Clontech) according to the
manufacturer’s protocol. Two microliters of the In-Fusion reaction was used to
transform Escherichia coli One Shot ccdB Survival 2 T1R cells (Invitrogen).
Transformants were selected on ampicillin, and individual clones were isolated
and sequenced.

For generation of CBU1206 fusion constructs, the complete open reading
frame of CBUI1206 (accession AA090715.2) was amplified from genomic
DNA of the C. burnetii Nine Mile (RSA439) strain using the primers
yeastpENTR1206for and CBU1206rev. Wild-type ERG4 was amplified from
yeast wild-type genomic DNA (a generous gift of Gabriel Shaaf, Universitit
Tiibingen, Tiibingen, Germany) using the primers yeastpENTRerg4for and
Ergédrev. The human A24 sterol reductase gene DHCR24 was amplified from the
c¢DNA plasmid pCMV6-AC-DHCR24 (OriGene, Rockville, MD) using the
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FIG. 1. Schematic showing reduction of carbon-24 double bonds by
A24 sterol reductases. In mammalian cells, the final step in cholesterol
synthesis is reduction of the C24 bond in desmosterol by DHCR24, a
A24 sterol reductase. Ergosterol is the final sterol in yeast, with the
Ergd A24 sterol reductase catalyzing the reduction of ergosta-
5,7,22,24(28)-tetraen-33-ol.

primers yeastpENTRDHCR24for and DHCR24rev. All forward primers con-
tained the sequence CACC for directional cloning into pENTR-D/TOPO (In-
vitrogen), and the consensus start sequence for CBU1206 and DHCR24 was
changed to AATAATGTCT for optimal expression in yeast. PCR products were
gel purified and cloned into pENTR-D/TOPO. Homologous recombination sub-
cloning using LR Clonase II (Invitrogen) was utilized to move the PCR inserts
into the galactose-inducible yeast plasmids pYES-DEST52 and pYES-DEST52-
GFP. All plasmid constructs were confirmed by DNA sequencing.

Yeast strains and culture conditions. The wild-type yeast parental strain
BY4741 (MATa his3AI leu2A met15A ura3A) and erg4 deletion strain YGLO12W
BY4741 (MATa his3A1 leu2A met15A ura3A erg4A) were obtained from Invitro-
gen. Yeast expressing a Secl3-red fluorescent protein (RFP) fusion protein was
a generous gift of Peter Arvidson and Erin O’Shea, Harvard University (15).
Yeast strains were grown on rich yeast-peptone-dextrose (YPD) agar at 30°C.
Genetic transformation of yeast was conducted by using the lithium acetate/
polyethylene glycol procedure (11). Transformants were selected on uracil-free
minimal medium containing 2% glucose (—Ura/Glu). For galactose-induced
gene expression, overnight cultures (30°C, 220 rpm) in —Ura/Glu broth were
centrifuged at 6,000 X g for 5 min, and then the pellet resuspended to 0.4 optical
density (OD) units/ml in uracil-free minimal medium containing 2% galactose
(—Ura/Gal). For growth curves, cultures were induced for the entire time course.
For immunoblotting, drug sensitivity testing, and sterol analysis, cultures were
induced for 6 h prior to the assay.

Immunoblotting. Broth cultures of uninduced and galactose-induced yeast
transformed with pYES-DEST52 constructs were centrifuged at 6,000 X g for 5
min, and then the yeast pellet was suspended in water. An equal volume of fresh
0.2 M NaOH was added, and the samples were incubated for 5 min at room
temperature. Treated yeast were then centrifuged at 15,000 X g for 15 min, and
the pellet was suspended in 1X sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) sample buffer. Samples were heated at 99°C for 3 min,
and the equivalent of 1 OD unit was separated by SDS-10% PAGE. The proteins
were transferred to nitrocellulose, and the membrane was blocked for 1 h in
Tris-buffered saline (150 mM NaCl, 100 mM Tris-HCI [pH 7.6]) containing 0.1%
Tween 20 and 5% milk. The membrane was probed with mouse anti-V5 (In-
vitrogen) and anti-mouse immunoglobulin G secondary antibody conjugated to
horseradish peroxidase (HRP) (Thermo Scientific, Rockford, IL). After devel-
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opment via chemiluminescence (Thermo Scientific), the membrane was treated
for 1 h with 0.1% azide in phosphate-buffered saline (PBS; 1 mM KH,PO,, 155
mM NaCl, 3 mM Na,HPO, [pH 7.2]) to kill the chemiluminescent signal and
then reprobed with rat anti-alpha tubulin (Abcam, Cambridge, MA) and anti-
rat-HRP (Thermo Scientific) to visualize alpha-tubulin as a loading control.

Fluorescence microscopy. Yeast transformed with pYES-DEST52-GFP con-
structs were induced as described above in uracil minimal medium and then
pelleted. Pelleted cells were suspended in 4% paraformaldehyde-PBS and incu-
bated for 1 h at room temperature. Fixed cells were then washed three times with
PBS, spotted onto glass coverslips, and visualized by using a modified Perkin-
Elmer UltraView spinning disk confocal system connected to a Nikon Eclipse
TE2000-S microscope, with a X60 objective. Images were acquired by using
Metamorph software (Molecular Devices, Downingtown, PA).

Drug sensitivity testing. Transformed yeast were induced with galactose, di-
luted to 0.1 OD unit/ml, and then diluted further by two serial 10-fold dilutions.
A portion (5 pl) of each dilution was then spotted onto YPD plates (wild-type
and erg4 strains) or uracil-free galactose minimal medium plates (complemented
erg4 strains) containing either ethanol, 100 pg of brefeldin A/ml (50 mg/ml stock
in ethanol), or 0.05 pg of cycloheximide/ml (1 mg/ml stock in water). Plates were
incubated for 2 days at 30°C.

Sterol analysis. Transformed yeast were induced with galactose, and then the
cells were pelleted by centrifugation. Sterols were extracted and saponified for
2 h at 85°C in a solution comprised of 2.5 ml of 0.2% pyrogallol (freshly made in
methanol) and 1 ml of 60% potassium hydroxide. Sterols were extracted three
times with 2.5 ml of hexane and dried under a nitrogen stream. Sterols were then
resuspended in a small amount of methanol-acetonitrile (50:50) and analyzed by
HPLC using a C, 5 reversed-phase column (Zorbax Eclipse XDB-C18, 4.6 by 150
mm; Agilent, Santa Clara, CA) thermostated at 51°C, with a mobile phase of
methanol-acetonitrile (50:50) at 1 ml/min. Sterol fractions were detected with an
evaporative light scattering detector set at 60°C. The retention time of ergosterol
was determined by using a commercially available standard (Sigma).

RESULTS AND DISCUSSION

CBU1206 is closely related to an amoebal sterol reductase.
Analysis of the C. burnetii genome revealed two genes encod-
ing putative sterol reductases: CBU1158 and CBU1206 (3, 20).
CBU1206 displayed 46.2% amino acid identity with the Sac-
charomyces cerevisiae A24 sterol reductase, Erg4 (Fig. 2). The
closest homolog of CBU1206 was from the free-living soil
amoeba Naegleria gruberi (51.7% amino acid identity). This
suggests that C. burnetii obtained CBU1206 through horizontal
gene transfer from amoeba, an event that has also been pro-
posed for C. burnetii’s putative A7 sterol reductase, CBU1158
(18). The predicted CBU1206 protein is 52.5 kDa and contains
nine potential transmembrane domains, and the encoding gene
was transcribed during host cell infection (data not shown).
The multiple membrane-spanning domains of CBU1206 and
the observation that the protein was not secreted by C. bur-
netii’s T4SS (data not shown) (22) suggest that CBU1206 is
associated with the bacterial cell envelope. Thus far, we have
not identified a A24 sterol reductase in other bacterial ge-

TABLE 1. Primers used in this study

Primer

Sequence (5'-3")

YES-DESTS521eCFIOTGEFP ..ottt
YES-DESTS521eCRIOIGEP ...ttt

YES-GFP-recF

........ TGAGTTTAAACCCGCTGATCCTAGAGGGC
........ ACCTTCGAAGGGCCCTCTAGATCGAACC

GGGCCCTTCGAAGGTATGGCTAGCAAAGGAGAAGAAC

YES-GFP-recR

YEAStPENTRI20050T ...

CBU1206rev

GCGGGTTTAAACTCATTATTTGTAGAGCTCATCCATGC

........ CACCAATAATGTCTCGCGTTACCCCACTTGATCAAAAATT

AAAAATAAACGGAATAAATAACCAAGG

YEAStPENTRETZALOT ..o

........ CACCAATAATGGCAAAGGATAATAGTGAGAAGCTG

GAAAACATAAGGAATAAAGACGTAAGGG

Ergdrev

YEeaStpENTRDHCR2Z4SOT ......ovviiiiiiiii s

DHCR24rev

........ CACCAATAATGTCTGAGCCCGCCGTGTCGCTGGCC

GTGCCTGGCGGCCTTGCAGATC
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FIG. 2. Protein sequence alignment of A24 sterol reductases. Saccharomyces cerevisiae Ergd, C. burnetii CBU1206, and amoebal Naegleria
gruberii A24 sterol reductase proteins are highly homologous. Identical residues are outlined, and similar residues are shaded light gray.

nomes, while two amoeba-associated bacteria, Legionella dran-
cortii and Protochlamydia amoebophila, have putative A7 sterol
reductases (18).

CBU1206 rescues the drug sensitivity of a S. cerevisiae erg4
mutant. We took advantage of a S. cerevisiae A24 sterol reduc-
tase mutant (erg4) to test the functionality of CBU1206. The
yeast sterol synthesis pathway is similar to mammalian cells
with two important exceptions: (i) yeasts do not have a A7
sterol reductase, and (ii) the final product is ergosterol, which
is structurally and functionally similar to cholesterol (Fig. 1).
The erg4 knockout accumulates ergosta-5,7,22,24(28)-tetraen-
3B-ol in its cell wall in the place of ergosterol, making the cell
hypersensitive to divalent cations and drugs such as brefeldin
A, cycloheximide, and fluconazole (27).

CBU1206, the human A24 sterol reductase DHCR24, and S.
cerevisiae Ergd were expressed in the erg4 yeast mutant under
the control of a galactose-inducible promoter, with either C-
terminal V5/6XHis or GFP tags. Immunoblotting showed high
expression after 6 h, with no expression in uninduced samples
(Fig. 3A). Induced expression of fusion proteins had no effect
on yeast growth over a 24-h period compared to the vector-
only control (Fig. 3B). Like Erg4-GFP, both CBU1206-GFP
and DHCR24-GFP localized to a structure resembling the ER,
the location of yeast ergosterol synthesis (Fig. 3C) (27). Colo-
calization with the yeast ER marker Sec13 fused to red fluo-

rescent protein (RFP) confirmed the ER localization of Erg4,
DHCR24, and CBU1206 (data not shown) (15).

To test whether CBU1206 could rescue the erg4 mutant’s
sensitivity to brefeldin A and cycloheximide, complemented
yeast cells under inducing conditions were spotted onto plates
containing these compounds (Fig. 4). Expression of DHCR24
did not rescue erg4 growth, indicating that it does not recognize
ergosterol intermediates as a substrate. In contrast, erg4 ex-
pressing CBU1206 grew in the presence of both brefeldin A
and cycloheximide, demonstrating functional complementa-
tion of the yeast A24 reductase mutant.

The yeast erg4 mutant complemented with CBU1206 gener-
ates ergosterol. To investigate whether phenotypic rescue of S.
cerevisiae erg4 by CBU1206 correlated with biosynthesis of
ergosterol, we analyzed the sterol content of complemented
yeast by reversed-phase HPLC. As expected, the major sterol
in wild-type yeast and the erg4 mutant complemented with
Erg4 was ergosterol (Fig. 5). Both uncomplemented erg4 and
the erg4 mutant expressing DHCR24 accumulated the ergos-
terol precursor ergosta-5,7,22,24(28)-tetraen-33-ol. The lack
of ergosterol production in DHCR24-expressing yeast is con-
sistent with the enzyme’s inability to phenotypically rescue cells
from drug sensitivity. In contrast, CBU1206 expression re-
sulted in generation of ergosterol in the erg4 mutant, further
demonstrating that CBU1206 is an active A24 sterol reductase.
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FIG. 3. Heterologous expression in S. cerevisiae erg4. The yeast erg4 mutant was transformed with V5/6xXHis-tagged or GFP-tagged Erg4-,
DHCR24-, or CBU1206-encoding constructs. Fusion protein expression was induced as described in Materials and Methods. (A) Immunoblotting
with antibody directed against the V5 tag showed induced expression of Ergd, DHCR24, and CBU1206. Alpha-tubulin was probed as a loading
control. (B) Heterologous expression of CBU1206 and the human A24 sterol reductase DHCR24 did not affect growth of a yeast erg4 mutant. The
ODyg of cultures was measured at the indicated time points following galactose induction. (C) CBU1206-GFP localizes to the yeast ER. The yeast
erg4 mutant expressing GFP fusion proteins was fixed and visualized by fluorescence microscopy. As previously described for Erg4 (27), DHCR24

and CBU1206 localized to the ER. GFP (vector control) was cytoplasmic.

untreated Brefeldin A
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FIG. 4. CBU1206 functionally complements a yeast erg4 mutant.
Cultures induced for 6 h with galactose were spotted in 10-fold dilu-
tions onto untreated plates or plates containing 100 pg of brefeldin
A/ml or 0.05 pg of cycloheximide/ml. S. cerevisiae erg4 cells with or
without the empty vector pYES-DESTS52 were sensitive to both brefel-
din A and cycloheximide. In contrast, ERG4 and CBU1206, but not
DHCR?24, rescued growth.

In summary, our data demonstrate that the intracellular
bacterial pathogen C. burnetii expresses a sterol reductase ca-
pable of reducing the C24 double bond of ergosterol precur-
sors. Both C. burnetii sterol reductases are considered
“orphaned enzymes” because the bacterium lacks the remaining
terminal enzymes in the cholesterol biosynthetic pathway (9).
However, the fact that C. burnetii has retained sterol reductase
genes suggests they serve a critical function. It is unlikely that
these proteins are needed to generate more cholesterol since
the host cell has an ample supply of sterols from both biosyn-
thetic and exogenous sources. The ability of CBU1206 to re-
duce a yeast sterol, which it would not encounter inside of a
mammalian cell, suggests that CBU1206 has broad substrate
specificity. One hypothesis is that the C. burnetii sterol reduc-
tases convert cholesterol precursors to novel sterols that serve
structural or signaling roles. Another possibility is that these
enzymes play a role during infection of a nonmammalian hosts,
such as ticks (1).

Although our data demonstrate that CBU1206 has enzy-
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FIG. 5. CBU1206 generates ergosterol in yeast. HPLC trace of total sterols extracted from complemented yeast. The dominant sterol in
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DHCR?24, in erg4 yeast resulted in the generation of ergosterol. A commercially available standard was used to determine the retention time of
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matic activity, we cannot rule out an additional nonenzymatic
function. The mammalian DHCR?24 both reduces sterol inter-
mediates and has a nonenzymatic role in conferring resistance
to oxidative stress and apoptosis through interactions with the
tumor suppressor p53 and the p53 negative regulator Mdm?2
(16, 17, 26). C. burnetii inhibits host cell apoptosis (23) and also
encounters reactive oxygen species in the phagolysosome-like
PV (5). New advances in C. burnetii genetic systems (2) may
soon allow generation of a CBU1206 knockout that will help
define the enzyme’s biological role.
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