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The mevalonate isoprene-biosynthesis pathway is an important Table 1. Data Collection and Refinement Statistics

target for a broad variety of drugs, such as statiasti-fungals?

crystal 1PPV 1X83 1X84 1PPW
and bis_pho§phonatésI:n addition to their use in treating bone  “gompiex rac-3, wi  S3, wi S3Y104F 4, wi.
resorption diseases, bisphosphonates such as pamidronate (Arediaspace grouE P2;2:2; P2,2;2; P2;2:2; P2;2:2;
1) have recently been found to stimulaté T cells of the immune cell index (A) a1 azfel azoal  a-oad
systenm* The mevalonate pathway has been implicated in this c=920 ¢=919 =920 c=917
process,and there is currently interest in the use of bisphosphonates WavTI?_ngt? A()A) 8-3592 l0;98292 10695292 211-54179
[ H H resolution . . . .
in immunotherapy for B cell malignanciésh second set of6 T total reflections 199126 171333 327874 100391
cell antigens of clinical interest are the “phosphoantigens”, mol- unique reflections 55235 44 272 56 530 21497
ecules such as the epoxides and bromohydrins of isopentenyl observed reflections 45724 42813 50 029 17878
R S completeness (%) 97.4(88.3) 95.9(79.9) 99.9(88.5) 98.4(95.1)
pyrophosphate2 3): 2 is also known to be an inhibitor of the g 2 4.1 (8.5) 36(12.0) 4.0(10.4) 8.8(29.8)
o o loa 21.4(84) 19.3(7.2) 15.6(5.8) 18.7(7.1)
oM z\:PLOH o\:P,C_)gH Ruork/Rire® 18.8/235  20.1/25.2  22.4)27.0  17.6/25.7
HoN OH d oH Q rmsd from |deal Geometry
R-OH O%Aorﬁ’go“ B'\/?\AO'R;\;OH bonds (&) 0.008 0.005 0.004 0.004
;o R s angles (deg) 0.024 0.022 0.022 0.019
Ramachandran Plot
mevalonate pathway, since it alkylates the enzyme isopentenyl most favored (%) 89.5 88.5 89.8 88.2
; ; additional (%) 10.5 11.5 10.2 11.5
pyrophosphate/dimethylallyl pyrophosphate isomerase (fFein- generously (%) 00 00 00 03
ing a C67 thioether or a E116 ester at the C-3 position of the disallowed (%) 0.0 0.0 0.0 0.0

isoprenoid. These are key active-site residues, with E116 being
thought to protonate the IPP double bond while the C67 thiolate
removes a C-2 protchHere, we report that the potent phospho-
antigen 3 (Phosphostim) is also an inhibitor of IPPI, forming

covalent adducts with C67 and E116. This leads to a mechanistic

proposal for its mode of action in IPPI inhibition.

Production, purification, and crystallization of both wild-type
(w.t.) and a mutant (Y104F) IPPI were carried out as described
previously in refs 8 and 9 and in the Supporting Information. The
protein crystallizes with two molecules in the asymmetric unit,
related by two-fold rotational noncrystallographic symmétrull
crystallographic details for all four structures determined are given
in Table 110

The 1.68 A crystallographic structure of w.t. IPPI after reaction
with rac-3 is shown in Figure 1 (PDB File 1PPWac-3 binds in
two ways to IPPI. In the first (Figures 1 and S1), the bromine atom
is displaced by the thiol of C67, forming a 4-thioether. In the second,
the bromine is displaced by the carboxylate of E116, forming a
4-ester (Figures 1 and S2). However, unlike the situation with
alkylation by 2,8 both the thioether and the ester group form at

C-4, not at C-3. In both cases, the pyrophosphate groups bind to

Mg?" and the K21, K55, R51, and R83 Lys/Arg cluster. In addition,
H69 is weakly hydrogen-bonded to a pyrophosphate oxygen, in
each systemdy_o ~ 3.0 A, on average).
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aValues listed in parentheses are for the highest-resolution 8hRlJm

>|I — VY1, wherel is the observed intensity of a reflection aidlis

the averaged intensity of multiple observations of the reflection and its
symmetry partners Riacior = Y ||Fol — |Fell/Y|Fol, whereF, and F¢ are

the observed and calculated structure factors, respectiV@le was
calculated with 10% of the reflections set aside randomly throughout the
refinement.

Figure 1. Stereoview for full crystal structure o&c 3—IPPI (w.t. enzyme)
complex (PDB File IPPV).

It is not possible from these results to determine whether both
enantiomers o8 react with the protein, since the 3-Me and 3-OH
groups cannot be differentiated. We therefore produce&-floem
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Figure 2. Stereoviews for crystal structuresAfrac-3—IPPI (w.t. enzyme)
ester complex (PDB File IPPV) together with tB8—IPPI (w.t. enzyme)
ester complex (PDB File 1X83B, rac-3—IPPI (w.t. enzyme) thioether
complex (PDB File IPPV) together with th&3—IPPI (Y104F mutant)
thioether complex (PDB File 1X84); art@ 4—IPPI (w.t. enzyme) complex
(PDB File IPPW).

of 3! and obtained its structure (PDB File 1X83) bound to w.t.
IPPI (Figure S3). Only the E116 ester forms w&3, and as shown

in Figure 2A, there is close register (0.96 A heavy atom rmsd)
between theac-3 and S-3 ester structures. These results suggest,
then, thatR-3 forms the 4-thioether in theac-3 complex.

We also investigated ho®3 binds to the Y104F mutant of IPPI.
Y104 is also now thought to be involved (with E116) in protonating
the double bond in IPP, since the Y104F mutant has eflp%
of the catalytic activity of w.t. IPP¥ The crystallographic structure
(PDB File 1X84) ofS-3 bound to Y104F IPPI (Figure S4) shows
that in this case, a 4-thioether forms with C67. Remarkably, this
Sform shows close register with the-thioether formed in the
crystal withrac-3 and w.t. IPPI, as shown in Figure 2B, presumably
due to a local disruption in H-bonding of the C-3 OH with Tyr
(Phe).

These results have mechanistic implications for IPPI inhibition
by the halohydrin phosphoantigens. In the cas® tfie observation
that 3-esters and thioethers form suggestsydnds concerted type
of reaction in which protonation plays a rdlebut with the
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bromohydrins3, an §2 mechanism is operative, since now the
4-substituted species form:
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Finally, we investigated the possible interactiorEed-hydroxy-
3-methyl-but-2-enyl pyrophosphatd)(with IPPI, since4 is the
most potent phosphoantigen knownThe crystal structure of

bound to IPPI (PDB File 1PPW) is shown in Figure 2C and,
expanded, in Figure S5. Again, there are multiple interactions
between the diphosphate moiety andagk21, K55, R51, and
R83, but there is no covalent modification of the protein. Inhibition
of IPPI by 4 is only weak (IGo ~ 50uM, data not shown), clearly
ruling out IPPI as a target ipd T cell activation by4.

o, OH
“F-OH

o
Ho\/Kﬁ R-OH
9o
4

Overall, these results are of general interest since they represent
the first structural studies of the inhibition of the mevalonate
pathway enzyme, IPPI, by the bromohydrin phosphoantigens
currently being developed for immunotheragynlike the epoxy
pyrophosphates, reaction occurs exclusively at C-4 (not C-3),
suggesting an\ reaction for3 and related halohydrins. The potent
phosphoantiged also binds to IPPI, but is a poor inhibitor, clearly
indicating a target other than IPPI y® T cell activation.
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Experimental Methods. Crystals of E.coli IPPI were grown at room temperature by
the hanging drop method. Protein (10 mg/mL) was equilibrated against a reservoir
containing PEG2000 (16%), ammonium sulfate (100 mM), MgCl, (10 mM) and MnCl,
(10 mM) buffered with Tris/maleate at pH 5.5. Complexes with 3 and 4 were obtained by
soaking crystals of the protein with solutions (about 25 mM) of the inhibitors in
Tris/maleate (100 mM, pH 5.5), PEG2000 (16%), ammonium sulfate (100 mM), MnCl,
(10 mM), MgCl, (10 mM), and glycerol (25 %). After soaking, crystals were flash frozen
and diffraction data collected. Data for both complexes were collected by using a
Mar345 imaging plate system from Marresearch, (Marresearch GmbH) equipped with
Osmic optics and using an FR591 rotating anode generator (41 mA, 120 kV). Diffraction
data were processed with the MarFLM suite of programs. Data for the PhosphostimTM
complex were also collected on a Marresearch CCD detector on beam line BM30A at the
European Synchrotron Radiation Facility (ESRF) (Grenoble), and were processed with
the HKL suite of programs (Otwinowski, Z.; Minor, W. Methods Enzymol. 1997, 276,
307-326).
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Figure §1. Active site of the CYS-67 thicether complex of rac-3 and w.t. IPPL Cyan
sphere = Mg™"; purple sphere = Mn™".
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Figure 52. Active site of the GLU-116 ester complex of rac-3 and w.t. IPPL. Cyan sphere
= Mg™"; purple sphere = Mn™".
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Figure 53. Active site of the GLU-116 ester complex of 5-3 and w.t. IPPL. Cyan sphere =
Mg""; purple sphere = Mn*".
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Figure S4. Active site of the §-3 and Y104F IPPL. A, one molecule of 8-3 binds to C67
and B, the Mg™ site binds free diphosphate in one molecule of the asymmetnic unit. Cyan
spheres = Mg™"; purple spheres = Mn™".




Figure 85. Active site of the complex of 4 and w.t. IPPL. Cyan sphere = Mg”*: purple
sphere = Mn™".
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