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(Background: Fungal metabolites, zaragozic acids, are potent inhibitors against squalene synthase and S. aureus dehydro-

Results: Here we reported the zaragozic acid A binding mode for the head-to-head prenyltransferase drug targets.
Conclusion: Zaragozic acid A presents an unexpected binding mode from the cyclopropyl-containing intermediate in both

Significance: Our structures provide a structural basis for development of potential drugs for hyperlipidemias and bacterial
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Zaragozic acids (ZAs) belong to a family of fungal metabolites
with nanomolar inhibitory activity toward squalene synthase
(SQS). The enzyme catalyzes the committed step of sterol syn-
thesis and has attracted attention as a potential target for anti-
lipogenic and antiinfective therapies. Here, we have determined
the structure of ZA-A complexed with human SQS. ZA-A bind-
ing induces alocal conformational change in the substrate bind-
ing site, and its C-6 acyl group also extends over to the cofactor
binding cavity. In addition, ZA-A effectively inhibits a homolo-
gous bacterial enzyme, dehydrosqualene synthase (CrtM),
which synthesizes the precursor of staphyloxanthin in Staphy-
lococcus aureus to cope with oxidative stress. Size reduction at
Tyr>*® in CrtM further increases the ZA-A binding affinity, and
it reveals a similar overall inhibitor binding mode to that of
human SQS/ZA-A except for the C-6 acyl group. These struc-
tures pave the way for further improving selectivity and devel-
opment of a new generation of anticholesterolemic and antimi-
crobial inhibitors.

Natural compounds isolated from plants, animals, and
microbes are a valuable source of lead compounds for disease
treatment and medical uses. The quest for such secondary
metabolites has been widely practiced in the pharmaceutical
industry (1, 2). The fungal metabolite zaragozic acids (ZAs)? or
squalestatins have attracted high profile attention by their
potent inhibitory activities on squalene synthase (SQS) in

* This work was supported by Academia Sinica and National Science Council,
Taiwan Grants NSC97-3112-B-001-017, NSC98-3112-B-001-024, and
NSC99-3112-B-001-026 (to A. H.-J. W.).

This article contains supplemental Tables S1-S3 and Figs. S1-54.

The atomic coordinates and structure factors (codes 3VJ8, 3VJ9, 3VJA, 3VJB, 3VJC,
3VJD, and 3VJE) have been deposited in the Protein Data Bank, Research Col-
laboratory for Structural Bioinformatics, Rutgers University, New Brunswick,
NJ (http://www.rcsb.org/).

" To whom correspondence should be addressed: No. 128, Academia Rd., Sec
2, Taipei 115, Taiwan. Fax: 886-2-2788-2043; E-mail: ahjwang@gate.sinica.
edu.tw.

2 The abbreviations used are: ZA, zaragozic acid; CrtM, dehydrosqualene syn-
thase; FPP, farnesyl diphosphate; PSPP, presqualene diphosphate; SQS,
squalene synthase.

18750 JOURNAL OF BIOLOGICAL CHEMISTRY

human and other species at nano- to picomolar concentration
and possess in vivo activity. Because SQS is highly conserved
across various species and represents the first dedicated step
succeeding HMG-CoA reductase in sterol biosynthetic path-
way, pharmacologists regard SQS inhibitors as promising lead
compounds in the development of potential therapeutic agents
to treat hyperlipoproteinemia (3-5), and fungal and Trypano-
somatid infections (6, 7). The biology, chemistry, and synthetic
studies of the structurally complex unprecedentedly ZA family
have been reviewed and discussed (7-10). Surprisingly, ZA
members have also been identified as ras farnesyl transferase
and geranylgeranyl transferases inhibitors, and also reduce
dengue viral replication and the PrP-induced neuronal injury
(11-14).

Human SQS (EC 2.5.1.21) is an endoplasmic reticulum-
bound enzyme that catalyzes the NADPH-dependent conden-
sation of two farnesyl diphosphate (FPP) molecules into squa-
lene, via presqualene diphosphate (PSPP) (15). A similar
chemical change is catalyzed by Staphylococcus aureus dehy-
drosqualene synthase (CrtM) to form dehydrosqualene, the
precursor of staphyloxanthin, by a nonreductive rearrange-
ment reaction (Fig. 1A). Blocking reactive oxygen species
detoxification by inhibiting staphyloxanthin biosynthesis pres-
ents a novel antimicrobial strategy (16, 17). Our previous work
has shown that several inhibitors of SQS as cholesterol-lower-
ing drugs decrease S. aureus survival in animal models (18). Ina
recent study, Lopez and Kolter also found that a ZA member
curtails S. aureus staphyloxanthin and biofilm formations (19).

ZA family has a complex fused “bicyclic core,” a highly oxy-
genated 2,8-dioxabicyclo[3,2,1]octane-4,6,7-trihydroxy-3,4,5-
tricarboxylic acid ring, with two variable hydrophobic tails,
termed the C-1 alkyl and the C-6 acyl side chains, and displays
diverse effects on target enzymes. For example, the C-6 short
chain derivatives retain only 2—-15% SQS inhibitory activity of
ZA-A. However, substitution of the C-1 alkyl group of the
w-phenyl group by a w-phenoxy group improves the activity
further (7, 20, 21). So far, clear three-dimensional quantitative
structure activity relationships have not been established.
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FIGURE 1. A, reaction mechanism catalyzed by SQS and CrtM. The first reaction step for the two enzymes is similar, producing a cyclopropyl-containing
intermediate, PSPP. The second reaction step differs from that of squalene synthesis, but not dehydrosqualene synthesis, proceeding through an NADPH-
utilizing reductive rearrangement reaction. SQS and CrtM catalyze the first committed step of sterols and carotenoid biosynthetic pathways. ZA blocks sterols
and staphyloxanthin formations. Band C, PSPP (B) and ZA-A (C) share partial structural similarities. The central 2,8-dioxabicyclo[3.2.1]octane core of ZA-A with
six contiguous stereocenters is depicted in red. Its two lipophilic groups are highlighted in blue (the C-1 alkyl side chain) and green (the C-6 acyl side chain).

In this report we provide x-ray crystal structures of the
ligand-free human SQS with two flexible regions for ligand
binding, ZA-A in complex with human SQS and S. aureus
CrtM, and we analyze the binding properties in vitro. These
structures provide the detailed, high resolution view of the
binding interactions and conformational changes of ZA-A with
these two important enzymes. An alternative region in human
SQS active site might be specifically responsible for cofactor/
inhibitor occupancy. The refined structures not only help to
resolve the longstanding ambiguity on the binding mode of
ZA-A to SQS, but also increase scientific understanding of the
distinct binding features of ZA-A in two similar enzymes.
Finally, our work provides the structural basis for further inhib-
itor optimization and drug development. Possible therapeutic
applications include cholesterol-lowering agents, antiproto-
zoan and antimicrobial therapy.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Crystallization—The
human SQS was cloned from a human liver cDNA library. The
DNA fragment corresponding to human SQS(31-370) was
inserted into a pET28a expression vector (Novagen), yielding
pET28a-hSQS(31-370). The final construct encoded a trun-
cated human SQS with an N-terminal His, tag and a thrombin
cleavage site. The protein was expressed and purified by slightly
modified procedures of Thompson et al. (22) and Pandit et al.
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(31). The His, tag was then removed by using thrombin.
Human SQS (31-370) was crystallized by mixing an equal vol-
ume of protein solution (15 mg/ml) with precipitating solution
(20% PEG2K-MME, 0.01 m NiCl,, 0.1 m Tris, pH 8.5; 1.4 M
sodium citrate tribasic dehydrate, 0.1 m Na-HEPES, pH 7.5; 2 M
K,HPO,/NaH,HPO,, pH 6.5) at room temperature. A crystal-
seeding process improved the crystal size and quality. The wild-
type S. aureus CrtM and the mutant Y248A were expressed,
purified, and crystallized as described previously (23). The
ZA-A complexes were prepared by incubation of the enzyme
with ZA-A for 30 min on ice to yield a final enzyme:ZA-A molar
ratio of 1:1. Both complex crystals were grown at 25 °C by vapor
diffusion in sitting and hanging drops.

Data Collection, Structure Determination, and Refinement—
The diffraction data of native human SQS(31-370) and its com-
plex crystals were collected at the National Synchrotron Radi-
ation Center (NSRRC) of Taiwan and beamline BL44XU of the
SPring-8 in Japan. All diffraction data were processed and
scaled using the HKL2000 package (24). The structures of the
ligand-free human SQS(31-370) and its complex with ZA-A
were solved by molecular replacement using MolRep (25) in
which the human SQS(31-370)-inhibitor complex served as a
search model (Protein Data Bank ID code 1EZF). Iterative
model building and computational refinement were performed
using COOT (26) and REFMAC (27). Manual rebuilding of the
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models also used the COOT based on the 2F,— F_ and F,— F,
electron density maps. RAMPAGE (28) was used to calculate a
Ramachandran plot, identify and correct rotamer outliers, and
identify potential steric clashes in the models. The figures illus-
trating the crystal structures and superpositions were prepared
by using PyMOL. Data collection and refinement statistics can
be found in supplemental Table S1.

CrtM Enzyme inhibition Assay—The activity of CrtM was
determined by measuring the release of pyrophosphate (PP;)
from the conversion of FPP to dehydrosqualene in the presence
of Mg>* (29, 30). The PiPer Pyrophosphate assay (Invitrogen)
was employed as described by the manufacturer in the “Assay-
ing for Enzyme Activity” setting with some modifications. The
phosphate release reaction was measured in a 96-well plate
using the continuous spectrophotometric method at 565 nm.

Isothermal Titration Calorimetry—Thermodynamic param-
eters of ZA-A (Sigma) binding were determined using a Micro-
Cal iTC200 (GE Healthcare). All samples were filtered with
0.22-um cutoff filters (Millipore). The buffer for all enzymes
and inhibitor solutions consisted of 20 mm Tris-HCI, pH 7.5,
100 mm sodium chloride, and 2 mm DTT. A 10 um solution of
ZA-A was directly titrated into a solution of 100 um human
SQS(31-370), CrtM, and CrtM mutant in 200-ul aliquots. The
experiments were performed at 25 °C. Each experiment was
repeated at least three times. Data were then analyzed using the
software Origin.

RESULTS

Overall Structure of Apo-human SQS—The active, doubly
truncated human SQS(31-370) used in this study has been
characterized previously (22). We obtained the structures of
the ligand-free human SQS and its complex with ZA-A in four
different crystal forms (forms I-IV), and the refinement statis-
tics are shown in supplemental Table S1. Human SQS shows a
typical “isoprenoid synthase fold” with a large, hydrophobic
active site. The four conserved regions shared among SQS are
assumed to be involved in substrate/cofactor recognition and
catalysis (Fig. 24, and supplemental Fig. S1). SQS contains two
noncanonical aspartate-rich motifs of DXXED (*°*DXXED?**
and **?DXXED?*3), which reside on opposite sides of the active
site cleft where the donor and acceptor FPP molecules undergo
1'-1 condensation reaction. The central cavity bears two flexi-
ble regions, **SRSF>* and *'*KIRKGQAVTLMMD?3?’, which
constitute part of the substrate and cofactor binding sites (black
box and yellow circle in Fig. 2A). The ligand-free structures in
different crystal forms are essentially identical, with root mean
square difference of 0.31-0.71 A. Notably, the crystal form IV
structure shows an outward extended flap (oK) for trimeric
packing, and the asymmetric unit indeed contains two similar
trimers (supplemental Fig. S2, A and B). Analysis of the B-fac-
tors for each structure of apo-human SQS in different crystals
reveals that the most flexible region is located in the aJaK loop
and aK (supplemental Fig. S2C).

Of the four regions that are highly conserved from yeast to
human SQS, regions I, I, and III share sequence homology with
S. aureus CrtM. Based on the similarity of structure, catalytic
reaction, and bisphosphonate binding mode between human
SQS and CrtM (23), we assume that both enzymes adopt com-
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parable FPP and PSPP binding patterns (two FPP molecules in
S1and/or S2 sites, and PSPP in both sites). The regions I, II, and
III mainly form the two nonidentical FPP binding sites. How-
ever, human SQS further reduces PSPP by NADPH in the sec-
ond step to form squalene. Although there is no sequence
resemblance to the known pyridine dinucleotide binding a/f3-
motifs of a classic “Rossmann fold,” a series of modifications in
region IV prevented SQS from undergoing the second half-
reaction, indicating that this region may reasonably constitute a
functional NADPH binding site.

From our observation, the residues Ser®?, Phe®*, Leu®'’,
Pro*??, Met**®, and Ala®® located on regions I, 111, and IV of
human SQS, which are completely conserved among all species,
constitute an alternative pocket in human SQS active site
(denoted cofactor site or C site, Fig. 2B). Indeed, this cavity is
not found in S. aureus CrtM, underscoring its structural and
catalytic importance. We also suspect that the highly flexible
aJaK loop may act as a lid that regulates the access of NADPH
to its binding site during catalysis.

Crystal Structure of Human SQS Complexed with ZA-A—
Thompson et al. previously demonstrated that ZA-A is a com-
petitive inhibitor of FPP with human SQS and exhibits an IC,
value of 0.7-1.2 nm (22). Based on the gross structural similar-
ities, it has been speculated that ZAs inhibit SQS activity by
mimicking the binding of PSPP to the enzyme (Fig. 1, B and C).
In human SQS-ZA-A complex crystal, each of the six protein
molecules is bound to a single molecule of ZA-A in the active
site. Fig. 2C displays the ZA-A binding mode of human (31—
370)/ZA-A monomers (chains A—F). The Fourier maps show
well defined electron or difference density that corresponds to
the ZA position (supplemental Fig. S3A). Superposition of this
complex with the previously determined human SQS structure
with a substrate-mimetic inhibitor (BPH-652) shows that the
C-1 alkyl side chain of ZA-A binds onto the S1 site, and the
binding pattern of the C-4’ terminal groups on the C-1 tail fits
well to the biphenyl side chain of the phosphonosulfonate.
Moreover, the terminal phenyl group is located at the bottom of
the S1 site (supplemental Fig. S3B). This binding induces a local
conformational change in the active site compared with the apo
structure. We observe that the hydrophobic moiety of the C-1
bulky side chain induces an inward shift of the aAaB flap
(®'SRSF>%) and positions Tyr”> toward the surface. This situa-
tion creates a highly polar environment for stabilizing the fully
oxidized core. The large core is located in the upper part of
cavity, and the level of low nanomolar affinity is reflected by
sufficient binding interactions for stabilizing the flexible
>ISRSF>* flap (detailed in supplemental Table S2. Fig. 2D pres-
ents the key ZA-A bicyclic core interactions with human SQS
monomer (chain A). The polyacidic charge of the bicyclic core
elicits strong binding and inhibitory activity against human
SQS, accompanied by more extensive hydrogen bonds than
those found from other inhibitors bearing carboxylic or phos-
phonic acid groups (23, 31). Various degrees of substitutions
along the C-3, C-4, and C-5 in rat liver microsomal SQS and in
vivo models have been discussed (9, 33-35).

A comparison of the active sites of human SQS and CrtM
indicates that the binding site of the PSPP pyrophosphate group
would overlap with the ZA-A bicyclic core region. Surprisingly,
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FIGURE 2. Active site structures of human SQS. A, overall structure of human SQS(31-370). Regions | (red), Il (magenta), Il (blue), and IV (green), common to
all SQS around the active site, are shown. The truncated N and C termini are labeled. The ball-and-stick models show the Asp and Glu residues in the two
aspartate-rich motifs located in the active site. The two flexible regions are indicated by a black box and a yellow circle. B, top view of an electrostatic surface
model showing a broad active site pocket in ligand-free human SQS. The conserved residues Ser?, Phe*?, Leu®'", Met*®*, and Ala®*® constitute a hydrophobic
pocket, denoted the Csite. C, ZA-A binding modes. The ZA-A molecules in different chains of the human SQS-ZA-A complex are shown as stick models. The C-1
alkyl group stays in the S1 site, and the extensive C site is occupied by the C-6 acyl group with a dramatically different binding pattern. The S2 site is empty.
D, close-up view of the detailed interactions of ZA-A central core with human SQS. Carbon atoms in the bicyclic core are colored in magenta in ball-and-stick

representation. Water molecule is depicted as a small green ball, and some important residues are labeled.

unlike the binding pattern of PSPP hydrophobic tails, the other
6-0-acyl side chain of ZA-A does not reside in the S2 site.
Instead, it binds to human SQS in the other hydrophobic
pocket, the Csite (Fig. 2C). Hydrophobic interactions between
the two lipophilic side chains and human SQS are given in sup-
plemental Table S3. The residues Phe®*, Leu®'!, Phe®*?, and
Met**® in the aAaB loop, aH, and of constitute the second
hydrophobic region for the C-6 group binding (supplemental
Fig. S3C). Further, this site presents a spacious cavity for
accommodating the o, 3-unsaturated ester chain of the C-6 acyl
unit in various binding patterns. This result may explain how
the increase of the C-6 chain length in previous work improved
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or retained potency at the subnano- to nanomolar level in rat
SQS and in modulating regiono- and stereoselective behavior of
these compounds (20, 21, 36). Furthermore, unlike most phos-
phonosulfonate or bisphosphonate inhibitors that bind to the
allylic substrate site and interact with the DDXXD motif
through a metal-mediated interaction, ZA-A binds directly to
human SQS in a metal-independent manner.

Binding Analysis of ZA-A to Human SQS and S. aureus
CrtM—Many SQS inhibitors that mimic either FPP or PSPP
can also greatly diminish CrtM activity and staphyloxanthin
biosynthesis (18, 23, 29, 30). Recently, Lépez and Kolter also
reported that ZA-A impaired golden pigment formation and
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FIGURE 3. Effects of ZA-A on human SQS and S. aureus CrtM. A, inhibitory effect of ZA-A on S. aureus CrtM activity. The ICs, of ZA-A for CrtM is 10 pm.
B, thermodynamic parameters from isothermal titration calorimetry data for binding of ZA-A to human SQS(31-370), S. aureus CrtM, and CrtM mutant.
C, binding between ZA-A and human SQS. D, binding between ZA-A and S. aureus CrtM. E, binding between ZA-A and Y248A CrtM. The enzymes bind to ZA-A
with a 1:1 stoichiometry, indicating that the proteins are properly folded and that the concentration is determined accurately.

was a potent biofilm inhibitor in S. aureus and Bacillus subtilis
without causing cell death (19). These results imply that ZA-A
and its analogues can serve as selective antibacterial drugs.
Indeed, ZA-A exhibits potent inhibition of CrtM activity
(IC5, = 10.3 £ 0.4 um) (Fig. 3A). Using isothermal titration
calorimetry, we further analyzed the thermodynamics of ZA-A
binding to CrtM. ZA-A binds to CrtM with a very low K, value
(high binding constant) of 58 nM, and it binds to human SQS
even more efficiently (K, = 18.9 nm) (Fig. 3, B—-D). As with
CrtM, the binding stoichiometry of ZA-A to human SQS is 1:1,
consistent with the structural data. However, crystals of the
wild-type CrtM—-ZA-A complex were difficult to obtain; the
main reason was revealed by further molecular docking studies.

A modeling experiment showed that the active site of CrtM is
well adapted to bind both the hydrophobic C-1 side chain and
the polynegative-charged bicyclic core. However, the bulky C-6
group would cause a steric crash with the side chain of Tyr**® in
CrtM, which has a location similar to that of Ala**® in region IV
of human SQS. Of note, the interactions with Tyr248, Phe??
(Phe®* in human SQS), and Leu*®* (Leu?*! in human SQS) cru-
cially drive CrtM to fold into a compact shape with narrow
gated substrate binding channels. When Tyr>*® is replaced with
alanine, the CrtM retains 20 -30% of its original enzyme activ-
ity. We observed that the B-values for the "> SKSF**and J-K loop
in the Y248A mutant structure were elevated, suggesting that
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the reduced activity may be a result of disturbing the Tyr>*®-
Phe**-Leu’®* interaction that leads to a destabilized enzyme
conformation.

Compared with the wild-type CrtM, the Y248A mutant
interestingly showed an enhanced affinity to ZA-A (Fig. 3, B
and E). The dissociation constant (K,) of the ZA-A binding to
the CrtM mutant was significantly decreased compared with
that of the wild type. Moreover, the mutation altered the bind-
ing enthalpy (AH), —8.8 = 0.1 kCal/mol for the wild-type and
—13.3 * 0.4 kCal/mol for Y248A. This indicates that more
specific interactions are involved in the CrtM mutant binding
to ZA-A than in the wild-type protein. Our results are also
consistent with the above modeling analysis, which suggests
that Tyr**® located on nonhomologous region IV may spatially
obstruct the C-6 group binding.

Crystal Structure of S. aureus Dehydrosqualene Synthase
(CrtM) Complexed with ZA-A—The Y248 A CrtM—-ZA-A com-
plex crystal grew in the hexagonal space group P3,21 and con-
tains two molecules per asymmetric unit (designated as chains
A and B in supplemental Fig. S4A). The active site of each pro-
tein was occupied by a ZA-A molecule, and this complex was
refined at 2.12 A to an R-factor of 20% (supplemental Table S1).
For each structure, the fit of the inhibitors to the electron den-
sity maps was unambiguously defined for the final structure
(supplemental Fig. S4B). The orientation and interactions of
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FIGURE 4. Overall structure of the Y248A CrtM-ZA-A complex. A, electrostatic surface representation of Y248A CrtM binding site with ZA-A (green). Here, the
S2 site is empty. B, superimposition of apo-CrtM (gray) and Y248A CrtM-ZA-A (yellow) showing the local conformational changes of the S1 site upon binding
to ZA-A. C, ZA-A binds to the Y248A CrtM active site. If present, the C-6 acyl group would crash into Tyr?*® (in slate). D, close-up view of the detailed interactions
of ZA-A central core (magenta carbons) with Y248A CrtM shown in stereo. The ZA-A molecule is shown as a ball-and-stick representation. The important
residues are labeled. Potential hydrogen bonds between the side chains of Y248A CrtM and ZA-A are shown as black dashes.

ZA-A bound to the Y248A CrtM indeed clearly resemble those
in the human SQS complex (Fig. 44). The highly oxygenated
core structure contacts residues '?SKSF?? (equivalent to the
>1SRSF** flap in human SQS). In addition, the C-1lipophilic tail
extends into the narrow pocket which is lined with hydropho-
bic residues that help to stabilize the interaction with the iso-
prenoid moiety of the donor FPP (S1 site). The crystal structure
reveals that the side chains of Phe** and Phe*® are moved
toward the bottom of the active site, and the orientation of the
Tyr*! side chain provides sufficient space for stabilization of the
ZA-A C-1 unit in the S1 site (Fig. 4B).

Structural comparison further illustrates that PSPP and
ZA-A adopt distinct binding modes in CrtM, although the bicy-
clic core and the PSPP pyrophosphate share an overlapping
binding site (supplemental Fig. S4C). The highly acidic core is
fastened by a large network of hydrogen-bonding and ionic
interactions with the functional groups of residues including
Ser'®, Lys®°, Tyr*, Arg® (corresponding to residues Ser®',
Arg®?, Tyr”®, Arg’” in human SQS), and the backbone of His'®,
Lys®°, Ser®'. Moreover, the hydrogen-bonding forces between
the amide group of Asn'®® and the C-7 hydroxyl are found in
Y248A CrtM-ZA-A complex (Fig. 4D). In the nonhomologous
region IV of CrtM, the guanidinium group of Arg** also pro-
vides a hydrogen bond to the C-3 carboxylic acid. Notably, the
binding orientations of the C-6 group on CrtM and human SQS
differ radically. In addition, the carbonyl oxygen of the C-6 side
chain closes onto the functional group of Arg'”!, inducing
hydrogen bonding. Supplemental Tables S2 and S3 summarize
the intricate interactions between the inhibitor and the mutant
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protein. Finally, as expected, the presence of the Tyr>*® phenol

ring of the wild-type CrtM would block the C6-dimethyl-
octenoate group binding (Fig. 4C).

DISCUSSION

Natural products with huge structural diversity are consid-
ered a valuable source of drug leads for improvement of their
pharmacological activity by structural modification. More than
a half of commercialized drugs are natural product-based com-
pounds. As ZAs exhibit fascinating biological activity for SQS,
much work has focused on total synthesis by Merck, Glaxo, and
other groups in an attempt to identify the key structural fea-
tures of SQS-inhibitory activity (9, 20, 21, 33-37). However,
variations of C-3, C-4, and C-5 tricarboxylic acids, C-4, C-7
dihydroxyl groups, and the C-1 and C-6 mimetics are often at
odds with regard to which structural changes make the com-
pounds more active or less. Because of the therapeutic potential
of those active metabolites on sterol and staphyloxanthin bio-
synthesis, the determination of their binding modes is of critical
importance for further drug development.

The structures of the bound ZA-A in human SQS and CrtM
elucidate how the 2,8-dioxabicyclo[3.2.1]octane-3,4,5-tricar-
boxylic acid core fine-tunes the selective effects against the two
enzymes. These structures also support a model where the lipo-
philic substrate/inhibitor binds to the S1 site and triggers local
conformational change in the active site. Indeed, substrate-in-
duced conformational changes are often observed in cis- and
trans-prenyltransferases. Further, the anionic groups of SQS
inhibitors are either predominantly stabilized by the aspartate-
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rich motifs via divalent metals, or they are directly bound by the
positively charged residues in the vicinity of the active site
entryway. Because human SQS and CrtM structures share a
similar scaffold but CrtM lacks the ZA-A C-6 group binding
cavity, the above information hinted at several important pos-
sibilities to develop effective inhibitors to these targets. One is
that ZA derivatives coupled with shortened C-6 length (e.g. C-6
deoxy H1) may enhance the inhibitory specificity against CrtM.
In a previous report, Ponpipom et al. found that the C-6 short
chain derivatives show enhanced activity in vivo than the C-6
long chain analogues. Earlier work on these natural products
also reported their effects on microbial population. Fairlamb ez
al. showed that ZA-A exerts no distinct effects on bacterial
growth (38). In a later study, Lopez and Kolter demonstrated
ZA-A impaired bacterial biofilm formation but not cell viabil-
ity, indicating no additional selective pressure on infection
treatment. Our data, together with these previous findings,
encourage the development of ZA derivatives into some anti-
virulence agents based on the complex structures.

By observing the active site interactions of a series of inhibi-
tors to both enzymes, it seems that the ZA central core is not
critically essential for inhibition and may only serve as a poly-
negative determinant. For example, a group of Trichoderma
viride Pers metabolites (the viridiofungins or VFs isolated by
Merck and derived from amino alkyl citrates with acyclic tricar-
boxylic acids) (32) and the ZA analogues (those bearing acyclic
or monocyclic ring with polycarboxylic acids found by Glaxo
group) (9) possess reduced but still considerable enzyme-inhib-
itory activity for rat SQS. These results, taken together, suggest
that the identical orientation of the acidic moiety of these com-
pounds is a critical feature for the inhibitory activity. In other
words, different ring size can be considered as a means of mod-
ification. Various structural modifications of C-1 (such as pep-
tidomimetic, a fatty acyl moiety, or unnatural amino acids)
could be tested. Moreover, it should also be feasible to design
new ZA derivates bearing C-7 lipophilic group as dual SQS/
CrtM inhibitors that are selective for both S1+S2 sites.

Until now, no human SQS inhibitor has been marketed as an
antihyperlipidemic drug, and so an effort continues in the
development of SQS inhibitors with improved pharmacological
properties. In conclusion, our findings shed light on the possi-
bility of designing and developing new generation of sterol-
lowering agents and antimicrobial drugs that would especially
target pathogenic S. aureus, without affecting the de novo cho-
lesterol biosynthesis pathway.
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