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Abstract:

The isoprenoid donor for protein geranylgeranylation reactions, geranylgeranyl diphosphate
(GGDP), is the product of the enzyme GGDP synthase (GGDPS) which condenses farnesyl diphosphate
(FDP) and isopentenyl pyrophosphate. GGDPS inhibition is of interest from a therapeutic perspective for
multiple myeloma as we have shown that targeting Rab GTPase geranylgeranylation impairs monoclonal
protein trafficking, leading to endoplasmic reticulum stress and apoptosis. We have reported a series of
triazole bisphosphonate GGDPS inhibitors of which the most potent was a 3:1 mixture of homogeranyl
(HG) and homoneryl (HN) isomers. Here we have determined the activity of the individual olefin
isomers. Enzymatic and cellular assays revealed that while HN is approximately 3-fold more potent than
HG, HN is not more potent than the original mixture. Studies in which cells were treated with varying
concentrations of each isomer alone and in different combinations revealed that the two isomers
potentiate the induced-inhibition of protein geranylgeranylation when used in a 3:1 HG:HN
combination. A synergistic interaction was observed between the two isomers in the GGDPS enzyme
assay. These results suggested that the two isomers bind simultaneously to the enzyme but within
different domains. Computational modeling studies revealed that HN is preferred at the FDP site, that
HG is preferred at the GGDP site, and that both isomers may bind to the enzyme simultaneously. These
studies are the first to report a set of olefin isomers which synergistically inhibit GGDPS thus establishing

a new paradigm for the future development of GGDPS inhibitors.
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Introduction:

In animals, the isoprenoid biosynthetic pathway begins with the conversion of
hydroxymethylglutaryl-coenzyme A (HMG-CoA) to mevalonate by HMG-CoA reductase (HMGR).
Mevalonate undergoes phosphorylation and decarboxylation to form isopentenyl pyrophosphate (IPP)
which reversibly isomerizes to dimethylallyl pyrophosphate (DMAPP). IPP and DMAPP serve as
substrates for farnesyl disphosphate synthase (FDPS) which generates the C;s farnesyl diphosphate
(FDP) from these Cs precursors, while FDP and IPP serve as substrates for geranylgeranyl diphosphate
synthase (GGDPS), generating the C; geranylgeranyl diphosphate (GGDP). The FDP and GGDP
isoprenoid moieties derived from these prenyl synthases play important roles in protein prenylation, a
post-translational modification. This modification is necessary for proper intracellular localization and
function of proteins such as members of the Ras small GTPase superfamily, many of which are involved
in signal transduction pathways. There has been significant focus on the development of inhibitors of
the prenyl transferases for pharmacological activity and therapeutic applications (Holstein and Hohl,
2012; Palsuledesai and Distefano, 2015). In the setting of multiple myeloma, we have been focused on
the disruption of Rab GTPase geranylgeranylation as a novel therapeutic strategy because our studies
have demonstrated that agents which impair Rab geranylgeranylation lead to a disruption of
monoclonal protein trafficking, resulting in induction of ER stress and apoptosis (Dykstra et al., 2015;

Holstein and Hohl, 2011).

An alternative strategy to the direct inhibition of prenyl transferase activity is to inhibit the
prenyl synthases involved in the generation of FDP and GGDP. The nitrogenous bisphosphonates such as
zoledronate (Fig. 1) have been widely used in the management of bone disorders, including
osteoporosis, metastatic bone disease, and myeloma bone disease. Notably, these agents are specific
inhibitors of FDPS (Bergstrom et al., 2000; Dunford et al., 2001) and their anti-resorptive activity is

primarily attributed to disruption of protein geranylgeranylation within osteoclasts (Coxon et al., 2000;
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Luckman et al., 1998). More recently there has also been interest in the therapeutic potential of GGDPS
inhibitors as a more direct way of depleting cellular GGDP levels and thereby disrupting protein

geranylgeranylation (Reilly et al., 2016; Wiemer et al., 2011).

Initial efforts in the development of GGDPS inhibitors yielded digeranyl bisphosphonate (Fig. 1)
which was found to have an ICs, of 260 nM against the enzyme (Shull et al., 2006; Wiemer et al., 2007).
Crystallography studies revealed that the V-shaped compound occupied the FDP substrate binding site
as well as the GGDP product site within the enzyme’s active site (K. M. Chen et al., 2008). Subsequent
efforts focused on modifications of the V-shaped motif (Barney et al., 2010; Foust et al., 2016; K. M.
Chen et al., 2008; Zhou et al., 2014b). More recently, a series of triazole bisphosphonates were prepared
and it was determined that a mixture of geranyl and neryl triazole bisphosphonates (Fig. 1) inhibited
GGDPS and that the neryl isomer was approximately 40-fold more potent than the geranyl isomer (ICso
375 nMvs 17 uM) (Zhou et al., 2014a; Zhou et al., 2013). Subsequently a preparation of a
homogeranyl/homoneryl triazole bisphosphonate mix (Fig. 1) was identified as the most potent inhibitor
of GGDPS described to date with an ICso of 45 nM (Wills et al., 2015). Given the relative activities of the
geranyl/neryl isomers, one might predict that the homoneryl isomer would be significantly more potent
than the homogeranyl isomer and efforts have therefore been focused on the preparation of the pure
isomers (Matthiesen et al., 2016). Here we present our findings for the biological activities of the
homogeranyl and homoneryl triazole bisphosphonates and demonstrate that these compounds interact
in a synergistic manner to inhibit GGDPS, thus establishing a new paradigm for the development of

GGDPS inhibitors.

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 5, 2017 as DOI: 10.1124/mol.116.107326
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #107326

Materials and Methods:

Reagents: Lovastatin (M2147), geranyl pyrophosphate (G6772), and farnesyl pyrophosphate (F6892)
were obtained from Sigma (St. Louis, MO). [**C]-IPP was purchased from American Radiolabeled
Chemicals (St. Louis, MQO). The pure homogeranyl and homoneryl triazole bisphosphonates (7 and 8) and
the 3:1 (HG:HN) mixture (6) were prepared as previously reported (Matthiesen et al., 2016; Wills et al.,
2015). Stock solutions (50 mM) of the triazole bisphosphonate sodium salts were prepared in sterile
water and stored at -20 °C. Working dilutions (0.5 uM-50 M) of the triazole bisphosphonate sodium
salts were also prepared in sterile water and stored at -20 °C. Anti-Rapla (sc-1482), Rab6 (sc-310), and
calnexin (sc-23954) antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-j3-
tubulin (T5201) antibody was purchased from Sigma. Secondary HRP-linked antibodies were obtained
from Amersham (GE Healthcare Life Sciences, Pittsburgh, PA; (anti-mouse (NA-931) and anti-rabbit

(NA934)) or Santa Cruz Biotechnology (anti-goat sc-2020).

Cell culture: Human myeloma cell lines (RPMI-8226, MM.1S) were purchased from American Type
Culture Collection (ATCC) (Manassas, VA) and grown in media (per ATCC specifications) which was
supplemented with heat-inactivated fetal bovine serum (FBS), glutamine and penicillin-streptomycin at

37 °C and 5% CO..

Monoclonal protein quantitation: Cells were incubated in the presence or absence of drugs for specified
periods of time. The cells were lysed in RIPA buffer (0.15M NaCl, 1% sodium deoxycholate, 0.1% SDS,
1% Triton (v/v) X-100, 0.05 M Tris HCI, pH 7.4) containing protease and phosphatase inhibitors. Protein
content was determined using the BCA method. A human lambda light chain kit (E80-116, Bethyl

Laboratories, Montgomery, TX) was used to quantify intracellular monoclonal protein levels.

Immunoblotting: Following incubation with drugs, cells were collected, washed with PBS, and lysed in

RIPA buffer as described above. Protein content was determined using the BCA method. Equivalent
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amounts of cell lysate were resolved by SDS-PAGE, transferred to polyvinylidene difluoride membrane,
probed with the appropriate primary antibodies, and detected using HRP-linked secondary antibodies
and Amersham Pharmacia Biotech ECL Western blotting reagents per manufacturer’s protocols. For
Rab6, cells were lysed with Triton X-114 to generate detergent (membrane) fractions (Wasko et al.,

2011).

Measurement of intracellular GGDP levels: Intracellular GGDP levels were measured using the previously
reported reversed phase HPLC methodology (Tong et al., 2005). Briefly, isoprenoid pyrophosphates
were extracted from cell pellets with extraction solvent (butanol /75 mM ammonium hydroxide/ethanol
1:1.25:2.75) and then dried down with nitrogen gas. The GGDP in the residue was incorporated into
fluorescently labeled GCVLL peptide (Biosynthesis, Inc., Lewisville, TX) by recombinant GGTase |, (Jena
Biosciences, Jena, Germany) and the prenylated fluorescent peptide was quantified by reversed phase

HPLC with fluorescence detection.

FDPS and GGDPS enzyme assays: Recombinant FDPS was kindly provided by Dr. Raymond Hohl, Penn
State Cancer Institute. Recombinant GGDPS was obtained from MyBioSource (San Diego, CA). Enzyme
assays were performed as previously described (Wills et al., 2015). Compounds were tested in duplicate

and three independent experiments were performed.

Modeling: The crystal structure of geranylgeranyl diphosphate synthase in complex with magnesium and
BPH-252 was obtained from the protein databank (pdb code: 2Z4Y) (K. M. Chen et al., 2008). The
structure was then prepared for docking experiments by removing the ligands, adding hydrogen atoms
and refining with energy minimization and 3ns long molecular dynamics simulation using Amber99 force
field and charges as adopted in MOE program (ver 10.2). The binding pockets for FDP and GGDP have
been well-described in the literature to be overlapping, yet distinct sites (Kavanagh et al., 2006). Three

dimensional structures of HG (compound 7) and HN {compound 8) were modeled using the ligand
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builder module of MOE and refined using AM1 optimization. These compounds were then docked
individually to both the FDP and GGDP sites using the GOLD program (Ver 4.1) (Jones et al., 1997). GOLD
program uses a genetic algorithm for a conformational search on both the ligand and residues of the
binding pocket. Twenty different conformations of HN and HG were sampled independently at the FDP
and GGDP sites and the docked complexes were ranked using Goldscore and Chemscore scoring
schemes (Jones et al., 1997; Verdonk et al., 2003). The probability of binding of HN and HG at the FDP or
GGDP sites were determined by comparing the binding energy of the complexes at each site. Further,
the best-ranking of HN and HG conformations were simultaneously docked using the MOE program and

the complex was minimized.

Statistics: ANOVA testing using the Holm correction for multiple comparisons was used to calculate
statistical significance (Aickin and Gensler, 1996). Enzyme assay ICso’s and combination indices were
determined via CalcuSyn software (Biosoft, Cambridge, UK). The software analyzes drug interactions

based on the method of Chou and Talalay (Chou and Talalay, 1984).

Results

Homoneryl triazole bisphosphonate (8) more potently disrupts cellular geranylgeranylation than
homogeranyl triazole bisphosphonate (7). Cell culture studies were performed to determine the relative
potencies of the HG and HN isomers in disrupting geranylgeranylation. We have previously
demonstrated that inhibition of Rab geranylgeranylation results in accumulation of intracellular
monoclonal protein levels in myeloma cells and that changes in this protein level can be used as a
surrogate marker for disruption of geranylgeranylation (Holstein and Hohl, 2011; Wills et al., 2015). An
ELISA analysis of lambda light chain levels following treatment with either HG or HN in MM cells (RPMI-

8226 (Fig. 2A) and MM. 1S (Supplemental Figure 1)) revealed that the HN isomer more potently induces
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accumulation of intracellular light chain as compared to the HG isomer. This disruption in protein
geranylgeranylation was confirmed with immunoblot analysis of Rapla using a primary antibody that is
specific for unmodified protein. As shown in figure 2B, HN more potently induces the accumulation of
unmodified Rapla as compared to the HG isomer. To more directly assess the disruption of Rab
geranylgeranylation, Triton X-114 lysis was performed on RPMI-8226 cells treated with either isomer
and immunoblot analysis of the detergent fraction (membrane-bound fraction) was performed (Fig. 2C).
While a decrease in modified Rab6 was observed following treatment with 50 nM HN, a 3-fold higher

concentration (150 nM) of HG was required to exert similar effects.

Homoneryl triazole bisphosphonate more potently depletes cellular GGDP levels than homogerany!
triazole bisphosphonate. The effects of the isomers on intracellular GGDP levels were assessed.
Consistent with the geranylgeranylation studies, the HN isomer is more potent than the HG isomer in
depleting cellular GGDP levels (Fig. 3). In aggregate, these studies suggested that the HN isomer was 2-3

times more potent than the HG isomer.

Homoneryl triazole bisphosphonate is a potent and specific inhibitor of GGDPS. In vitro enzyme assays
were performed in order to directly assess the ability of each isomer to inhibit GGDPS. As shown in Table
1, the HN isomer was found to be more potent than HG, confirming the results of the cellular assays.
Neither isomer potently inhibited the related enzyme FDPS, demonstrating specificity towards GGDPS of

approximately 365:1.

Lovastatin potentiates the effects of the GGDPS inhibitors. Lovastatin, as a representative HMG-CoA
reductase inhibitor, globally disrupts prenylation as a consequence of depletion of mevalonate and
longer chain isoprenocids. Typically, micromolar concentrations of this drug are required to exert this
effect, and therefore this is not considered to be clinically relevant as standard statin dosing yields

plasma levels of approximately 0.1 uM (Pan et al., 1990). In these assays, cells were incubated in the
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presence or absence of sub-maximal concentrations of either HG or HN in combination with 0.1 uM
lovastatin. As shown in figure 4, submicromolar lovastatin alone did not disrupt protein
geranylgeranylation as evidenced by the lack of changes in intracellular light chain levels (Fig. 4A) or
appearance of unmodified Rapla (Fig. 4B). However, when cells were co-incubated with lovastatin and
either HG or HN there was an increase in both intracellular light chain levels and unmodified Rapla

levels compared to HG or HN alone.

The combination of the two isomers more potently disrupts cellular geranylgeranylation than either
isomer alone. Based on previous work with the geranyl and neryl triazole bisphosphonates, which
demonstrated that the neryl isomer was more potent than either the geranyl isomer or the originally
reported mixture of the two isomers (Zhou et al., 2014a), it was hypothesized that the HN isomer would
not only be more potent than the HG isomer, but would also be more potent than the original mixture 6.
The in vitro enzyme assay results (Table 1) confirmed that HN is more potent than HG but not more
potent than the mixture 6. Studies were therefore performed to more directly compare the cellular
activity of the mixture to the pure HN isomer. The activity of the mixture 6 and HN was very similar
across a concentration range of 10-50 nM (Fig.5 and Supplemental Figure 2). As the original mixture is a
3:1 ratio in favor of the less potent isomer (3:1 HG:HN) (Wills et al., 2015), these results suggested that
the two isomers might interact with each other. Therefore, studies were performed in which cells were
incubated with varying combinations of HN and HG. Marked increases in both intracellular light chains
and unmodified Rapla levels were observed when cells were treated with a 3:1 ratio of HG:HN (figure
6). Conversely, no enhancement in activity was observed when cells were treated with a 1:3 ratio of
HG:HN (Supplemental Figure 3). Combinations involving a 1:1 ratio showed some enhancement in

activity, but less so than with the 3:1 mixture (Supplemental Figure 4).

10
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Homogeranyl and homoneryl triazole bisphosphonates synergistically inhibit GGDPS. To determine
whether the results of the cell culture combination studies are a consequence of interaction of the two
isomers at the level of the enzyme, in vitro enzyme studies were performed. As shown in figure 7, the
combination of the two isomers (3:1 HG:HN) inhibited GGDPS activity more potently than either isomer
alone. Isobologram analysis revealed a synergistic interaction with combination indices (Cl) of three

independent experiments less than one (Cl of 0.57 + 0.28 for ECs).

Modeling of HG and HN in the GGDPS active site. Molecular docking studies of HN and HG to the FDP
and GGDP sites suggested that the HN and HG had preferential docking probabilities to the two sites
(Fig. 8). The HN isomer favored binding at the FDP site with a high probability and 75% of the sampled
conformations had a docking score of >62 at the FDP site. Similarly, HG had a higher probability of
binding to the GGDP site and 64% of sampled conformations had a docking score of >72 at the GGDP
site. Interactions of HN at the FDP site were mediated by hydrogen-bonded interactions between the
ligand and arginine residues 44, 89, and 90. In addition, histidine 73, tyrosine 210 and several
hydrophobic residues contributed to the high affinity interactions of HN. The binding of HG to the GGDP
site was mediated by an arene-H interaction between the triazole and lysine 238 as well as several
hydrogen bonding partners including tyrosine 210, glutamine 147, threonine 175, and lysine 174.
Several hydrophobic interactions also appear to stabilize the ligand in this binding pocket. Further,
docking studies also suggested that both HN and HG could bind simultaneously to these two sites with a

potential for synergistic interactions (Fig. 8).

Discussion:
Pharmacological inhibition of GGDPS, as opposed to other enzymes in the isoprenoid
biosynthetic pathway, results in disruption of geranylgeranylation while leaving the remainder of the

pathway (including cholesterol synthesis and farnesylation) intact. Not only has our work demonstrated

11
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potential for GGDPS inhibitors as anti-myeloma agents (Dykstra et al., 2015; Holstein and Hohl, 2011;
Zhou et al., 2014a), but there has also been interest in the use of GGDPS inhibitors as anti-cancer agents
for solid tumors models (Reilly et al., 2016) and in non-malignant conditions such as pulmonary fibrosis

(Osborn-Heaford et al., 2015).

Previous efforts to develop GGDPS inhibitors have focused in large part on branched
compounds, including V-shaped inhibitors such as DGBP and its analogues as well as more recently U-
shaped inhibitors (Barney et al., 2010; Foust et al., 2016; K. M. Chen et al., 2008; Wiemer et al., 2007;
Zhou et al., 2014b). Prior crystallography studies demonstrated that the V-shaped compounds can
occupy both the FDP and the GGDP sites (K. M. Chen et al., 2008). Based on the activity of the branched
inhibitors, the activity of the mono-alkylated triazole bisphosphonates as GGDPS inhibitors was
unexpected (Zhou et al., 2014a). Dialkylated triazoles bisphosphonates, while maintaining activity as
GGDPS inhibitors, were not more potent than the monoalkylated versions {(Wills et al.,
2015)(unpublished data), suggesting that the triazole moiety plays an important role in modulating the

interaction between the inhibitor and the enzyme.

There have been conflicting reports regarding the manner in which GGDPS monomers associate
in solution. Kuzuguchi et al., reported a molecular weight of 280-kDa, which would correlate with GGDPS
being an octomer (each monomer has a molecular weight of 34.96 kDa) (Kuzuguchi et al., 1999). Work
done by Kavanagh et al., suggested that based on molecular weight, 5-6 monomers are associated per
molecule (molecular weight 193 kDa) in solution (Kavanagh et al., 2006). Sagami et al., reported that
GGDPS from bovine brain is a homooligomer (150-195 kDa) with a monomer molecular mass of 37.5 kDa
(Sagami et al., 1994) while Miyagi et al., reported that the active form of GGDPS in solution is an
octomer and that hexamer and dimer forms could be converted to the octamer form by treating with

dithiothreitol (Miyagi et al., 2007). Crystallography studies by Kavanagh et al., revealed a hexameric

12
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organization of three dimers in which each of the six protein chains is associated with two Mg** ions and

one GGDP molecule (Kavanagh et al., 2006).

Based on the computational modeling studies, both HG and HN can simultaneously bind to
distinct but overlapping sites within the enzyme (HG with preference for the GGDP site and HN with
preference for the FDP site) (Fig. 8). These preliminary results suggest synergistic interactions between
HN and HG molecules but do not explain the observed 3:1 stoichiometry observed in enzymatic assays.
That the highest degree of synergy is observed when the two isomers are in a 3:1 HG:HN ratio, may be
related to the oligomeric nature of the enzyme in solution. It can be hypothesized that, for example,
binding of one HG molecule to the product site of one GGDPS monomer could change the conformation
of the other monomers in the complex such that the affinity of subsequent HG or HN binding is altered.
Future crystallography studies with the enzyme in complex with HG and/or HN will be important to

more clearly define the manner in which the two isomers bind and interact with the enzyme.

Many clinically used agents are chiral and have been used as racemic mixtures. There is
precedence for the enantiomers to have different relative activities against the same target, as well as
different pharmacokinetic properties (Lu, 2007). For example, while the binding of the (S)-enantiomer of
the myeloma drug thalidomide to cereblon is favored over the binding of the (R)-enantiomer (Fischer et
al., 2014), the two enantiomers have different clearances such that the blood concentration of the (R)-
enantiomer is higher (Eriksson et al.,, 2001; Eriksson et al., 1995). The anti-depressant bupropion is
racemic as is its major metabolite hydroxybupropion, however, the (25, 3S)-hydroxy isomer is
significantly more potent than the (25, 3R) hydroxy isomer (Damaj et al., 2004). In a recent report
investigating novel allosteric modulators of dopamine receptors, which are of interest for the treatment
of Parkinson’s disease, it was found that the (R)-isomer acted as a positive allosteric modulator while the

(S)-isomer had negative allosteric modulator properties (Wood et al., 2016). Examples of enantiomers

13
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having synergistic properties have also been reported, including enantiomeric iminosugars (Jenkinson et
al., 2011) and methadone (Silverman et al., 2009). To our knowledge, the present study is the first
reported case of olefin stereoisomers having synergistic activity against an enzyme. Future studies will

determine whether these isomers have different pharmacokinetic properties.

In contrast to FDPS, no substrate inhibition of GGDPS by IPP has been observed (Kavanagh et al.,
2006). However, there is evidence that GGDP is a competitive inhibitor with respect to FDP (Kavanagh et
al., 2006; Sagami et al., 1994), thus providing a mechanism by which the enzyme regulates GGDP
production. This feature predicts relatively stable levels of GGDP under conditions of upstream substrate
depletion. Submicromolar levels of lovastatin, which are sufficient to alter isoprenoid levels and inhibit
cholesterol biosynthesis but insufficient to disrupt protein geranylgeranylation (Sinensky et al., 1990),
potentiate the activity of low concentrations of the HG/HN isomers (Fig. 4). These findings are consistent
with enhanced enzyme inhibition as a consequence of depletion of the substrates as well as by
increasing the access of the inhibitors to the GGDP binding site by depleting available GGDP. From a
therapeutic perspective, this finding is relevant because it suggests that the clinical efficacy of HG/HN
could be enhanced by the co-administration of standard doses of statins and therefore the toxicities

associated with high doses of statins (Holstein et al., 2006; Thibault et al., 1996) could be avoided.

In conclusion, the mixture 6 is the most potent GGDPS inhibitor identified to date. We have now
demonstrated that while the HN isomer is more potent an inhibitor than the HG isomer, notably, the
two isomers in combination behave in a synergistic manner. Future studies will focus on further defining
the precise mechanisms by which these isomers interact with GGDPS and determining the preclinical

activity of these novel GGDPS inhibitors.
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Figure Legends

Figure 1. Inhibitors of FDPS and GGDPS. Chemical structures of FDPS and GGDPS inhibitors. ICsg values

are presented for previously published GGDPS inhibitors.

Figure 2. HN more potently disrupts protein geranylgeranylation than HG. RPMI-8226 and MM.1S cells

were incubated for 48 hours in the presence or absence of varying concentrations of HG and HN (10-200

nM). A) RPMI-8226 intracellular lambda light chain levels were measured via ELISA. Data are expressed
as a percentage of control (mean + standard deviation of 3 independent experiments). *Denotes
statistical significance as determined by ANOVA testing with the Holm correction for multiple
comparisons comparing treated cells to control cells. B) Immunoblot analysis of whole cell lysate (RPMI-
8826 (R), MM.1S (M)) for Rapla (antibody detects only unmodified protein) and B-tubulin (loading
control) was performed. Lovastatin (Lov, 10 uM) was included as a positive control. Blots are
representative of at least three independent experiments. C) RPMI-8226 cells were incubated for 48
hours in the presence or absence of lovastatin (Lov, 10 uM), HG (50 or 150 nM), or HN (50 or 150 nM).
Triton X-114 lysis was performed with immunoblot analysis of Rab6 (representative Rab GTPase) and
calnexin (loading control). Densitometric analysis of Rab6 (normalized to calnexin) for the treated cells
normalized to untreated (control) cells is shown. Data are displayed as mean + standard deviation (n=3
independent experiments). *Denotes statistical significance as determined by ANOVA testing with the

Holm correction for multiple comparisons comparing treated cells to control cells.

Figure 3. Effects of HG, HN, and the mixture 6 on intracellular GGDP levels. RPMI-8226 cells were
treated for 48 hours with varying concentrations (50-200 nM) of HG, HN, or the mixture 6. GGDP was
extracted and quantified as described in the Materials and Methods section. Data are expressed as a

percentage of control (mean + standard deviation of two independent experiments). *Denotes
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statistical significance as determined by ANOVA testing with the Holm correction for multiple

comparisons comparing treated cells to control cells.

Figure 4. Lovastatin enhances the effects of HG and HN. RPMI-8226 cells were incubated for 48 hours in
the presence or absence of lovastatin (Lov, 0.1 uM) and HG (50-100 nM) or HN (25-50 nM). A)
Intracellular lambda light chain levels were measured via ELISA. Data are expressed as a percentage of
control {(mean + standard deviation of 3 independent experiments). *Denotes statistical significance as
determined by ANOVA testing with the Holm correction for multiple comparisons comparing treatments
with and without lovastatin. B) Immunoblot analysis of whole cell lysate for Rapla (antibody detects
only unmodified protein) and B-tubulin (loading control) was performed. Blots are representative of at

least three independent experiments.

Figure 5. The mixture 6 and HN have similar cellular activity. RPMI-8226 and MM.1S cells were
incubated for 48 hours in the presence or absence of varying concentrations (10-50 nM) of mixture 6
(Mix 6) and HN. A) RPMI-8226 intracellular lambda light chain levels were measured via ELISA. Data are
expressed as a percentage of control (mean + standard deviation of 3 independent experiments).
*Denotes statistical significance as determined by ANOVA testing with the Holm correction for multiple
comparisons comparing treated cells to control cells. B) Immunoblot analysis of whole cell lysate (RPMI-
8826 (R), MM.1S (M)) for Rapla (antibody detects only unmodified protein) and -tubulin (loading
control) was performed. Lovastatin (Lov, 10 uM) was included as a positive control. Blots are

representative of three independent experiments.

Figure 6. The combination of HG and HN in a 3:1 ratio enhances disruption of protein
geranylgeranylation. RPMI-8226 and MM.1S cells were incubated for 48 hours in the presence or
absence of varying concentrations (nM) of HG, HN, or the combination of the two isomers. A)

Intracellular lambda light chain levels were measured via ELISA. Data are expressed as a percentage of
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control (mean + standard deviation of 3 independent experiments). *Denotes statistical significance as
determined by ANOVA testing with the Holm correction for multiple comparisons comparing treated
cells to control cells. B) Immunoblot analysis of whole cell lysate (RPMI-8826 (R), MM.1S (M)) for Rapla
and B-tubulin (loading control) was performed. Lovastatin (Lov, 10 uM) was included as a positive

control. Blots are representative of three independent experiments.

Figure 7 HG and HN inhibit GGDPS in a synergistic manner. Recombinant GGDPS was incubated with
substrates ([**C]-IPP and FDP) in the presence or absence of inhibitors (HG, HN, or the two isomers in
combination (3:1)) and GGDPS activity was determined via quantification of [**C]-GGDP. Data are
expressed as mean + standard deviation (n=2) and are representative of three independent

experiments.

Figure 8. Modeling studies reveal preferential binding of HN to the FDP site and HG to the GGDP site
and their ability to simultaneously bind GGDPS. A) HN and HG docked to FDP and GGDP sites of GGDPS.
The protein is represented in cartoon format with cylinders representing helices and colored orange. HN
and HG are represented as licorice sticks and colored atom type (Carbon = cyan, Nitrogen = blue, Oxygen
= red, Phosphorus = yellow and Sodium = purple). The position of the Mg?* ion is shown as a green oval.
B) Two-dimensional representations of HN (left) and HG (right) docked to FDP and GGDP binding
pockets generated using ligX module of MOE program. The schematic legend below describes the nature

of the interactions.
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Table 1. Inhibitory activities of the homogeranyl and homoneryl triazole bisphosphonates against

GGDPS and FDPS.

GGDPS ICsq (M)

FDPS ICso (ULM)

Homogeranyl 7 1733 +12.7 49.6 + 8.2
Homoneryl 8 749 +6.2 33.3+5.6
Mixture 6 (Wills et al., 2015) 447 +16.1 28.0+5.0
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Olefin Isomers of a Triazole Bisphosphonate Synergistically Inhibit Geranylgeranyl Diphosphate Synthase
Cheryl Allen, Sandhya Kortagere, Huaxiang Tong, Robert A. Matthiesen, Joseph I. Metzger,

David F. Wiemer, and Sarah A. Holstein

Molecular Pharmacology
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Supplemental Figure 1. MM. 1S cells were incubated for 48 hours in the presence or absence of varying
concentrations of HG or HN (10-200 nM). Intracellular lambda light chain levels were measured via
ELISA. Data are expressed as a percentage of control (mean + standard deviation of 3 independent
experiments). *Denotes statistical significance as determined by ANOVA testing with the Holm
correction for multiple comparisons comparing treated cells to control cells.
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Supplemental Figure 2. MM. 1S cells were incubated for 48 hours in the presence or absence of varying
concentrations (10-50 nM) of mixture 6 (mix) or HN. Intracellular lambda light chain levels were
measured via ELISA. Data are expressed as a percentage of control (mean + standard deviation of 3
independent experiments). *Denotes statistical significance as determined by ANOVA testing with the
Holm correction for multiple comparisons comparing treated cells to control cells.
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Supplemental Figure 3. RPMI-8226 and MM.1S cells were incubated for 48 hours in the presence or
absence of varying concentrations (nM) of HG, HN, or the combination of the two isomers in a 1:3 ratio.
A) Intracellular lambda light chain levels were measured via ELISA. Data are expressed as a percentage
of control (mean + standard deviation of 3 independent experiments). *Denotes statistical significance
as determined by ANOVA testing with the Holm correction for multiple comparisons comparing treated
cells to control cells. B) Immunoblot analysis of whole cell lysate (RPMI-8226 (R), MM.1S (M)) for Rapla
and B-tubulin (loading control) was performed. Lovastatin (Lov, 10 pM) was included as a positive
control. Blots are representative of three independent experiments.
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Supplemental Figure 4. RPMI-8226 and MM.1S cells were incubated for 48 hours in the presence or
absence of varying concentrations (nM) of HG, HN, or the combination of the two isomers in a 1:1 ratio.
A) Intracellular lambda light chain levels were measured via ELISA. Data are expressed as a percentage
of control (mean + standard deviation of 3 independent experiments). *Denotes statistical significance
as determined by ANOVA testing with the Holm correction for multiple comparisons comparing treated
cells to control cells. B) Immunoblot analysis of whole cell lysate (RPMI-8226 (R), MM.1S (M)) for Rapla
and B-tubulin (loading control) was performed. Lovastatin (Lov, 10 uM) was included as a positive
control. Blots are representative of three independent experiments.



