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Bisphosphonates are an important class of drug molecules, used A Time (min) Time (min) Time (min)

to treat osteoporosis, Paget's disease, and hypercalcemia due to s e 2 eSSt e BBl
malignancy:? They act by inhibiting the enzyme farnesyl diphos-
phate synthase (FPPS, EC 2.5.1.10), which produces farnesyl
diphosphate from dimethylallyl diphosphate and two molecules of
isopentenyl diphosphate (IPP), the FPP being used in cholesterol,
heme a, and dolichol biosynthesis, and in the post-translational | ™" o[
modification of signaling proteins. It has also recently been shown 4 A P2 5 1o | v 8
that the IPP which would be expected to accumulate on FPPS §°° | Il g2/ It Il 11111
inhibition is converted to the isopentenyl ester of ATP (Apppl), a Y
strongly pro-apoptotic molecule which inhibits the mitochondrial
ADP/ATP transportef.Bisphosphonates are also of interest in the
context of cancer therapy since they stimulate huma@rm cells
containing the Y2V92 T cell receptor to proliferate and release
large amounts of TN& and IFNy,* leading to potential uses in J
immunotherapy, plus they have potent effet§ against the | ™™
parasites responsible for sleeping sickness, Chagas’ disease, malaria™ oo

and the leishmaniases. Fi 1. (A) ITC data for the six bisphosphonates bindingTtob i
9 f f gure ata Tor the sIX bispnospnonates binaing rucel
In early work? we suggested that bisphosphonates bind to the FPPS. Binding ofl and4 is enthalpy-driven: binding o2, 3, 5, and6 is

allylic (DMAPP) site of FPPS, acting as transition state/reactive entropy-driven. (B) Representative fitting curves for compouhds and
intermediate analogues. This general model has recently beens.

confirmed by X-ray crystallography:' We proposed the impor-
tance of electrostatic and attractive van der Waals interactions
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Table 1. Thermodynamic Parameters for Bisphosphonate Binding

between the bisphosphonate side chains and the protein; however, AG AH AS Ky ICso
the model ignored ligand hydration/dehydration (hydrophobic) _compound  pH (ke (keal) (eu) M) (M)
effects, and whether binding is enthalpy or entropy-driven. The 1 74 -971  -8.87 2.83 1.3 107 0.5
importance of the hydrophobic effect has been detected in more ?-Z _3.613?1 _1%‘(;13 _55(-)731 25332 ig gl
. . 13 . . . . i —J. . . . .
recenF computatnonal_studné%, _and here, we |n\_/est|gate_th|s topic 85 _839 291 3703 143 1 12
experimentally by using ITC (isothermal titration calorimetry). 3 7.4 —9.93 165 38.85 2.04& 107 0.4
We investigated binding of the following six bisphosphonates: 85 —9.05 —-4.76 1439 4.6« 10° 1
4 74 —7.46 -9.98 —8.44 3.13x10° 19.8
\P I OH o, OH 85 —7.48 -10.24 -9.27 3.20x10° 229
! OH N P OH P-OH 5 74 —9.21 7.21 55.08 6.0% 10° 1.3
B oH 7 TNoH (:’,“/\fo"' 85 —867 737 5385 24410 25
N® PoOH P\ OH N R OH 6 74 —8.85 048 3121 31210 4.0
0" OH O OH O OH 85 a ~0 a a a
1 2 3
Q\PPOH P on OQP,OgH aNot determined.
PN~~~ on . o o
R-OH Surprisingly, however, the binding of ibandronag Boniva) is
O OH strongly endothermicAH = 6.03 kcal mot?'), and binding is
6

entropy-driven AS = 50.91 cal deg! mol™!; —TAS = —15.27

kcal mol?) although the overalhG of —9.14 kcal mot? is very
similar to that seen with risedronate .71 kcal mot?). Since the
configurational entropy of ibandronate can be expected to decrease
on binding to FPPS, these results indicate the key importance of
hydrophobic effects, that is, water molecules which are ordered
around? increase their entropy on movementdinto the FPPS
active site, and ordered water molecules in the active site also
s Department of Biophysics. increase their entropy as they transfer to the bulk solvent on drug
TDepartment of Chemistry. binding. In the case of zoledronat8), binding is also entropy

to T. bruceiFPPS in the presence of ®ig(5 mM) at 300 K and
pH = 7.4 and 8.5 using a Microcal (Northampton, MA) V¥PrC.

As can be seen in Figure 1A and Table 1, the binding of
risedronate 1, Actonel) is strongly exothermic at pH 7.4 with
AH = —8.87 kcal mot!, AS= 2.83 cal deg! mol~%, andAG =
—9.71 kcal mot?, clearly indicating enthalpy-driven binding.
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driven at pH 7.4 AH = 1.65 kcal mot?; AS = 38.85 cal deg!
mol~1; —TAS = —11.7 kcal mof?; AG = —9.93 kcal mof?).
However, at pH= 8.5, binding switches to being enthalpy-driven,
with AH = —4.76 kcal mot!, —TAS = —4.32 kcal mot?, and
AG = —9.05 kcal mot?! (Table 1). At pH= 8.5, the AH for
risedronate binding becomes slightly more negative.87 —
—10.41 kcal mot?, Table 1), and likewise, the much less potent
phenylethane bisphosphonate inhibitor, the de-aza analogue of
risedronate4), also binds in an enthalpy-driven mode at both pH 60 55
values (Figure 1A and Table 1). When taken together, these results Log(ICsa, M}
strongly support the idea that bisphosphonates which have chargedsigure 2. (A) Enthalpy versus entropy of binding of six bisphosphonates
side chains bind in an entropy-driven manner, due to the high BO_T- erCBeiléPPSIa:_pHg-‘tl aﬂgﬁ%S YelIOW,delrjltrtlJ%-dri\éeln; blue, elnthalp)/-
H : H i riven. Iri on Wi m I n V
_enthalp!c cost of desolvating th.e ligand (_due o strongridipole for gnz;fm)e ir?higiteilog obteainid by useiﬁsuaeradixchen?ical gg%?yt(g.gg;s
interactions) and a corresponding large increaséSndue to the

P < 0.001).
increased disorder of the previously ligand (and protein)-bound ) . .
water molecules on ligand binding to FPPS. At pH7.4, the temperature at which the ITC experiments were carried out. As

pyridine side chain of risedronatel)(in solution is mostly expected,thg 165 values for enzyme inhibit.ion (Table 1) are.hig.hly
nonprotonated, an effect which increases slightly at-pH8.5, correlated with theAG andKy values for bisphosphonate _blnc_ilng
resulting in a small increase inH. However, with zoledronate (R = 0.85,P < 0.001) as measured by ITC, as shown in Figure
(3), at pH= 7.4, the imidazole side chain is expected to exist in a 2B. Moreover, the fitted slope .(1.21 kcal) is very close to that which
~1:4 protonated/nonprotonated form (given K.mf ~6.7 for would be expected theoretically (2.3%8 = 1.37 kcal) for
imidazole), so theAH of binding is less favorable than with ~ COMPetitive inhibition of FPPS. _ )
risedronate and is in fact positivé\ld = 1.65 kcal mot?) but These results are of general interest since they represent the first
becomes negativeAH = —4.76 kcal mot?) at pH= 8.5 (Table detailed thermodynamic investigation of the binding of a widely
1). In the case of the pyridinium-1-yl bisphosphon&tehe side used class of drug molecules, bisphosphonates, to their target, FPPS;
chain is of course fully charged at both pH values, axid is the results were unexpected since they show both enthalpy and
positive and has essentially the same value at both pHts < entropy-driven binding of drugs having the same activity, but can
7.21 and 7.37 kcal mot). With the phenyl-containing analogue be rationalized in terms of the molecular structures involved,
of risedronate 4), there is again no change itH and AS on opening the way to the design of more potent and selective
R . 16
changing pH, anéG is again enthalpy-driven (Figure 2A and Table ~ Inhibitors using ITC:
1). Likewise, for pamidronate (side chain alkylammonium
pKa ~ 10.6), there is almost no changeAi (~0) of binding at
either pH value since the group remains essentially fully protonated.
The increased activity of the longer alkyl chain length species References
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ibandronate correlates with an increased hydrophobic effect (in-
crease inAS), while the enhanced activity of risedronate and

zoledronate over the phenyl species can be attributed to enhanced ©)

(electrostatic> dispersion/pi) interactions in the FPPS active site.

These results clearly show that bisphosphonate binding to FPPS
can be either enthalpy or entropy-driven, with neutral side chain
species binding in an enthalpy-driven manner and charged side
chain species binding in an entropy-driven manner, shown sche-
matically in Figure 2A (colored surfaces). The results shown in
Figure 2A also indicate the presence of an apparent “enthalpy
entropy compensatior?* that is

(AH); = a(A9); + b

However, there is no need to invoke an “extra-thermodynamic”
basis for theAH—AS correlation observed experimentally since
the range IM\G (AAG) is small (2.47 kcal)AG (avg)= —8.78+
0.79 kcal mot?, while the range inAH is very large AAH ~
17.8 kcal). Under this circumstance, taking\G to be a O results

in

(AH), = T(A9), + b

with a sloped(AH)i/da(AS); = T, and experimentally, the results
shown in Figure 2A do in fact yield a slopé = 300 K, the
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