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A Cholesterol Biosynthesis Inhibitor Blocks
Staphylococcus Aureus Virulence
M ethicillin-resistant S. aureus (MRSA) infections are

Staphylococcus aureus has always been a serious

particularly problematic in both community and clinical

human pathogen; it is the leading cause of many human

settings. The golden carotenoid pigment of S. aureus,

infections. During recent decades it has become more

staphyloxanthin, promotes resistance to reactive oxygen

serious owing to its acquisition of antibiotic resistance.

species and host neutrophil-based killing, and early

A new strain of methicillin-resistent S. aureus (MRSA) is

enzymatic steps in staphyloxanthin production resemble

responsible for more deaths than to HIV/AIDS each year.

those for cholesterol biosynthesis. We determined the

One approach to deal with such problems, discussed at

crystal structures of S. aureus dehydrosqualene synthase

a recent National Research Council workshop, involves

(CrtM), finding structural similarity to human squalene

the specific neutralization of bacterial virulence factors to

synthase (SQS). One SQS inhibitor, BPH-652, previously

render pathogenic bacteria susceptible to innate immune

tested for cholesterol-lowering activity in humans, blocked

system clearance.

staphyloxanthin biosynthesis in vitro (IC50 ~100 nM),
resulting in colorless bacteria with increased susceptibility
to killing by human blood and to innate immune
clearance in a mouse infection model. This finding
represents proof of principle for a virulence factor–based
therapy against S. aureus.

An important virulence factor in S. aureus is the vivid
golden carotenoid pigment staphyloxanthin, which acts as
an antioxidant to evade attack by reactive oxygen species
(ROS) from the host immune system. Bacteria that lack the
carotenoid pigment grow normally, but they are rapidly
killed by ROS from host neutrophils and are deficient in
skin abscess formation. Blocking staphyloxanthin bio
synthesis is therefore a potentially attractive therapeutic
target, and the bright golden coloration of the virulence
factor facilitates inhibitor screening.
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The first committed step in staphyloxanthin bio
synthesis is catalyzed by the S. aureus dehydrosqualene
synthase (CrtM). It involves the head-to-head conden
sation of two molecules of farnesyl diphosphate to pro
duce the C 30 species, presqualene diphosphate, which
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then produces dehydrosqualene (Fig. 1). The structure of
dehydrosqualene is very similar to that of the squalene
used in cholesterol biosynthesis in humans, and both
dehydrosqualene and squalene biosyntheses proceed
through presqualene diphosphate. The pathways diverge
at this intermediate, with a reduced nicotinamide ad
enine dinucleotide phosphate (NADPH) -- catalyzed
reductive step present in squalene synthesis but not in
dehydrosqualene synthesis. Despite their only modest
sequence homology, CrtM had structural similarity to
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human squalene synthase (SQS). The overall
fold (Fig. 2A) shows clear similarity to human
SQS, as can be seen in the superposition
(Fig. 2B). CrtM is all helical and has a large
central cavity capable of accommodating
the C 30 product, dehydrosqualene. This led
to the hypothesis that inhibitors of SQS that
had already been developed as cholesterollowering drugs might also be active against
CrtM.
To see how inhibitors might bind to
CrtM, we crystallized the protein with farnesyl
thiodiphosphate (FsPP), a nonreactive analog
of farnesyl diphosphate, the substrate for
CrtM. Indeed, two FsPP molecules were found
in the large central cavity (Fig. 2C). Structural
similarity raised the possibility that human SQS inhibitors
developed as potential cholesterol-lowering drugs might

Fig. 1: Biosynthetic pathways. (A) Staphyloxanthin
biosynthesis (in S. aureus). (B) Cholesterol (in
humans) and ergosterol (in, e.g., yeasts and
some parasitic protozoa) biosynthesis.

also be active against CrtM. Of eight compounds tested,
only the three phosphonosulfonates, BPH-652, BPH-698,
BPH-700, had potent activity against S. aureus pigment
formation in vitro, as shown for BPH-652 in Fig. 3, with
median inhibitory concentration (IC50) values in the range
100 to 300 nM. In all three structures, we found evidence
for only one phosphonosulfate bound per CrtM, not the

two ligands that might have been anticipated from the
FsPP structure. Their diphosphate head groups interact
with three Mg 2+ ions, which in turn interact with Asp
residues in the two conserved Asp-X-X-X-Asp repeats seen
in many prenyl synthases. Moreover, all three inhibitors
have different binding modes (Fig. 2D, E and F).

Fig. 2: X-ray crystallographic structures. (A)
X-ray structure of S. aureus CrtM. (B)
Superposition of CrtM and human
squalene synthase structures. (C)
Close-up view of FsPP bound to CrtM.
(D) Close-up view of S. aureus CrtM
with bound BPH-652. (E) S. aureus
CrtM with bound BPH-698. (F) S.
aureus CrtM with bound BPH-700. In
(C) to (F), the FsPP ligands are in green
or yellow; BPH-652, BPH-698, and
BPH- 700 (and associated Mg2+) are in
blue, cyan, and magenta, respectively.
Key contacts with Asp (D) and Asn (N)
residues are indicated
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and cholesterol is generally abundant in serum (or diet).
This indicates low toxicity, consistent with the results of the
clinical trials (on S-BPH-652).
Together with the production of white S. aureus,
which signifies the absence of the staphyloxanthin
antioxidant, BPH-652 dramatically decreased S. aureus
sur vival, as expected because they contained no
carotenoid pigment to act as an antioxidant (Fig. 3B, C).
The contribution of S. aureus pigmentation to mucosal
colonization after intranasal inoculation was negligible
(Fig. 3D). Furthermore, in a mouse model of systemic
infection, BPH-652 treatment decreased bacterial counts in
the kidney by 98%, achieving almost undectectable levels
(Fig. 3E).
The CrtM (dehydrosqualene synthase) enzyme from
S. aureus is a target for anti-infective treatment based
on virulence factor neutralization, and prior medicinal
chemistry studies on mammalian squalene synthases
were of great utility in this antibiotic drug development
program. Such virulence-factor-based approaches offer
theoretical advantages for reducing selection pressure
toward the emergence of resistance, both in the pathogen
Fig. 3: In vitro, in vivo, and CrtM inhibition results.
(A) Inhibition of wild-type ( WT ) S. aureus
pigmentation using 0 to 1000 μM BPH-652,
with ΔCr tM control at left. The IC 50 for
pigment formation is ~110 nM. (B) Effect of
BPH-652 on S. aureus susceptibility to H 2O 2
(1.5%, 1 hour). (C) Effect of BPH-652 on S.
aureus susceptibility to killing in human whole
blood. (D) CFU isolated from noses 5 days after
intranasal inoculation of mice with 1:1 mixture
of WT and ΔCrtM S. aureus. In vivo data in (E)
are compiled from two sets of experiments,
using different numbers of mice, performed
under the same conditions.

and in our normal commensal microflora.◆
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progressed into early human clinical trails as a cholesterollowering agent. As expected, BPH-652 had no effect on the
growth of three human cell lines (MCF-7, NCI-H460, and
SF-268), because only cholesterol biosynthesis is targeted
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