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Bisphosphonate drugs such as zoledronic acid (ZOL), used for the treatment of common bone disorders, target the
skeleton and inhibit bone resorption by preventing the prenylation of small GTPases in bone-destroying osteoclasts.
Increasing evidence indicates that bisphosphonates also have pleiotropic effects outside the skeleton, most likely via
cells of the monocyte/macrophage lineage exposed to nanomolar circulating drug concentrations. However, no effects
of such low concentrations of ZOL have been reported using existing approaches. We have optimized a highly sensitive
in vitro prenylation assay utilizing recombinant geranylgeranyltransferases to enable the detection of subtle effects of
ZOL on the prenylation of Rab- and Rho-family GTPases. Using this assay, we found for the first time that concentrations
of ZOL as low as 10nM caused inhibition of Rab prenylation in J774 macrophages following prolonged cell culture. By
combining the assay with quantitative mass spectrometry we identified an accumulation of 18 different unprenylated
Rab proteins in J774 cells after nanomolar ZOL treatment, with a >7-fold increase in the unprenylated form of Rab
proteins associated with the endophagosome pathway (Rab1, Rab5, Rab6, Rab7, Rab11, Rab14 and Rab21). Finally, we
also detected a clear effect of subcutaneous ZOL administration in vivo on the prenylation of Rab1A, Rab5B, Rab7A and
Rab14 in mouse peritoneal macrophages, confirming that systemic treatment with bisphosphonate drug can inhibit
prenylation in myeloid cells in vivo outside the skeleton. These observations begin a new era in defining the precise
pharmacological actions of bisphosphonate drugs on the prenylation of small GTPases in vivo.

Introduction

For more than 3 decades, bisphosphonate (BP) drugs have
been the frontline treatment for disorders of excessive bone
destruction, such as post-menopausal osteoporosis and tumor-
associated bone disease. Nitrogen-containing bisphosphonates
(N-BP) such as zoledronic acid (ZOL) and alendronate decrease
bone resorption by inhibiting farnesyl diphosphate (FPP) syn-
thase in osteoclasts.1-3 Inhibition of this enzyme, at a critical
branch point in the mevalonate pathway, prevents the biosyn-
thesis of the isoprenoid lipids farnesyl diphosphate (FPP) and
geranylgeranyldiphosphate (GGPP) that are necessary for post-
translational protein prenylation.4,5 Most prenylated proteins
belong to the superfamily of small GTPase signaling proteins,

the majority of which are geranylgeranylated by either GGTase
I (which prenylates Rho family GTPases) or Rab GGTase
(which prenylates Rab GTPases).6 The anti-resorptive effect of
N-BPs on osteoclasts is the result of inhibition of FPP synthase
and loss of geranylgeranylated proteins.7 In the absence of pre-
nylation, these proteins accumulate in the cytosol and disrupt
downstream signaling pathways.8,9

In addition to affecting osteoclasts, there is increasing evidence
from clinical trials and meta-analyses10-12 that in humans N-BPs
may exert pleiotropic effects outside the skeleton. N-BP treat-
ment is associated with prolonged disease-free survival in patients
with multiple myeloma and in women with early-stage breast
cancer,13-16 and decreased risk of mortality in post-menopausal
women.17,18 The cell types responsible for these additional effects
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of N-BPs are unknown, but monocytes and macrophages are
likely candidates since (like osteoclasts and unlike most cell types)
they internalize N-BPs rapidly and efficiently by endocytosis.19-23

However, there is little knowledge regarding effects of N-BPs on
cells other than osteoclasts, largely because of the difficulty of
detecting subtle inhibitory effects of N-BPs on protein prenyla-
tion. Inhibition of prenylation is most conveniently studied by
western blotting to detect the accumulation of the unprenylated
form of the small GTPase Rap1A. This approach has shown that
concentrations �1 mM N-BP inhibit the prenylation of small
GTPases in a wide variety of cultured cell types including macro-
phages20,24 and osteoclasts25 and that N-BPs inhibit Rap1A pre-
nylation in osteoclasts in vivo.22,26,27

A limitation of the western blot assay for unprenylated
Rap1A is that it detects a single protein, whereas at least 300
proteins in the human proteome are estimated to be preny-
lated28 and the effect of N-BPs on this “prenylome” is largely
unknown. Furthermore, the maximum circulating concentra-
tion of a standard dose of 4 mg iv ZOL or 70 mg oral
alendronate in humans is approximately 1 mM and 120 nM
respectively,29,30 decreasing rapidly to <1% of this 24 hours
after infusion. Hence most cells outside the skeleton are likely
to be exposed to far lower concentrations. To our knowledge,
no effect of N-BPs on protein prenylation has ever been
described in cultured cells at concentrations lower than
1 mM. Using J774 macrophages, we optimized an assay in
which recombinant prenyl transferase enzymes (either
GGTase I or GGTase II/Rab GGTase) utilize unprenylated
proteins in cell lysates as substrates for in vitro prenylation
with a biotinylated isoprenoid lipid31 (Fig. 1). This approach
would be expected to be more sensitive than western blot
detection of unprenylated Rap1A and, by combining this in
vitro prenylation (IVP) assay with Stable Isotope with Amino
acids in Cell Culture (SILAC)-mass spectrometry (MS), it

allows the simultaneous identification and quantitation of
multiple prenylated proteins that are affected by N-BPs. We
applied this assay to study, for the first time, the effect of
nanomolar concentrations ZOL on the geranylgeranylated
prenylome of cultured macrophages, to determine the effect
ZOL in vivo on the prenylome of macrophages outside the
skeleton in mice, and to identify the specific prenylated pro-
teins affected by ZOL treatment.

Results

An in vitro prenylation assay with Rab GGTase is more
sensitive than detection of unprenylated Rap1A by protein gel
blotting

Figure 1 illustrates the approach to label unprenylated Rab
proteins present in cell lysates, using recombinant Rab GGTase/
REP1 and biotinylated-geranyl substrate (B-GPP). Only unpre-
nylated Rab proteins become prenylated (and hence biotinylated)
in vitro, allowing detection on protein blots using streptavidin.
Unprenylated Rap1A can also be detected on western blots using
an antibody that specifically binds to the unprenylated form of
the protein.24

Acute treatment of J774 macrophages for 24 h with 5 mM
or 10 mM ZOL caused the accumulation of unprenylated
Rap1A, detected by protein gel blotting (Fig. 2A). No effect
could be detected after treatment with �1 mM ZOL
(Fig. 2A), consistent with our previous studies showing that
�1 mM N-BP is required to inhibit prenylation within
24 hours.4,7,20,24,25,32,33 Similarly, after performing the in
vitro prenylation (IVP) assay with GGTase I on the same cell
lysates, the presence of unprenylated 21 kDa small GTPases
was detectable after treatment with 5 mM or 10 mM ZOL,
but �1 mM ZOL had no detectable effect (Fig. 2B). After

IVP of the same cell lysates
with Rab GGTase, an intense
cluster of protein bands of
molecular mass 22-26 kDa was
detected following treatment
with 5 mM or 10 mM ZOL.
However, these bands of
in vitro prenylated Rab proteins
were also detectable after treat-
ment with 1 mM or 500 nM
ZOL (Fig. 2C). An approxi-
mately 75 kDa band of endoge-
nous biotinylated protein (most
likely methylcrotonoyl-CoA
carboxylase a subunit, and/or
propionyl-CoA carboxylase a
subunit) present in the cell
lysates was used as a loading
control on the blots (Fig. 2B–
C). These studies demonstrate
that the IVP assay with Rab
GGTase is at least 10 times

Figure 1. Schematic diagram of the in vitro prenylation assay. Unprenylated proteins (present in cells after
bisphosphonate treatment) are prenylated in vitro in cell lysates by recombinant Rab GGTase or GGTase I, uti-
lizing biotinylated-geranyl substrate (“B”). Hence, only unprenylated proteins become biotinylated, allowing
detection on protein blots or enrichment for liquid chromatography-mass spectrometric analysis. The assay
was used to analyze lysates of cultured cells and macrophages purified from ZOL-treated mice.
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more sensitive at detecting effects of acute ZOL treatment on
protein prenylation than standard western blotting for unpre-
nylated Rap1A.

Prolonged exposure of cultured macrophages to nanomolar
concentrations of ZOL inhibits protein prenylation

We then applied the IVP assay, in comparison with protein
gel blotting to detect unprenylated Rap1A, to determine whether
prolonged exposure to low, nanomolar concentrations of ZOL
could inhibit protein prenylation. After 7 days’ culture with
�250 nM ZOL, the IVP assay with Rab GGTase demonstrated
an abundance of unprenylated Rab proteins, with an effect also
being detectable after treatment with 50 nM and 100nM ZOL
(Fig. 3A). By contrast, the IVP assay with GGTase I (Fig. 3B)
and the western blot detection of unprenylated Rap1A (Fig. 3C)
only showed a very minor effect of 500 nM ZOL after 7 days.
After 18 days’ culture, �50 nM ZOL had a clear effect on the
prenylation of Rab proteins in the IVP assay with Rab GGTase
(Fig. 3A). However, only 500 nM ZOL had a clear effect (and a
minor effect with 250 nM ZOL) on unprenylated Rap1A
(Fig. 3C), similar to the IVP assay with GGTase I (Fig. 3B).
After 30 days’ culture there was a clear effect of 10 nM ZOL on
Rab prenylation (and dramatic effects with �50 nM ZOL) using
the IVP assay with Rab GGTase (Fig. 3A). Concentrations of
ZOL �50 nM also had a clear effect on prenylation in the IVP
assay with GGTase I (Fig. 3B) and on unprenylated Rap1A
(Fig. 3C) after 30 days’ treatment. The 75 kDa band of endoge-
nous biotinylated protein, used as a loading control on the blots,
is shown in Supplementary Figure. 1.

Nanomolar ZOL treatment inhibits the prenylation of
mutiple Rab GTPases

2-dimensional gel electrophoresis of J774 macrophage cell
lysates, following the IVP assay with Rab GGTase, confirmed
that 500 nM ZOL treatment for 7 days inhibited the prenylation
of multiple Rab GTPases (Fig. 3D). This effect was even more
pronounced after acute treatment (30 hr) with a high concentra-
tion of ZOL (25 mM) (Fig 3D). After SILAC labeling we ana-
lyzed the total proteome of J774 cells that had been treated with
500 nM ZOL for 7 days and unambiguously identified and
quantified 20 Rab proteins with a false discovery rate <1%
(Table S1). The total abundance of the majority of these Rab
proteins was not altered following ZOL treatment (<1.2-fold
change; Table 1 and Table S1), demonstrating that ZOL treat-
ment did not alter Rab expression.

To quantify the effects of ZOL on protein prenylation, we
used magnetic streptavidin beads to specifically enrich bioti-
nylated proteins from cell lysates following the IVP assay with
GGTase I and Rab GGTase. Enriched, biotinylated proteins
were then identified by mass spectrometry (MS) and the
abundance measured as a ratio between ZOL-treated and
untreated cells (Table 1 and Table S2). Using the IVP assay
with Rab GGTase, 18 Rab proteins (most of which were also
identified from the total proteome analysis of whole cell
lysates; Table S2) were identified with a false discovery rate
<1% (Table 1). Following treatment with 500 nM ZOL, all
18 Rab proteins exhibited an increase in the unprenylated
form, with the majority increasing >4-fold (Table 1 and
Table S2). The Rab proteins that showed the largest fold
increase were also the most abundant eg Rab1B, Rab14,
Rab7A, Rab21 and Rab6A/B, which showed a 7- to 9-fold
increase in the unprenylated form after treatment with
500 nM ZOL (Table 1). Other Rab proteins that were
markedly affected included Rab11A/B (8.3-fold increase),
Rab1A (7.9-fold increase) and Rab5 isoforms (5.9-6.7-fold
increase). Even after 50 nM ZOL treatment, 7 of the 18 Rab
proteins (including Rab1A, Rab1B, Rab5C, Rab14, Rab7A
and Rab21) still demonstrated a >1.2 fold increase in the
unprenylated form (Table 1).

Using the IVP assay with GGTase I, 6 small GTPase pro-
teins were identified by MS analysis with a false discovery rate
<1% (Table 1 and Table S2). Following 500 nM ZOL treat-
ment for 7 days, the fold increases in the unprenylated form
of these proteins were smaller than those of Rab proteins:
Rac1/Rac3 (the most abundant GGTase I substrate, from
whole proteome analysis) showed the largest change (2.6-fold
increase), followed by RhoA (2.1-fold increase) and Rac2 (1.8-
fold increase). As with the Rab GTPases, the total abundance
of these GTPases in whole cell lysates was not altered by ZOL
treatment (Table 1 and Table S1). Consistent with the immu-
noblotting analyses (Fig. 3B), 50 nM ZOL treatment for
7 days had no discernible effect (fold increases <1.2) on the
prenylation of these GGTase I substrates that was detectable
by MS analysis (Table 1), while the prenylation of Ran, R-Ras
and Rap2 isoforms was not inhibited even by 500 nM ZOL
treatment (Table S2).

Figure 2. Only the in vitro prenylation assay with Rab GGTase detects
acute effects of �1 mM ZOL on protein prenylation. J774 macrophages
were treated for 48 h with 0.5-10 mM ZOL then cell lysates were ana-
lyzed for (A) the presence of unprenylated Rap1A (red, arrowhead) and
total Rap1 (green); (B) 21 kDa (eg Rho, Rac) proteins prenylated in vitro
by GGTase I (arrowhead); (C) Rab proteins prenylated in vitro by Rab
GGTase. The 75 kD band of endogenous biotinylated protein was used
as a loading control in (B) and (C).
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ZOL inhibits Rab prenylation in vivo in macrophages
outside the skeleton

CD11bC macrophages were isolated from the peritoneal
lavage fluid of mice, 24 hours after administration of 100 mg/kg
ZOL by either intraperitoneal (i.p.), subcutaneous (s.c.) or intra-
venous (i.v.) injection (3 mice per group). Compared to macro-
phages from untreated control mice, a single i.p. injection of

ZOL caused a dramatic and con-
sistent inhibitory effect on Rab
prenylation, detectable using the
IVP assay with Rab GGTase
(Fig. 4A). By contrast, a single s.
c. or i.v. injection of ZOL had no
discernible effect (Fig. 4A).

To better reflect clinical treat-
ment in humans, with repeated
exposure to low circulating doses
of N-BP, mice were administered
one s.c. injection of ZOL (2 mice)
or saline (2 mice) once per week
for 8 weeks. The IVP assay with
Rab GGTase then revealed a clear
effect of s.c. ZOL on the prenyla-
tion of multiple Rab proteins in
CD11bC peritoneal macrophages
from the 2 ZOL-treated mice
(although the magnitude of the
effect varied between the 2 mice),
compared to the peritoneal mac-
rophages from the 2 control mice
(Fig. 4B). Enrichment of the in
vitro-prenylated Rab proteins, fol-
lowed by label-free quantitative
MS analysis (Table 2), identified
increases in unprenylated Rab5b
(estimated >20-fold increase in
both mice), Rab7a (2.9-fold and
14.6-fold increase in the 2 mice),
Rab1a (4.4-fold and 11.8-fold
increase) and Rab14 (1.1-fold and
4.7-fold increase) in the 2 ZOL-
treated mice compared to the
control mice.

Discussion

In this study we describe a
highly sensitive new assay to
detect and profile the pharmaco-
logic effect of N-BP drugs such
as ZOL on the prenylation of
specific small GTPase proteins.
The in vitro prenylation (IVP)
assay (Fig. 1), originally described
by Nguyen and colleagues,31 was

optimized in order to detect effects of ZOL on the prenylation
of small GTPases in cultured J774 macrophages, using short-
term treatment conditions that we have previously shown to
inhibit the prenylation of Rap1A.20,24,25 Once optimized, the
IVP assay using Rab GGTase was at least 10-fold more sensitive
at detecting unprenylated Rab GTPases than detection of unpre-
nylated Rap1A by protein gel blotting and, for the first time to

Figure 3. Prolonged exposure to ZOL is required to detect effects of low nanomolar concentrations of ZOL on
protein prenylation. J774 macrophages were treated with 1-500 nM ZOL for 7, 18 or 30 days. Cell lysates were
then analyzed for (A) Rab proteins prenylated in vitro by Rab GGTase; (B) proteins prenylated in vitro by
GGTase I (eg Rho, Rac); (C) the presence of unprenylated Rap1A (red, arrowhead) and total Rap1 (green). The
loading control (75 kD band of endogenous biotinylated protein) for (A) and (B) is shown in Fig. S1. (D) 2-
dimensional electrophoretic separation of in vitro prenylated Rab proteins following treatment with 500 nM
ZOL for 7 days, or with 25 mM ZOL for 30 hr.
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our knowledge, demonstrated an effect of acute (24 hour) treat-
ment with a nanomolar concentration of ZOL on protein preny-
lation in cultured cells. Interestingly, the IVP assay with GGTase

I was less sensitive than with Rab GGTase and comparable to
western blotting for unprenylated Rap1A, perhaps reflecting the
higher abundance of Rab proteins.

Figure 4. ZOL treatment inhibits Rab prenylation in vivo in mouse peritoneal macrophages. Mice (3 per group) were administered either (A) a single i.p.,
s.c. or i.v. injection of 100 mg/kg ZOL or left untreated (cntrl), or (B) administered s.c. ZOL (n D 2 mice) or saline control (2 mice per group) once-weekly
for 8 weeks. 24 hours after the final injection, cell lysates were prepared from CD11bC macrophages isolated from peritoneal lavage fluid. After in vitro
prenylation with Rab GGTase, samples were transferred onto blots and analyzed for the presence of biotinylated Rab proteins. The 75 kD band of endog-
enous biotinylated protein was used as a loading control.

Table 1. Proteomic analysis of unprenylated small GTPases in J774 cells following treatment with 50 nM or 500nM ZOL (or saline control) for 7 days. Pro-
teins were identified and quantitated by nano-LC-MS/MS using SILAC. The fold change in abundance of each protein after ZOL treatment was calculated as
a ratio of protein abundance in whole cell lysates of 500 nM ZOL-treated/control cells in a single experiment (see Table S1 for additional proteins and
details). After in vitro prenylation of cell lysates and enrichment of biotinylated proteins, the relative abundance of each protein was calculated as a percent-
age of all of the enriched Rab GGTase substrates or all of the GGTase 1 substrates identified. The average fold change in unprenylated small GTPases was
calculated as a ratio of abundance of in vitro-prenylated protein in ZOL-treated/control cells from 2 biological replicates (ie inversely labeled by SILAC), C/¡
SD where the protein was detected in both replicates (see Table S2 for details). NR D No Ratio could be calculated (ie undetectable in either the treated or
the control cells)

Name Relative % abundance Fold Change with 500 nM ZOL § SD Fold Change with 50 nM ZOL § SD Fold Change in Abundance

Rab GGTase substrates
Rab1B 14.32 9.5§6.7 1.6§0.03 NR
Rab14 13.41 7.0§3.5 1.2§0.04 ¡1.1
Rab7A 11.67 7.7§2.6 1.5§<0.01 ¡1.1
Rab21 7.32 8.8§4.2 1.5§0.05 ¡1.1
Rab6A/Rab6B 7.27 7.0§3.5 1.1§0.04 1.0
Rab18 5.75 4.9§0.4 1.3§0.2 ¡1.1
Rab5C 5.20 6.7§1.8 1.3§0.04 ¡1.1
Rab11B/Rab11A 5.16 8.3§4.5 1.3§0.2 ¡1.1
Rab2A 4.95 5.3§0.3 1.2§0.07 1.3
Rab1A 3.95 7.9§3.8 1.5§0.02 1.0
Rab10 3.17 4.9§0.8 1.1§0.3 1.0
Rab39A 2.36 2.4§2.3 NR No ID
Rab3A 1.91 6.2§0.5 NR No ID
Rab5B 1.88 5.9 ¡1.1 1.0
Rab5A 1.87 7.0§2.2 NR ¡1.3
Rab31 1.51 4.4§2.9 ¡1.1§0.1 ¡1.3
Rab9A 1.19 4.3 NR 1.0
Rab43/Rab19 1.08 3.0 NR No ID

GGTase I substrates
Rac1/Rac3 58.25 2.6§1.2 ¡1.3§0.01 NR
Rac2 21.58 1.8§0.6 1.0§0.2 1.0
RhoA 3.94 2.1 NR 1.0

206 Volume 6 Issue 4Small GTPases



We then applied the IVP assay to determine whether protein
prenylation is inhibited in cultured cells by prolonged exposure to
the low, nanomolar concentrations of N-BP that may be present
in the circulation after iv or oral administration. Studies in rats
demonstrated that circulating levels of 14C-labeled ZOL in the
nanomolar range are detectable up to 8 months after a single iv
injection,34 while single administration of 70 mg alendronate (the
standard weekly dose) in humans gave rise to maximum plasma
concentrations of about 120 nM.30 This raises the possibility that
some cells types outside the skeleton, particularly those of the mye-
loid lineage, such as monocytes and macrophages,23 may be
exposed to nanomolar concentrations of N-BP for prolonged peri-
ods of time even after a single iv dose of ZOL, or exposed repeat-
edly with weekly oral administration of N-BPs such as risedronate
or alendronate. In keeping with this, we have previously shown
that even a short (2 hour) exposure of monocytes to N-BP is suffi-
cient to inhibit the mevalonate pathway.21 In the present study,
using the IVP assay with Rab GGTase we detected a clear effect of
50 nM ZOL on Rab prenylation in J774 macrophages after 1
week of treatment. Remarkably, ZOL had a detectable effect at a
concentration of just 10nM ZOL after 30 days’ treatment. To our
knowledge this concentration is at least 100 times lower than the
previous limit of detection for an effect of ZOL on prenylation.

In contrast to the high sensitivity of the IVP assay with
RabGGTase, the sensitivity of the IVP assay with GGTase I was
comparable to the sensitivity of detection of unprenylated Rap1A
by western blotting. However, even the western blot assay could
detect the effect of 30 days’ exposure of J774 macrophages to
ZOL at concentrations �50 nM. These observations demon-
strate that the inhibitory effect of N-BP on protein prenylation is
cumulative over time, and that longer (or repeated) exposure of
cells to low concentrations of N-BP is required to have a detect-
able effect. This is consistent with our previous finding that
higher concentrations of N-BP have a more rapid inhibitory
effect on the prenylation of small GTPases even when cells are
treated acutely ie for 24 hours or less.24

As well as the high sensitivity of the IVP assay with Rab
GGTase, an additional benefit is the ability to identify the indi-
vidual small GTPases that are affected using nano-liquid chroma-
tography mass spectrometry (LC-MS). J774 cells were
metabolically labeled using SILAC in order to quantitatively
compare individual proteins enriched from cell lysates of
untreated and ZOL-treated cells using the IVP assay. For the first
time, we demonstrate the effect of a pharmacologically relevant

concentration of ZOL (50 nM and 500 nM) on a profile of pro-
teins that are normally prenylated by Rab GGTase and GGTase
I in macrophages. Of the 60 or more Rab GTPases known to
exist in mammalian cells, 18 Rabs showed an increase >2-fold in
the unprenylated form after ZOL treatment. In particular, Rab
1B, Rab14, Rab7A, Rab21 and Rab6A/B exhibited >7-fold
increases in their unprenylated form after 500nM ZOL treat-
ment. These Rabs were also the 5 most abundant Rab proteins
in macrophage whole cell lysates, by whole proteome MS analy-
sis. Together with Rab5C (>6-fold increase after 500 nM ZOL
treatment) and Rab11A/B (>8-fold increase after 500 nM ZOL
treatment), these are among the family of most commonly identi-
fied, endosome and phagosome-associated Rab proteins.35 Rabs
that were less abundant generally showed a less marked increase
in the unprenylated form. Previous studies have suggested a hier-
archy of Rab prenylation dependent on the efficiency of prenyla-
tion by Rab GGTase/REP1 and therefore that some Rab
proteins may be more susceptible to inhibition of prenylation.36

However, our observations indicate that ZOL, by depleting
GGPP (the substrate required for prenylation of Rab GTPases
by Rab GGTase) probably inhibits the prenylation of all Rab
proteins but the effect is most pronounced in those that are most
highly expressed (since prenylation occurs on newly-synthesized
proteins, higher rates of transcription/translation of certain Rabs
would lead to higher levels of unprenylated protein).

Consistent with our previous studies that showed the accumu-
lation of unprenylated, GTP-bound Rho and Rac following
acute treatment of J774 macrophages with N-BPs,8 we also
detected an increase in the unprenylated form of the GGTase I
substrates Rac1/3, Rac2, and RhoA after treatment with 500 nM
ZOL (although the fold increases in unprenylated protein were
not as high as we observed for Rab proteins). These observations,
together with the greater sensitivity of the IVP assay with Rab
GGTase to detect effects of low nanomolar concentrations of
ZOL, suggest that prenylation by Rab GGTase is more sensitive
to depletion of GGPP than prenylation by GGTase I, or that the
IVP reaction with recombinant GGTase I is less efficient than
with recombinant Rab GGTase.

Although we unequivocally identified 20 Rab proteins in J774
macrophages by whole proteome MS analysis, some Rabs were
not identified, perhaps because of low abundance or the similar-
ity in sequence between Rab proteins. Surprisingly, we also did
not detect in vitro prenylated Rap1A by MS, although unpreny-
lated Rap1A was detectable by western blotting.

Table 2. Identification and quantification of in vitro-prenylated Rab GTPase proteins in peritoneal macrophages from ZOL-treated mice, using label-free,
quantitative-MS. The fold change in in vitro-prenylated Rab protein in cells from each ZOL-treated mouse was calculated as a ratio with the average level of
in vitro-prenylated Rab protein in cells from the 2 control mice. PEP D Posterior Error Probability

Name Accession Number Number of peptides Fold Increase Mouse 1 Fold Increase Mouse 2 PEP

Rab7A P51150 3 2.9 14.6 1.22E-09
Rab5B P61021 3 >20(a) >20(a) 7.02E-09
Rab14 Q91V41 3 1.1 4.7 1.32E-07
Rab1A P62821 7 4.4 11.8 1.59E-18

(a)Estimated fold change, since the in vitro-prenylated protein was not detected in lysates from control mice.
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Finally, we applied the highly sensitive IVP assay with Rab
GGTase to determine the effect of ZOL on protein prenyla-
tion in vivo in cells outside the skeleton in mice. Perhaps not
surprisingly, direct injection of a single dose of ZOL into the
peritoneal cavity caused a dramatic effect on Rab prenylation
in peritoneal macrophages, whereas a single dose of ZOL by
s.c. or i.v. injection had no discernible effect. However,
repeated systemic administration of s.c. ZOL over the course
of 8 weeks had a clear inhibitory effect on Rab prenylation in
peritoneal macrophages, consistent with the cell culture stud-
ies showing that prolonged exposure to low concentrations of
ZOL had a cumulative effect. Using cells from the mice
treated repeatedly with s.c. ZOL, the IVP assay and MS anal-
ysis revealed that ZOL caused the accumulation of unpreny-
lated Rab1A, Rab5B, Rab7A and Rab14 in peritoneal
macrophages. Crucially, these endophagosome-associated
Rabs35 were among those that we also found (using quantita-
tive SILAC analysis) to be among those most highly affected
by prolonged treatment of cultured J774 macrophages with
nanomolar concentrations of ZOL. To our knowledge, this is
the first study to identify the in vivo effect of an N-BP drug
on specific Rab proteins in macrophage cells outside the skel-
eton. This challenges the long-held view that BP drugs act
solely on osteoclasts in bone in vivo. Our finding that the
same Rab proteins were affected by ZOL in peritoneal mac-
rophages in vivo and in cultured J774 macrophages suggests
that prolonged exposure of cells in culture to nanomolar con-
centrations of N-BPs such as ZOL is an appropriate model
to study the in vivo effect of low, circulating concentrations
of N-BPs on cells outside bone.

Further studies are now needed to examine how inhibition of
prenylation of small GTPases such as phagosome-associated
Rab1, Rab5, Rab7 or Rab14 by ZOL influences the function of
peritoneal macrophages and other myeloid cell populations in
vivo, since effects on these myeloid cells may underscore the ben-
eficial, pleiotropic actions of N-BPs. For example, we recently
showed that the anti-cancer effects of N-BPs on the growth and
metastasis of soft tissue tumors such as mammary carcinomas
outside bone are likely mediated by effects on tumor-associated
macrophages.19 Effects of N-BPs on macrophages may also
account for adverse effects such as bisphosphonate-related osteo-
necrosis of the jaw.37,38 The highly sensitive IVP assay with Rab
GGTase, capable of detecting effects of nanomolar concentra-
tions of N-BP drugs, now provides a much-needed approach for
examining effects on these and other cell types outside the skele-
ton that may be affected in vivo by N-BPs, as well as for further
defining the cell types affected in vivo by other drugs that inhibit
small GTPase prenylation such as statins and GGTase I
inhibitors.

Materials and Methods

Reagents
Recombinant Rab escort protein-1 (REP1), GGTase I, Rab

GGTase and biotinylated GPP (B-GPP) were prepared as

described previously.31 Zoledronic acid (ZOL), a kind gift from
Novartis, was dissolved in PBS, final pH 7.4. The murine J774.2
macrophage cell line (J774) was obtained from the European
Collection of Cell Cultures and was maintained in DMEM (Life
Technologies) with 10% foetal bovine serum (Hyclone, Thermo
Fisher Scientific). Cultures were confirmed to be clear of
mycoplasma.

Cell culture and bisphosphonate treatment
1 million murine J774 macrophage-like cells were seeded into

150 cm2 plates. ZOL was added to culture medium at a final
concentration of 10 nM-10,000 nM and cells were incubated
for between 1-30 days. For extended treatment, the medium was
changed every 3 days; adherent cells were collected by gentle
scraping and pooled with non-adherent cells, then re-seeded into
fresh tissue culture plates with fresh medium containing ZOL.

In vitro prenylation (IVP) assay
Following ZOL treatment, J774 cells were collected by gentle

scraping, washed twice with PBS and lysed by sonication in pre-
nylation buffer containing 50mM HEPES, 50mM NaCl, 2 mM
MgCl2, 100 mM GDP, 1 £ Roche complete EDTA-free prote-
ase inhibitor cocktail. Protein was quantified using a BCA Pro-
tein Assay Kit (Pierce) and, unless state otherwise, 75 ug of total
protein lysate was used per reaction. DTT was added to the
lysates to a final concentration of 2 mM, and final concentrations
of either 1 mM GGTase I plus 20 mM ZnCl2 and 5 mM bioti-
nylated-geranyl substrate (B-GPP) were added, or 2 mM Rab
GGTase plus 2 mM recombinant Danio rerio Rab escort protein-
1 (REP1) and 0.5 mM B-GPP were added, in a total volume of
approximately 40 ml. The IVP reactions were carried out for 4 h
at room temperature. These optimal concentrations of prenyl-
transferase and B-GPP, and the incubation time for the IVP reac-
tion, were determined empirically using lysate from J774 cells
that had been treated for 24 h with 5 mM ZOL.

Immunoblotting
IVP reactions, or 50 mg J774 whole cell lysate, were boiled

with Laemmli sample buffer then electrophoretically separated
using 10% or 10-20% precast criterion TGX gels (Bio-Rad) and
transferred to PVDF-FL blots using a Trans-Blot Turbo (Bio-
Rad). For 2-dimensional gel electrophoresis, 250 mg of lysate
were used for the IVP reaction with Rab GGTase. Samples were
then buffer exchanged with 7M urea, 2M thiourea and 4%
CHAPS using 5 kDa cut-off membrane concentrators until a
conductivity of � 300 mS/cm2 was achieved. 20 mM Tris-base
was added and samples were reduced with 5mM TBP (90 min at
RT) and 10mM acrylamide (90 min at RT). Samples were then
loaded onto 11cm, pH 1-10 linear IPG strips for passive rehydra-
tion for 6 h and RT. Rehydrated IPG strips were iso-electrically
focused for 2h at 300 V, then linearly ramped to 8000 V over
8 hours and then held constant for at 8000V for a total of 85 KV
hours with the current limited to 50 mAmps per IPG strip (Ittan
IPGphor, GE Healthcare). Strips were then subjected to second
dimension protein separation using 8-16% polyacrylamide gel
electrophoresis at 4 mA for 30 min and then 30 mA until the
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dye was run off the gel. Separated proteins were then transferred
onto PVDF-FL membranes using semi-dry electro-blotters at
300 mAmps for 60 min (Towbin buffer system).

Blots were blocked with Odyssey Blocking Buffer (Li-COR)
for 1h at room temperature and washed with Tris-buffered saline,
0.1% Tween 20 (TBS-T) for 1h. Blots were incubated with 1/
1000 dilution of primary antibodies to unprenylated Rap1A
(Santa Cruz, sc1482) and Rap1 (Cell Signaling, 2399S) for
16 hr at 4�C, and LiCOR secondary antibodies (1/20,000 dilu-
tion anti-goat 680 RD, anti-rabbit 800 CW respectively) or 1/
20,000 dilution of LiCOR streptavidin-680 RD for 1 h at room
temperature, then washed 3 times with TBS-T. Blots were
scanned using an Odyssey Infrared Imager (LiCOR). We consis-
tently detected an endogenous biotinylated 75 kDa protein,
which was used as a sample loading control.

Isolation and analysis of mouse peritoneal macrophages
Studies with mice were approved by the Garvan Institute of

Medical Research/St Vincent’s Hospital Animal Ethics Commit-
tee. Adult Balb/c mice were untreated or injected with a single
dose of 100 mg/kg ZOL either s.c. in the scruff of the neck, i.p.
or i.v. via the tail vein (3 mice per group). In a separate study, 2
mice were injected s.c. once per week for 8 weeks with ZOL or
phosphate-buffered saline (2 mice per group). Mice were eutha-
nased 24 h after the final injection, then peritoneal cells (already
approximately 40% F4/80C macrophages) were harvested by
lavage. CD11bC macrophages were further purified using Milte-
nyi anti-CD11b magnetic beads according to the manufacturer’s
protocol. The purified macrophages from each mouse were lysed
in IVP buffer, then 50 mg of lysate were used for IVP reactions
with Rab GGTase as described above and analyzed for in vitro-
prenylated (biotinylated) Rab proteins and for unprenylated
Rap1A by hybridizing blots with streptavidin-680 RD, followed
by anti-unprenylated Rap1A and anti-goat-800 CW antibodies.
For label-free MS analysis, 70 mg of lysate were made up to a
total of 80 ml with IVP buffer containing 2 mM RabGGTase,
2 mM REP1, 1 mM B-GPP, then in vitro-prenylated proteins
were enriched with magnetic streptavidin beads and analyzed by
nano-LC-MS as described below.

SILAC labeling
For quantitative MS analysis, J774 cells were labeled using

Stable Isotope Labeling with Amino Acids in Cell Culture
(SILAC) as previously described.39 Briefly, cells were cultured in
either heavy (containing 0.199mM of C13, N15 Arginine and
0.798 mM of C13, N15 Lysine) or light (containing a propor-
tional amount of C12 N14 Arginine and C12, N14 Lysine)
medium for at least 8 cell doublings, with label incorporation
being confirmed by nano-LC-MS/MS. Heavy and light isotope-
labeled J774 cells were treated with either PBS (control), or with
50 nM or 500 nM ZOL for 7 days in biological duplicates with
inversed labeling.

Enrichment of in vitro-prenylated Rab proteins for MS
analysis

After SILAC labeling, 4 mg of light and heavy isotope-labeled
J774 cell lysate were mixed. Lysates were then made up to a total
volume of 3 ml with prenylation buffer containing 2 mM DTT
and either 2 mM Rab GGTase, 2 mM REP1, 1 mM B-GPP, or
2 mM GGTase I, 20 mM ZnCl2, 1 mM B-GPP were added and
the IVP reaction carried out for 4 hr at room temperature. In
vitro-prenylated (and hence biotinylated) Rab-proteins were then
enriched using magnetic streptavidin beads (NEB).31 Lysates
were incubated with 1.2 ml of beads for 1hr at room tempera-
ture. Beads were washed 3 times with 1% NP-40, 4 M urea,
4 M guanidine hydrochloride then 3 times with 40mM ammo-
nium bicarbonate, each for 10min at 4�C. Bound proteins were
then digested overnight at 37�C with trypsin (modified Porcrine,
Promega) and peptides were desalted using C18 stage tips as pre-
viously described.40

Mass Spectrometry and Data Analysis
Peptides were separated by nano-LC using an Easy-Nano LC

II HPLC and autosampler system (Thermo) and mass spectra
were acquired on an Orbitrap Velos Pro mass spectrometer (MS)
(Thermo). Peptides were delivered to the MS with a nano-C18

column (75 mm ID £ »20 cm, 3 mm, 200 A
�
Magic, Michrom)

and the reverse phase nano-eluent was subject to positive nano-
flow electrospray analysis in an information-dependent acquisi-
tion mode (IDA) (400 nl/min over 60 min). In IDA mode, sur-
vey scans in the range m/z 350-1750 were acquired with
lockmass at m/z 445 enabled and a resolution of 60,000. Up to
the 15 most abundant ions (> 5,000 counts) with charge states
> C2 were sequentially isolated and further subjected to MS/MS
fragmentation within the linear ion trap using collisionally-
induced dissociation (CID). MS/MS spectra were accumulated
with an activation time of 30 ms at a target value of 30,000 ions.
m/z ratios selected for MS/MS were dynamically excluded for 30
sec. For whole-lysate total proteome analysis an in-gel digest was
performed as previously described.41

Protein identification and data analysis
The nanoLC-MS/MS .raw files were processed with Max-

Quant software (version 1.2.7.4), which uses the Andromeda
algorithm for data processing, database searching and protein
identification.42 Extracted peak lists were searched against the
UniProtKB/Swiss-Prot Mus Musculus database (Version
02_2012) containing 64323 entries (including common contam-
inants) and a proportionally sized decoy database for false discov-
ery rate (FDR) generation. The following search parameters were
selected; fixed cysteine carbamidomethylation modification; vari-
able methionine oxidation modification, variable protein N-acet-
ylation, variable phosphorylation of serine, threonine and
tyrosine, minimum peptide length of 7 amino acids and up to 2
missed cleavages were allowed. The initial first search mass toler-
ance was 20 ppm for precursor ions and 0.5 Da for fragment
ions, match between run was enabled with default settings,
labeled amino acids were filtered and re-quantify was enabled.
The FDR was limited to 1% for both protein and peptide
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identifications. For protein quantitation, normalized ratios
between ZOL-treated and control groups, as calculated by Max-
Quant, were used for the SILAC experiments with J774 cells and
raw protein intensity values were used to determine ratios for the
analysis of isolated peritoneal macrophages.
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