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With the rise in resistance to antibiotics such as methicillin, there is
a need for new drugs. We report here the discovery and X-ray
crystallographic structures of 10 chemically diverse compounds
(benzoic, diketo, and phosphonic acids, as well as a bisamidine and
a bisamine) that inhibit bacterial undecaprenyl diphosphate syn-
thase, an essential enzyme involved in cell wall biosynthesis. The
inhibitors bind to one or more of the four undecaprenyl diphos-
phate synthase inhibitor binding sites identified previously, with
the most active leads binding to site 4, outside the catalytic center.
The most potent leads are active against Staphylococcus aureus
[minimal inhibitory concentration (MIC)gy ~0.25 pg/mL], and one
potently synergizes with methicillin (fractional inhibitory concen-
tration index = 0.25) and is protective in a mouse infection model.
These results provide numerous leads for antibacterial develop-
ment and open up the possibility of restoring sensitivity to drugs
such as methicillin, using combination therapies.

drug discovery | in silico high-throughput screening | peptidoglycan |
protein structure

Targeting isoprenoid biosynthesis is a potentially important
route for antibiotic discovery because isoprenoids are in-
volved in the very early steps of bacterial cell-wall biosynthesis—
the condensation of dimethylallyl diphosphate (DMAPP, 1) with
two molecules of isopentenyl diphosphate (IPP, 2) to form far-
nesyl diphosphate (FPP, 3), catalyzed by the enzyme farnesyl
diphosphate synthase (FPPS), followed by the addition of eight
more IPP molecules to form undecaprenyl diphosphate (UPP, 4)
(1, 2) (Fig. 1). Formation of 4 is catalyzed by the enzyme un-
decaprenyl diphosphate synthase (UPPS), and several UPPS
inhibitors have been reported (3—-10). UPP is then hydrolyzed to
the monophosphate, which is next converted to lipid I and lipid
I, leading to formation of cell wall peptidoglycan (Fig. 1) (11,
12). Antibiotics such as methicillin and vancomycin act in the
latter stages of peptidoglycan formation, again as shown in Fig. 1.
Here, we focus on the development of UPPS inhibitors because
UPPS is an essential protein not produced by humans (13). UPPS
inhibitors are predicted to synergize with the more-conventional
cell-wall biosynthesis inhibitors, potentially reducing the toxicity
of drugs such as vancomycin (by decreasing dosage), or restoring
drug sensitivity [e.g., with methicillin-resistant Staphylococcus
aureus (MRSA)]. The UPPS structure is unusual in that there are
four known ligand binding sites (5), opening up the possibility of
designing a diverse range of inhibitors.

Results and Discussion

UPPS Inhibitors. In previous work, we and others reported the
discovery of several UPPS inhibitors, including bisphosphonates
such as BPH-629 (5) (5), tetramic acids such as 6 (6), as well as
diketoacids such as 7 (10) and benzoic acids such as 8 (9) (Fig. 2).
Based on in silico high-throughput screening (9) and hit de-
velopment (Fig. S1), we produced a small series of benzoic
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(9-12), phosphonic (13), and diketoacids (14, 15) that had ac-
tivity against UPPS (Fig. 2). In addition to these anionic species,
we discovered several potent cationic inhibitors (16-18); this
was unexpected from both a computational and experimental
standpoint because these compounds do not mimic the (anionic)
FPP substrate, and the UPPS mechanism is not thought to in-
volve carbocation intermediates (14). We thus sought to de-
termine how these inhibitors bind to their UPPS target, by
obtaining crystal structures of 8-16 and 18 bound to Escherichia
coli UPPS.

Four Inhibitor Binding Sites in UPPS. UPPS functions by sequentially
adding IPP to an allylic substrate, initially FPP (15). It might
reasonably be expected, then, that anionic inhibitors with lipo-
philic side-chains would bind to the FPP substrate site, as shown
in Fig. 34, yellow (PDB ID code 1X06). However, in a second
structure (PDB ID code 1V7U), two FPP molecules bind, one in
the substrate site and the other in a second site at the “bottom” of
the protein (Fig. 34, green). Moreover, with the bisphosphonate
inhibitor 5, there are actually four binding sites (sites 1-4) (5) that
can be occupied (Fig. 3B, cyan; PDB ID code 2E98) in which the
side chains in each of the four inhibitor molecules occupy the
large hydrophobic center of the protein that normally accom-
modates the Css side chain in the UPP product. With the two
less-active benzoic acid inhibitors, 8 and 9, we find that only site 3
(Fig. 3C; PDB ID code 3SGT) or sites 1, 2, and 3 are occupied
(Fig. 3D; PDB ID code 3SGV), but the activity of both of these
inhibitors is weak (8, E. coli UPPS, ICsy = 150 pM; S. aureus
UPPS, 170 uM; 9, E. coli UPPS, 1Csy = 35 pM, S. aureus UPPS,
72 uM; Table S1). Full data acquisition and structure refinement
details are in Table S2, and electron densities (2Fo-Fc and sim-
ulated-annealing Fo-Fc omit maps) are in Fig. S2 4 and B. So,
with these two benzoic acid inhibitors, binding to sites 1, 2, or 3
correlates only to weak UPPS inhibition.

Potent Benzoic Acid Inhibitors Bind to Site 4. We next determined
the structures of the three potent benzoic acid inhibitors (10—
12) (Fig. 2) bound to UPPS (Fig. 4 A-C). Each of these mole-
cules contains a long hydrophobic side-chain and, on average,
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Fig. 1. Schematic outline of cell wall biosynthesis (in most bacteria) showing involvement of isoprenoid biosynthesis in the early stages of peptido-

glycan formation.

the ICs values against both E. coli and S. aureus UPPS are ~3
pM (Table S1). What is notable about these X-ray structures is
that in each case, site 4 is occupied, together with either sites 1,
2, or 3. Full data acquisition and structure refinement details are
in Table S2, and electron densities are in Fig. S2 4 and B. In
addition, we found that the aryl phosphonate inhibitor 13 also
occupied two sites (Fig. 4D). However, there are two chains in
one asymmetric unit, and site occupancies in the two chains are
variable: the lower site-occupancy chains are shown in Fig. S2C.
These four structures suggest that good UPPS inhibition cor-
relates with occupancy of site 4.

Diketoacids, a Bisamidine and a Bisamine also Target Site 4. In pre-
vious work (10), we found that the diketoacid 15 had potent
cell-growth inhibition activity with the following minimal in-
hibitory concentration (MIC)q, values: 0.25-0.5 pg/mL against
S. aureus; 0.5 pg/mL against Bacillus anthracis; 4 pg/mL against
Listeria monocytogenes and Enterococcus faecium; and 1 pg/mL

HOOC
COOH

16

HO

0

(e}

against Streptococcus pyogenes, but little toxicity toward human
cell lines (>20 pM). We therefore determined the structure of 15
and a second diketoacid (14), bound to UPPS. As seen in Fig. 5
A and B, both diketoacids bind to site 4, with 14 also binding to
site 3. The observation that 15 binds only to site 4 is of interest
because this inhibitor has very good antibiotic activity (10). Plus,
the occupation of site 4 in both structures is consistent with the
results for the other potent anionic inhibitors (Fig. 4).

A surprising result from the in silico screening work (Fig. S1)
was that bisamidines such as 16 had modest activity against
UPPS. Moreover, the biphenyl bisamidine 17 showed potent
activity against UPPS (ICsy = 0.1 pM) as well as a MICy, of 0.25
pg/mL against S. aureus (USA300, MRSA strain). We also found
that another dicationic species 18 was a UPPS inhibitor active
against S. aureus (Table S1). We were unable to obtain the
structure of 17 bound to UPPS, but we did obtain structures of
16 and 18 bound to UPPS.
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Fig. 2. Chemical structures of UPPS inhibitors and drug leads of interest.
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Fig. 3. X-ray structures of E. coli UPPS showing substrate and inhibitor binding sites. (A) FSPP (yellow) binds to site 1 (PDB ID code 1X06) and FPP (green) binds
to sites 1 and 4 (PDB ID code 1V7U). (B) A bisphosphonate (5) binds to sites 1-4 (PDB ID code 2E98). (C) Benzoic acid inhibitor 8 binds to site 3 (cyan, PDB ID
code 3SGT), superimposed on FPP-bound structure (green, PDB ID code 1V7U). (D) Benzoic acid inhibitor 9 binds to sites 1-3 (cyan, PDB ID code 35GV),
superimposed on FPP-bound structure (green, PDB ID code 1V7U). The large red numbers indicate sites 1-4.

With these two cationic inhibitors, rather than two individual
molecules binding, we observe that a single molecule binds, with
its polar, cationic groups located at or near the protein’s surface,
whereas the hydrophobic “spacer” is buried inside the protein’s
hydrophobic interior, (Fig. 5 C and D; PDB ID codes 4H2J and
4H2M). Though we did not succeed in crystallizing the most
potent lead 17, a similar “polar-hydrophobic-polar” binding ar-
rangement in which the biphenyl group is buried seems very
likely for this species also, and is supported by the results of
computational docking, as shown in Fig. S2D.

Comparison of E. coli and S. aureus UPPS Structures and Their
Inhibition. In this work, we determined the activity of each in-
hibitor against both E. coli UPPS and S. aureus UPPS, finding
that there is a very good correlation (R* = 0.8) between the 14
sets of pICsy (= —log;0ICsg) values (Table S1; Fig. S34); this is
not unexpected because 18 of the top 20 residues in a SCORE-
CONS (16) analysis of E. coli UPPS are present in S. aureus
UPPS and most other bacterial UPPSs (Table S3). We were not
able to determine the X-ray structures of any inhibitor bound to
S. aureus UPPS, but we did determine the structure of the pro-
tein with a bound FPP (PDB ID code 4HSE; full data acquisition

A B
o 10 9 1
e QN" Q O Ec: 3.2 uM dJ\OH Ec: 2.2 uM
006 @0 Sa: 6.9 uM o Sa: 1.7 uM

and structure refinement details are in Table S4). S. aureus
UPPS cocrystallized with FPP in site 1, together with a SO,*~ in
the IPP binding site, as reported in a patent application (17). A
superposition of the S. aureus and E. coli proteins is shown in
Fig. S3B, where we find a Coa rmsd of 0.91 A over 202 residues,
indicating that both structures are very similar [in the presence
of FPP/FSPP (S-thiolo-FPP) and either IPP or SO, 7], con-
sistent with the pICs, correlation.

Relationship to Other Inhibitors: Is UPPS a Missing Link? The struc-
tures of several of the UPPS inhibitors described here are similar
to (and with 18, the same as) those being developed as anti-
infective drug leads but whose mechanisms of action are not
clear. For example, the chemical structures of the benzoic acid
inhibitors are similar to those of anthranilic (ortho-amino-
benzoic) acids reported by Larsen et al. (18) and Mott et al. (19)
having activity against S. aureus. The molecular mechanism of
action of these inhibitors was initially thought to involve in-
hibition of translation/termination, but in later work this in-
hibition was not found to correlate with cell growth inhibition,
and a new target (SA1575, of unknown function), as well as in-
hibition of cell wall biosynthesis, was reported. We find that

C 3 D 2
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Fig. 4. Crystal structures of the more potent benzoic acids and a phosphonate inhibitor. (A) 10 (PDB ID code 3SGX). (B) 11 (PDB ID code 3SHO0). (C) 12 (PDB ID
code 4H20). (D) 13 (PDB ID code 4H38). In each case, site 4 is occupied, together with either site 1, 2, or 3, indicating the likely importance of site 4 binding for
good activity. The values shown are the ICsos for E. coli UPPS inhibition (Ec) or S. aureus UPPS inhibition (Sa).
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a pharmacophore model (Fig. 64) of seven potent benzoic acid
UPPS inhibitors we synthesized (Fig. S44) is very similar to that
obtained for S. aureus cell growth inhibition (Fig. 6B) using five
structures reported by Larsen et al. (Fig. S4B), making UPPS
inhibition one likely mechanism for these inhibitors—in partic-
ular because they are already known to inhibit cell wall bio-
synthesis. In addition, we found that the lead 19 reported by
Larsen et al. (18) is a ~1 to 2 pM UPPS inhibitor (Table S1),
consistent with a role in S. aureus growth inhibition.

In addition to the benzoic/anthranilic acids, there is also interest
in the mechanisms of action of bisamidines, such as 20 (20, 21), as
well as of other cationic species, such as 21 (22), and it has been
proposed that these and related compounds could bind to the
minor groove of DNA (20), or that they could alter lipid bilayer
structure (23-25), as illustrated schematically in Fig. 6 C and D.
Based on our crystallographic (Fig. 5 C and D) as well as enzyme
inhibition results, it is clear, however, that in addition to these
binding modes, polar-hydrophobic-polar inhibitors (such as 17 or
18) can also bind to proteins, as shown in the cartoon in Fig. 6,
with their polar headgroups located near polar protein residues
(or at the protein/water interface), whereas their hydrophobic
centers are buried inside the protein target (Fig. 5 C and D).

Notably, as with the benzoic acids, bisamidines such as 20 can
inhibit cell wall biosynthesis, and with 20 we find quite potent
(470 nM) UPPS inhibition.* The ability to inhibit UPPS in

*Opperman TJ, et al. Poster Session, 50th Interscience Conference on Antimicrobial
Agents and Chemotherapy, September 12-15, 2010, Boston.

addition to, e.g., DNA and lipid membrane targeting likely con-
tribute to the potent activity of these compounds and, in some
cases, the lack of resistance observed experimentally. In addition,
it is also possible that other prenyltransferases, such as FPPS, may
in some cases be targeted.

Synergy and in Vivo Results. The UPPS inhibition results suggested
to us the possibility of synergistic activity with downstream cell-
wall biosynthesis inhibitors, such as methicillin (Fig. 1); this is
indeed the case, as shown in Fig. 74 in which we present the
isobologram (26) for 17 + methicillin against a USA300 strain of
MRSA. We observe a potent synergistic interaction with a frac-
tional inhibitory concentration index (FICI), defined as

FICI = FIC, + FICg = MICy)(AB)/MICg(A)
+MICgy(BA)/MICy(B),

where, FIC,, FICg are the fractional inhibitory concentrations of
drugs A and B, and MICy, (AB), MICy, (BA) are the MICy, values
of the most effective combination of A or B in the presence of B
or A (27, 28). Using this method, FICI values <0.5 represent syn-
ergism; >0.5 and <1.0 represent additivity; >1 and <2 represent
an indifferent effect; and >2 represents drug antagonism (29). An
FICI = 0.25 thus represents strong synergism, opening up the prob-
ability of restoring drug sensitivity in drug-resistant strains. How-
ever, are such compounds active in in vivo models of infection?

In previous work, it has been found that, e.g., benzoic acids
(such as 19) as well as tetramic acids (such as 6) have potent
activity against bacteria; however, there have been no previous

Fig. 6. UPPS as a missing link. Models and cartoons. (A) Pharmacophore model for UPPS inhibition by benzoic acids. (B) Pharmacophore model for S. aureus
growth inhibition by benzoic acids. Common features are benzoic acid carboxylates (cyan) with electron-withdrawing meta substituents (red); an x-y spacer
(dark pink); two aromatic features (orange); and more-distal hydrophobic features (green). (C) Cationic-hydrophobic-cationic inhibitor binding to DNA. (D)
Cationic-hydrophobic-cationic inhibitor binding to anionic lipids in a membrane. (E) Cationic-hydrophobic-cationic inhibitor binding to a protein.
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reports of in vivo activity, due perhaps to strong binding to plasma
proteins. Because 17 had potent activity against UPPS (110 nM),
we tested it in a mouse model of infection using the USA200
Sanger 252 (MRSA) strain of S. aureus. As can be seen in Fig. 7B,
mice treated postinfection only with vehicle control all died,
whereas mice treated with 17 (20/20 total, pooled results of two
experiments) survived with no apparent adverse reactions.

Computational Results: FTMap, Principal Component, and Receiver
Operating Characteristic/Area Under the Curve Analyses. The results
described above represent the discovery of a series of UPPS
inhibitors—drug leads—some of which have potent activity in cells
and a mouse infection model. From a structural perspective, the
most surprising result was that the most potent inhibitors all bound
to site 4, not the substrate site, site 1. In previous work on
bisphosphonate UPPS inhibitors (5) we found that a wide range of
bisphosphonates bound to site 1, and that enzyme inhibition and
site 1 docking scores were highly correlated (5). However, with all
of the nonbisphosphonate inhibitors described here, we find that
binding to site 4 is the common structural denominator for ligands
with high affinity. Other sites are also often occupied, with either
two molecules binding, or one inhibitor spanning two sites (sites 4
and 2, with the dicationic species).

Site 4 is quite removed from the most-flexible loop region
(residues 72-82) of the active site, suggesting that there may be
fewer entropic costs due to constraining this loop, associated
with inhibitor binding to site 4, rather than to sites 1-3, where the
ligand directly contacts and restrains the loop. Site 4 is also
predicted to be druggable when using the solvent-mapping pro-
gram FTMap (30), as shown in Fig. 84, again supporting the idea
that inhibitors that bind to site 4 will be good drug leads. With the
nonbisphosphonate inhibitors, we also see that the global struc-
tures are quite similar to apo UPPS (Fig. 8B, red), using principal
component analysis (31). The bisphosphonate inhibitors (blue)
and substrate (yellow)-bound structures are altered to a greater
extent from the apo form than are the nonbisphosphonate struc-
tures (red), which suggests less induced-fit occurs on binding,
which again will reduce any energetic costs associated with pro-
tein conformational changes upon binding.

Finally, because many of these inhibitors were the result of vir-
tual screening, we assessed the predictive nature of each structure
using a receiver operating characteristic/area under the curve (ROC/
AUC) approach (32) with a 112-compound screening dataset (Fig.
S5). Enrichment results are shown in Fig. 8C and Fig. S6. Good
results (AUC = 0.768) are obtained when using the “open” struc-
ture containing 5 bound to sites 1-4, but the best result is obtained
using the 15 structure (PDB ID code 4H3A), an “ajar” (Fig. 8B) or
partially closed structure in which only site 4 is occupied (Fig. 8C,
bottom), where AUC = 0.802. Taken together, these results strongly
support the importance of developing compounds that bind to site
4 as UPPS inhibitor drug leads, and that computational models
based on these structures can significantly enrich the hit rate.

Conclusions

The results we have described herein are of interest for several
reasons. First, we obtained the X-ray structures of 10 UPPS
inhibitors covering a diverse range of structures: benzoic acids,
diketoacids, an aryl phosphonate, a bisamidine, and a bisamine.
The surprising result was that both cationic as well as anionic
compounds were inhibitors, the cationic species having an un-
usual polar-hydrophobic-polar structural motif. Second, we find
evidence that occupancy of site 4 (not the FPP substrate site, site
1) correlates with the potent activity of these inhibitors, and that
site 4 is predicted to be druggable. Third, we find that the cationic
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Fig. 8. Computational analysis of UPPS structural results. (A) FTMap computational solvent mapping of UPPS structures (PDB ID codes 2E98 and 3QAS)
suggest that site 4 is druggable in either inhibitor-bound complexes or unbound. UPPS is represented as a cartoon; small probes are colored spheres; black
wireframe outlines site 4. (B) Principal component analysis of E. coli UPPS structures. Substrate-bound structures (yellow) are closed (33); bisphosphonates
(blue) are open (33); the apo and nonbisphosphonate structures (red) are all ajar (slightly open). (C) ROC/AUC analysis of most-predictive UPPS structures in

terms of initial enrichment for actives under 100 pM (Fig. S6).
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(bisamidine and a bisamine) inhibitors span both sites 2 and 4,
with their polar groups at or near the protein/water interface,
whereas their hydrophobic domains are buried. This result is of
particular importance because this motif is very similar to that
proposed to be important for DNA and lipid membrane binding
with structurally related inhibitors, leading to the idea that such
compounds may have multiple targets (including UPPS), thereby
increasing potency. We also find that a closely related biphenyl
analog (17) inhibits UPPS at ~100 nM levels, has a MICy of 0.25
pg/mL, and strongly synergistic activity (FICI = 0.25) with
methicillin in an MRSA strain otherwise resistant to the antibi-
otic. In addition, this compound shows clear therapeutic activity
in a mouse model of infection. Finally, we propose that anthra-
nilic acids, known to be potent inhibitors of S. aureus growth that
target cell-wall biosynthesis, also target bacterial UPPS. Taken
together, these results open up additional routes to anti-infective
therapies targeting bacterial isoprenoid biosynthesis, and suggest
that in some cases drug leads that have been proposed to target
DNA and lipid membrane structure may also target bacterial cell-
wall biosynthesis via UPPS inhibition.

Methods

E. coli UPPS and S. aureus UPPS were expressed and purified as described
previously (9). UPPS inhibition assays were carried out as described pre-
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viously (5). UPPS/inhibitor crystals were obtained via soaking as described
previously (5). Structure determinations and refinements were carried out
basically as described previously (5), with full details given in S Methods. For
the 11 structures reported, the resolution was on average 1.88 A (+0.29 A),
and Ryree Was on average 24.6% (+3.9%). Full synthesis and characterization
details for all compounds investigated crystallographically are provided
in S/ Methods. In vivo experiments used female BALB/c mice infected in-
traperitoneally with S. aureus (USA200), as described in detail in S/ Methods.
Bacterial cell-growth inhibition assays were carried out as described pre-
viously (10). The care and experimental manipulation of our mice were
reviewed and approved by the Institutional Animal Care and Use Committee
at the University of California at San Diego.
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S| Methods

Synthetic Aspects. All reagents used were purchased from
Aldrich or Alfa Aesar. NMR spectra were obtained on 400 MHz
(*H) or 500 MHz Varian Unity spectrometers. Chemical shifts
are reported in parts per million (ppm) using tetramethylsilane
as an external standard using the convention that high fre-
quency, low field, paramagnetic or de-shielded values are
positive. The structures 10, 14, and 15 were available from
previous work (1, 2). The syntheses of 11, 12, 13, 16, 17, and 18
are described below.

(Dodecyloxy)-6-Hydroxybenzoic Acid (11). To a mixture of 5-hydroxy-
2, 2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (1 g, 5.2 mmol) and 1-
dodecanol (1.6 g, 7.5 mmol) in tetrahydrofuran (THF) (20 mL) at
0 °C were added triphenyl phosphine (2.0 g, 7.5 mmol) and di-
isopropyl azodicarboxylate (DIAD) (1.5 mL, 7.5 mmol). The
mixture was then stirred overnight at room temperature. The
reaction mixture was concentrated and purified by column
chromatography [ethyl acetate/hexane 1:8 (vol/vol)]. Saponifica-
tion with 4 M NaOH (5 equivalent) under reflux and acidification
with 1 M HCl afforded 11 as a white solid (1.07 g, 70% yield). 'H
NMR (CDCl;, 500 MHz) &: 7.36 (t,J = 8.5 Hz, 1 H), 6.68 (d,J =
8.5Hz, 1 H), 6.45 (d,J = 8.5 Hz, 1 H), 4.20 (t,J = 6.5 Hz, 2 H),
1.91-1.87 (m, 2 H), 1.47-1.43 (m, 2 H), 1.28-1.24 (m, 16 H), 0.86
(t,J = 6.5 Hz, 3 H) ppm. >*C NMR (CDCls, 125 MHz) &: 171.2,
164.5,158.3, 135.8, 130.3, 112.4, 102.4, 71.0, 32.1, 29.8, 29.7, 29.7,
29.6, 29.5, 29.40, 29.1, 26.1, 22.9, 14.4. High-resolution MS
(HRMS) [ESI (electrospray ionization)]: m/z [M + H]* calcu-
lated for C;9H3,04 323.2222, found 323.2231.

2-(3-(Decyloxy)Benzamido)-5-Nitrobenzoic Acid (12). To a mixture of
3-(decyloxy)benzoyl chloride (296 mg, 1 mmol) and 2-amino-5-
nitrobenzoic acid (182 mg, 1 mmol) in CH,Cl, (20 mL) was added
Et3N (1 mL). The mixture was stirred overnight and washed with
water (5 mL) and 1 M HCI (4 mL) and then concentrated. Re-
crystallization from ethyl acetate/hexane 1:1 afforded 12 as white
powder (185 mg, 42%). '"H NMR (CDCls;, 500 MHz) &: 12.17
(s, 1H),9.16 (d,J = 9.5 Hz, 1 H), 9.03 (d,J = 3.0 Hz, 1 H), 8.47
(dd,J =9.5,3.0Hz, 1 H), 7.54 (d,J = 1.0 Hz, 1 H), 7.53 (d,J =
8.0Hz, 1 H),7.42 (t,J = 8.0 Hz, 1 H), 7.13 (dd,J = 8.0, 1.0 Hz, 1
H), 4.03 (t,J = 6.5 Hz, 2 H), 1.82-1.78 (m, 2 H), 1.47-1.43 (m, 2
H), 1.26-1.22 (m, 12 H), 0.86 (t, J = 7.0 Hz, 3 H). >*C NMR
(CDCl;, 125 MHz) 6: 169.6, 160.0, 147.6, 142.1, 135.3, 130.5,
130.3, 128.0, 121.0, 120.1, 119.3, 114.2, 113.6, 68.6, 32.1, 29.80,
29.8, 29.6, 29.5, 29.4, 26.6, 22.9, 14.3. HRMS (ESI): m/z [M +
H]™* calculated for C,4H31N>Og 443.2182; found 443.2174.

(5-Bromo-2-((3-(Octyloxy)Benzyl)Oxy)Phenyl)Phosphonic Acid (13). To
a mixture of diethyl (5-bromo-2-hydroxyphenyl)phosphonate
(1.54 g, 5.0 mmol) and 3-octyloxybenzyl alcohol (1.2 g, 5.0 mmol)
in THF (20 mL) at 0 °C were added triphenyl phosphine (2.0 g,
7.5 mmol) and DIAD (1.5 mL, 7.5 mmol). The mixture was then
stirred overnight at room temperature. The reaction mixture was
concentrated and purified by column chromatography (ethyl
acetate/hexane 1:1). The diethyl ester of 13 was then treated with
8 equivalent of trimethylbromosilane in anhydrous CH,Cl, (15
mL) overnight. After removal of the solvent, the concentrated oil
was treated with 10 mL methanol to afford 13 as white solid
(1.62 g, 68%, two steps). '"H NMR (DMSO-Dg, 400 MHz) &: 7.70
(dd,J = 14.8,2.8 Hz, 1 H), 7.54 (dd,J = 8.8, 2.8 Hz, 1 H), 7.20 (t,
J=17.6Hz,1H),7.10 (s, 1 H), 6.99 (m, 1 H), 6.98 (m, 1 H), 6.77
(dd,J = 2.4,8.0 Hz, 1 H), 5.16 (s, 2 H), 4.13 (t,J = 6.8 Hz, 2 H),
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1.64-1.60 (m, 2 H), 1.36-1.32 (m, 2 H), 1.25-1.21 (m, 8 H), 0.81
(t,J = 6.8 Hz, 3 H) ppm. '*C NMR (DMSO-Dy, 125 MHz) &:
171.4,159.4, 159.1, 139.0, 136.2, 130.1, 126.0, 124.6, 119.5, 115.9,
114.6, 113.3, 69.7, 60.6, 31.9, 31.3, 29.4, 29.3, 26.15, 22.7, 14.6.
HRMS (ESI): m/z [M + H]* calculated for C,;H,oBrOsP
471.0936; found 471.0940.

N', N*-Bis(3-(4,5-Dihydro-1H-Imidazol-2-yl)Phenyl)-2-Nitroterephthalamide
(16). Structure 16 was obtained from the National Cancer In-
stitute screening library, and its identity was confirmed by 'H
NMR, *C NMR, and HRMS. 'H NMR (DMSO-Ds, 500 MHz)
8:8.72 (s, 1 H), 8.44 (d,J = 7.5 Hz, 1 H), 7.99 (d, J = 7.5 Hz,
1 H), 7.90-7.81 (m, 6 H), 7.71 (d,J = 8.5 Hz, 2 H), 3.60 (s, 8 H).
3C NMR (DMSO-Dq, 125 MHz) &: 163.8, 163.5, 147.0, 141.0,
137.5, 135.0, 133.9, 130.5, 128.6, 128.4, 126.9, 124.2, 120.5,
119.7, 39.8. HRMS (ESI): m/z [M + H]* calculated for
Cy6H24N704, 498.1890; found 498.1882.

N*, N*-Bis(3-(4,5-Dihydro-1H-Imidazol-2-yl)Phenyl)-[1,1"-Biphenyl]-4,4'-
Dicarboxamide (17). To a mixture of 4,4’-diphenyl dicarbonyl
chloride (1.39 g, 5 mmol), 3-aminobenzonitrile (1.18 g, 10 mmol)
in anhydrous THF (20 mL) was added Et;N (2.1 mL, 15 mmol)
and the mixture was stirred at room temperature overnight. After
filtration, the white solid was washed with water (20 mL) and
ethyl acetate (10 mL) and then dried. Sodium hydrosulfide hy-
drate (100 mg), ethylenediamine (2 mL), and dimethylacetamide
(10 mL) were then added and stirred overnight at 140 °C. Upon
removal of the solvent, the solid was washed thoroughly with
water and then ethyl acetate (10 mL). To the suspension of the
crude product in 10 mL of water were added two equivalents of
methyl sulfonic acid. Removal of water afforded 17 as its meth-
anesulfonic acid salt (1.44 g, 40%). '"H NMR (DMSO-Ds, 500
MHz) 6: 10.68 (s, 2 H), 10.52 (s, 4 H), 8.50 (s, 2 H), 8.12 (d,J =
9.0 Hz, 4 H), 8.02-7.98 (m, 2 H), 7.96 (d,J = 9 Hz, 4 H), 7.68-
7.58 (m, 4 H), 4.00 (s, 8 H), 2.36 (s, 6 H). >*C NMR (DMSO-D,
125 MHz) &: 166.1, 166.1, 143.0, 140.6, 134.4, 130.6, 129.2, 127.7,
127.0, 124.3, 123.5, 120.8, 45.3. HRMS (ESI): m/z [M + H]*
calculated for C3,H,9NgO, 529.2361, found 529.2352.

2,2'~((1,3-Phenylenebis(Ethyne-2,1-Diyl))Bis(3-Bromo-5,1-Phenylene))
Diethanamine (18). Structure 18 was synthesized as reported (3).
'H NMR (DMSO-Dg, 500 MHz) 8: 7.66-7.42 (m, 10 H), 3.19
(t,J = 8.0 Hz,4 H), 2.95 (t,J = 8.0 Hz,4 H) ppm. *C NMR
(DMSO-Dg, 125 MHz) &: 158.8, 141.2, 135.6, 133.6, 133.2, 132.8,
131.7, 130.4, 124.9, 123.3, 122.6, 89.7, 40.8, 32.9. HRMS (ESI):
m/z [M + H]* calculated for CysHp3BroN,, 521.0228; found
521.0214.

Experimental Aspects. E. coli undecaprenyl diphosphate synthase
expression and purification. The E. coli undecaprenyl diphosphate
synthase (UPPS) plasmid was provided by Andrew H.-J. Wang
(Academia Sinica, Taiwan). The purification of UPPS from
E. coli followed the published protocol with modifications (4).
The plasmid was transformed into E. coli BL21 (DE3) cells
(Novagen) for expression. A single transformant was grown
overnight at 37 °C in LB medium containing 100 pg/mL ampi-
cillin. The 50-mL overnight cultures were transferred to 2 L fresh
LB medium containing 100 pg/mL ampicillin and allowed to
grow to ODggp = 0.6 before induction with 1 mM isopropyl p-D-
1-thiogalactopyranoside. The cultures were induced for 4 h at
37 °C and harvested by centrifugation. Cell pellets were sus-
pended in 60 mL buffer [25 mM Tris-HCI (pH 7.5) and 150 mM
Nadl], followed by pulse sonication. The lysate was centrifuged
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and the cell debris discarded. For purification, the cell-free ex-
tract was loaded into a 20-mL Ni-NTA column pre-equilibrated
with 25 mM Tris-HCI (pH 7.5) and 150 mM NaCl. The column
was washed with 30 mM imidazole-containing buffer. The His-
tagged UPPS was eluted with a 0-100% gradient buffer [25 mM
Tris-HCI (pH 7.5), 150 mM NaCl, and 300 mM imidazole]. The
protein solution was dialyzed against 3 x 2 L buffer [25 mM
Tris-HCI (pH 7.5) and 150 mM NaCl]. The His-tagged UPPS was
then digested with FXa protease to remove the His-tag. The
solution was then loaded onto Ni-NTA. The UPPS in the flow-
through [25 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 30 mM
imidazole] was pure, as evidenced by SDS/PAGE, and was
dialyzed into buffer [25 mM Tris (pH 7.5) and 150 mM NacCl]
for storage. The final concentration was determined by using a
Bradford protein assay kit.

Staphylococcus aureus UPPS expression and purification. The gene
encoding UPPS was amplified from a plasmid (1) containing the
S. aureus UPPS gene. The forward primer was 5 GTA TTG
AGG GTC GCA TGT TTA AAA AGC TAA TAA ATA AAA
AGA ACA C 3, and the reverse primer was 5’ AGA GGA GAG
TTA GAG CCC TAC TCC TCA CTC 3'. The amplified UPPS
gene was purified and ligated into a pET-32 Xa/LIC vector
(Novagen). The plasmid with the S. aureus UPPS gene was
subsequently expressed in Escherichia coli BL21 (DE3) cells
(Novagen). The protocol for expression and purification of
S. aureus UPPS was the same as that for E. coli UPPS.

X-ray crystallography. Native E. coli UPPS crystals for use in
soaking were obtained by using the hanging-drop method
(Hampton Research) by mixing 1 pL of UPPS protein solution
[~14 mg/mL UPPS in 25 mM Tris-HCl (pH 7.5) and 150 mM
NaCl] with 1 pL of mother liquor [25 mM Tris-HCI (pH 7.5), 150
mM NaCl, and 5% PEG 2,000-4,000] and then equilibrating with
400 pL mother liquor at room temperature. Tetragonal crystals
appeared in 2 d and were then soaked in a cryoprotectant solu-
tion [25 mM Tris-HCI (pH 7.5), 150 mM NaCl, 30% EG, and 5%
PEG 35,000] containing 1-5 mM inhibitors for 1 d.

S. aureus UPPS crystals with farnesyl diphosphate (FPP) were
obtained by using the hanging-drop method (Hampton Research)
by mixing 1 pL of UPPS protein solution [~5 mg/mL UPPS in 1.5
mM MgCl,, 1.5 mM FPP, 25 mM Tris-HCI (pH 7.5), and 150 mM
NaCl] with 1 pLL of mother liquor [100 mM MES sodium salt (pH
6.5), 200 mM (NH4)SO,, and 25% PEG monomethyl ether
5,000) and then equilibrating with 400 pLL mother liquor at room
temperature. Bipyramidal crystals appeared overnight.

X-ray diffraction data for both E. coli UPPS and S. aureus
UPPS were collected at the Life Science Collaborative Access
Team 21-ID-D (F or G) at the Advanced Photon Source of Ar-
gonne National Laboratory. Diffraction data were processed and
scaled using the program HKI.3000 (HKL Research Inc.) (5).
The statistics for data collection are listed in Tables S2 and S4.

The structures of the UPPS complexes were determined using
a model prepared from the UPPS/BPH-629 complex structure
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isoprenoid biosynthesis. ACS Med Chem Lett 3(5):402-406.

3. Yang L, et al. (2008) Mechanism of a prototypical synthetic membrane-active
antimicrobial: Efficient hole-punching via interaction with negative intrinsic curvature
lipids. Proc Nat/ Acad Sci USA 105(52):20595-20600.

4. Pan JJ, Chiou ST, Liang PH (2000) Product distribution and pre-steady-state kinetic
analysis of Escherichia coli undecaprenyl pyrophosphate synthase reaction. Biochemistry
39(35):10936-10942.

5. Otwinowski Z, Minor W (1997) Processing of X-ray diffraction data collected in
oscillation mode. Method Enzymol 276(Macromol Crystallogr A):307-326.

6. Murshudov GN, Vagin AA, Dodson EJ (1997) Refinement of macromolecular
structures by the maximum-likelihood method. Acta Crystallogr D Biol Crystallogr
53(Pt 3):240-255.

7. Potterton E, Briggs P, Turkenburg M, Dodson E (2003) A graphical user interface to

the CCP4 program suite. Acta Crystallogr D Biol Crystallogr 59(Pt 7):1131-1137.
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(PDB ID code 2E98) with ligands and solvent removed. Structure
refinements were carried out using Refmac (6, 7), Phenix
(8), and COOT (9). All structure figures were prepared with
PyMOL (10).

UPPS inhibition assays. E. coli UPPS and S. aureus UPPS inhibition
assays were carried out as described previously (1). Briefly, the
condensation of FPP with isopentenyl diphosphate (IPP) cata-
lyzed by UPPS was monitored by using a continuous spectro-
photometric assay (11) in 96-well plates with 200-uL reaction
mixtures containing 400 pM 7-methyl-6-thioguanosine (MESG),
350 uM IPP, 35 pM FPP, 25 mM Tris-HCl (pH 7.5), 0.01%
Triton X-100, and 1 mM MgCl,. The ICs, values were obtained
by fitting the inhibition data to a standard rectangular hyperbolic
dose-response function in GraphPad PRISM 4.0 software
(GraphPad Software). The ICs, values for the most active hits
were verified by radiometric assay (12) with 2.5 pM FPP, 25 pM
[*H]IPP, and 0.01% Triton X-100.

Computational Aspects. Pharmacophore models were constructed
in MOE (13) using the consensus pharmacophore module. The
Glide (14-16) docking algorithm at the XP level (17) was used to
perform all docking calculations with UPPS. X-ray structures
were prepared with the protein preparation wizard (18) using
standard parameters. Compounds were prepared with LigPrep
(19) using standard parameters. For the calculation of the ROC/
AUC curves, 112 E. coli UPPS inhibitors with ICsq < 100 pM
were combined with the Schrodinger decoy library of 1,000
compounds (having an average molecular mass of 400 Da) (14,
16). Compounds from this combined library were ranked by their
Glide XP docking scores, and the AUC calculated.

Principal component analysis was performed using the
monomer that had the most ligands present or, if not applicable,
the most residues resolved. An invariant “core” of Ca atoms
(20) was first determined, then structures were aligned with the
core, and PCA analysis was performed using BIO3D (21). The
principal components plotted in Fig. 8B describe orthogonal
eigenvectors with maximal variance. Hierarchical clustering was
performed based on the Euclidian distance matrix of the first two
principal components, then reduced to three groups of related
“clusters” (22).

Cell growth inhibition. The growth of S. aureus (USA300 strain) and
determination of minimal inhibitory concentration (MIC) values
were as described previously (23). E. coli growth and construc-
tion of isobolograms were also carried out basically as described
previously (24).

In vivo experiments. Mice were infected i.p. with 10° cfu methicillin-
resistant Staphylococcus aureus (strain Sanger 252) suspended in
4% hog gastric mucin. At 1 h after infection, the mice were di-
vided into two groups (n = 10 per group) and treated i.p. with
either 17 (10 mg/kg) suspended in water or water alone (vehicle
control). Treatment was continued once daily for two more days.
Mortality was monitored twice daily.

8. Adams PD, et al. (2010) PHENIX: A comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr D Biol Crystallogr 66(Pt 2):
213-221.

9. Emsley P, Cowtan K (2004) COOT: Model-building tools for molecular graphics. Acta
Crystallogr D Biol Crystallogr 60(Pt 12 Pt 1):2126-2132.

10. Delano WL (2008) The PyMOL Molecular Graphics Systems (DeLano Scientific LLC, Palo
Alto, CA).

11. Webb MR (1992) A continuous spectrophotometric assay for inorganic phosphate and
for measuring phosphate release kinetics in biological systems. Proc Nat/ Acad Sci USA
89(11):4884-4887.

12. Li H, et al. (2003) The effect of triton concentration on the activity of undecaprenyl
pyrophosphate synthase inhibitors. J Biomol Screen 8(6):712-715.

13. Chemical Computing Group, Inc. (2006) Molecular Operating Environment (MOE)
(Chemical Computing Group, Inc., Montreal).

14. Friesner RA, et al. (2004) Glide: A new approach for rapid, accurate docking and
scoring. 1. Method and assessment of docking accuracy. J Med Chem 47(7):1739-1749.

15. Schrédinger LLC (2011) Suite 2011: Glide, version 5.7 (Schrédinger LLC, New York).
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In silico HTS for vs. FPPS

FPPS inhibitors 10:Hite Best: ~100 uM

-'
vs.Uppg  Similarity Search  ginhany] analog
Best: ~5 uM vs. UPPS: ~110 nM
— P L0 .
=N o) 5
¢ Bnn = N > ] . ¥ HN-
16 w0 17
Fig. S1. Schematic illustration of hit-to-lead development. FPPS inhibitors obtained by in silico screening of the National Cancer Institute Diversity Set Il were
screened against E. coli UPPS basically as described previously (1): the most potent hit (~5 pM) was then used as a reference for a similarity search using
SciFinder. A total of 22 compounds suggested were obtained from the National Institutes for Health Developmental Therapeutics Program. The most active

lead was found to have ~110 nM ICs, values against both E. coli UPPS and S. aureus UPPS.
1. Durrant JD, et al. (2011) Non-bisphosphonate inhibitors of isoprenoid biosynthesis identified via computer-aided drug design. Chem Biol Drug Des 78(3):323-332.
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Fig. S2. (A) Electron density maps (2Fo-Fc) for compounds investigated contoured at 1c. (B) Electron density maps (simulated-annealing Fo-Fc omit map) for
compounds investigated contoured at 1. (C) Structures of inhibitors bound to E. coli UPPS. These sites typically are less highly occupied than those shown in
the text. (D) Glide XP docking result for 17 bound to E. coli UPPS showing binding to sites 2 and 4.
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Fig. S3. (A) Correlation between E. coli and S. aureus UPPS inhibition by the compounds listed in Table S1. (B) Superimposition of E. coli UPPS structure (green,
PDB ID code 1X06) and S. aureus UPPS structure (cyan, PDB ID code 4HSE). The Ca rmsd is 0.91 A over 202 residues.
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Fig. S4. (A) Structures of UPPS inhibitors used in pharmacophore modeling together with 1Csq values (in S. aureus UPPS inhibition). (B) Structures of Larsen
et al. (1) S. aureus benzoic acid growth inhibitors used to construct the pharmacophore model in Fig. 64, together with MIC values (in cell growth inhibition).

1. Larsen SD, et al. (2006) Discovery and initial development of a novel class of antibacterials: Inhibitors of Staphylococcus aureus transcription/translation. Bioorg Med Chem Lett 16(24):
6173-6177.
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Fig. S6. ROC/AUC analyses for compounds shown in Fig. S6 based on the crystal structures reported in this work.

Table S1. Enzyme and cell growth inhibition results

E. coli UPPS S. aureus UPPS E. coli S. aureus
ID 1Cs0, pM 1Cs0, pM MICgp, pg/mL MICgp, pg/mL
5 0.30 0.35 >32 >32
7 0.56 0.75 >32 >32
8 150 170 >32 N.D.
9 35 72 >32 N.D.
10 3.2 6.9 16 N.D.
1 2.2 1.7 >32 N.D.
12 3.0 0.49 >32 >32
13 0.92 2.5 >32 32
14 1.9 0.73 >32 0.50
15 0.51 2.0 >32 0.25
16 4.8 4.9 8.0 >32
17 0.1 0.11 4.0 0.25
18 6.1 1.4 8.0 >32
19 14 1.6 >32 1.0

N.D., not determined.
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Table S2. Data collection and refinement statistics for E. coli UPPS

Unit cell dimension
a b, c A
X-ray source
Wavelength, A
Resolution (A)*
No. of reflection observed
Unique
Completeness (%)
R-merge
I/s(1)
Multiplicity
Refinement statistics
Resolution range, A
Rwork/Rfree: %
Rmsd
Bond lengths
Bond angles
No. of atoms
Protein
Ligand
Occupancy of ligand
B average, A% protein
B average, A% ligand

L T

/

1\

Crystals

Data collection
Space group
Unit cell dimension
a b, c A

BN AS  PNAS D)

62.92, 68.35, 111.98
APS 21-ID-G
0.97857
50.0-1.85 (1.88-1.85)
348, 506
41,827 (1,909)
99.5 (93.4)
0.067 (0.502)
41.7 (2.5)

83 (5.1)

35.68-1.85
17.4/22.7

0.024
1.851

3,413
27
1.0
32.30
37.25
EcUPPS/13
(4H38)

P212121

63.26, 68.82, 111.49

63.14, 69.00, 112.56
APS 21-ID-F
0.97857
50.0-1.61 (1.64-1.61)
956, 565
62,778 (2,554)
97.6 (80.5)
0.095 (0.704)
35.4 (1.4)

15.2 (5.6)

43.61-1.61
17.4/121.4

0.026
2.249

3,487
135
1.0

25.21

33.60

EcUPPS/14
(4H30Q)

P212121

63.33, 69.10, 111.69

60.95, 68.14, 111.61
APS 21-ID-F
0.97857
50.0-2.45 (2.49-2.45)
98,722
17,225 (786)
96.9 (90.7)
0.092 (0.451)
23.3 (2.8)

5.7 (4.7)

32.65-2.45
24.2/32.8

0.015
1.682

3,256
68
1.0
46.07
59.17
EcUPPS/15
(4H3A)

P212121

62.98, 68.71, 111.92

62.77, 68.72, 112.06
APS 21-ID-D
0.97857
50.0-1.84 (1.87-1.84)
423, 643
42,560 (1,870)
99.3 (89.2)
0.065 (0.642)
28.9 (1.4)

10.0 (5.3)

35.71-1.84
16.8/21.1

0.024
1.901

3,397
69
1.0
30.54
41.17
EcUPPS/16
(4H2))

P212121

68.16, 68.96, 111.74

EcUPPS/8 EcUPPS/9 EcUPPS/10 EcUPPS/11 EcUPPS/12
Crystals (3SGT) (35GV) (3SGX) (3SHO) (4H20)
Data collection
Space group P2,242, P2:2424 P24242, P2,2,2, P2,2424

63.38, 68.37, 109.94
APS 21-ID-F
0.97857
50.0-2.14 (2.18-2.14)
371,965
26,986 (1319)
99.7 (99.4)
0.082 (0.594)
30.7 (5.3)

13.8 (13.5)

46.48-2.14
23.2/29.5

0.017
1.92

3,217
96
1.0
38.76
74.15
EcUPPS/18
(4H2M)

P212121

62.83, 68.89, 112.02

X-ray source APS 21-ID-F APS 21-ID-G APS 21-ID-G APS 21-ID-F APS 21-ID-G
Wavelength, A 0.97857 0.97857 0.97857 0.97857 0.97857
Resolution (A) 50.0-1.95 (1.98-1.95) 50.0-1.93 (1.96-1.93) 50.0-1.98 (2.01-1.98) 50.0-1.81 (1.84-1.81) 50.0-1.78 (1.81-1.78)
No. of reflections observed 262,481 542,651 493,329 396,626 375,414
Unique 36,240 (1,786) 37,169 (1,846) 34,503 (1,700) 45,055 (2,204) 47,258 (2,312)
Completeness (%) 99.8 (100.0) 99.3 (99.1) 100.0 (100.0) 99.6 (100.0) 99.9 (98.8)
Rmerge 0.091 (0.642) 0.083 (0.637) 0.059 (0.635) 0.076 (0.698) 0.066 (0.670)
I/s(1) 20.4 (4.1) 34.2 (6.6) 39.7 (4.3) 27.8 (4.7) 29.1 (2.6)
Multiplicity 7.2 (7.4) 14.6 (14.4) 14.3 (14.2) 8.8 (9.0) 7.9 (6.3)
Refinement statistics
Resolution range, A 34.41-1.95 43.43-1.93 46.43-1.98 30.39-1.81 43.46-1.78
Rwork/Rtrees % 20.6/26.2 20.6/25.0 20.9/24.9 19.7/23.4 20.4/24.2
Rmsd
Bond lengths 0.020 0.022 0.019 0.023 0.024
Bond angles 1.953 2.092 1.855 2.262 2.116
No. of atoms
Protein 3,324 3,257 3,211 3,360 3,353
Ligand 28 75 46 74 60
Occupancy of ligand 1.0 1.0 1.0 1.0 1.0
B average, A% protein 28.91 33.39 39.08 28.08 29.14
B average, A% ligand 68.04 58.51 69.71 53.85 63.86
*Values in the parentheses are for the highest-resolution shells.
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Table S3. SCORECONS using E. coli UPPS as a target

Ranking Residue no. SCORECONS score (1)  Residue Alignment

1 26 0.988 D DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
2 30 0.984 R RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR

3 28 0.976 N NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

4 74 0.968 N NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

5 20 0.964 H HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH
6* 190 0.960 D DDDDDDDEDDDDEDDDDEDDDDDDDDDEDDDDDDDD
7 77 0.953 R RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR

8 204 0.945 F FFFFFFFFFFFFFFFFFFFFYFFFFFFFFFFFFFFFFFFFFFFFFFY

9 145 0.941 Y YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY
10 194 0.937 R RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR

1 200 0.933 R RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR

12 202 0.925 S SS5S55S5S5SSSS5SSSS5SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS
13* 18 0.921 C CPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP

14 71 0.917 S S5S5S55S5S55S555S555555S555S5SSSSSSSSSSSSSSSSSSSSSSSSSS

15 32 0.905 A AAAAAAAAAAAAAAAAAAAAAAAAAAAAAGAAAAAAA
16 207 0.901 w wwwwwwwwwwwwwwwwwWWWWWWWW
17 221 0.897 w wwwwwwwwwwwwwwwWwWWwWWWWWWWW
18 81 0.889 E EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
19 43 0.881 H HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH
20 66 0.874 T TTTTTTTTTTITITITTITIT I T I T T TITITITITITITISTITITITT

Asp26 is the most essential residue and binds to Mg?* in the active site.

*Residues are different in E. coli UPPS and S. aureus UPPS.

1. Valdar WSJ (2002) Scoring residue conservation. Proteins 48(2):227-241.

Table S4. Data collection and refinement statistics for S. aureus

UPPS
SaUPPS/FPP
Crystals (4HSE)
Data collection
Space group P4,2,2

Unit cell dimension
a, b, c A
X-ray source
Wavelength, A
Resolution (A)*
No. of reflection observed
Unique
Completeness (%)
Rmerge
I/o(l)
Multiplicity
Refinement statistics
Resolution range, A
Rwork/Rfree: %
Rmsd
Bond lengths
Bond angles
No. of atoms
Protein
Ligand
Occupancy of ligand
B average, A% protein
B average, A% ligand

57.303, 57.303, 158.824
APS 21-ID-G
0.97857
50.00-1.30 (1.32-1.30)
916,358
66,126 (3,237)
100.0 (100.0)
0.077 (0.400)

33.9 (5.3)

13.9 (11.3)

32.64-1.30
17.4/19.4

0.032
2.655

1,918
30
1.0

13.11

11.70

*Values in parentheses are for the highest-resolution shells.
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