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An interaction between the B2 subunit of vacuolar Hþ-ATPase (V-ATPase) and microfilaments is
required for osteoclast bone resorption. An atomic homology model of the actin binding site on B2 was
generated and molecular docking simulations were performed. Enoxacin, a fluoroquinolone antibiotic,
was identified and in vitro testing demonstrated that enoxacin blocked binding between purified
B2 andmicrofilaments. Enoxacin dose dependently reduced the number of osteoclasts differentiating in
mouse marrow cultures stimulated with 1,25-dihydroxyvitamin D3, as well as markers of osteoclast
activity, and the number of resorption lacunae formed on bone slices. Enoxacin inhibited osteoclast
formation at concentrations where osteoblast formation was not altered. In summary, enoxacin
is a novel small molecule inhibitor of osteoclast bone resorption that acts by an unique mecha-
nism and is therefore an attractive lead molecule for the development of a new class of antiosteoclastic
agents.

Introduction

Bone quality is maintained by a balance between bone
resorption by osteoclasts and bone formation by osteoblasts.1

Excess bone resorption can occur systemically, where it leads
to osteoporosis,2 or locally, where it is associated with bone
tumors,3,4 infections,5-7 and inflammatory responses.2,5,7

Although various agents are available for the treatment of
excess osteoclast activity, none are ideal for the treatment of
the associated pathologies.
Osteoclasts are specialized cells of the hematopoietic line-

age.8 Unusual features of osteoclasts include overexpression
of vacuolar Hþ-ATPases (V-ATPasesa) and the transport of
V-ATPases to the plasma membrane.9,10 While V-ATPases
are expressed in all nucleated eukaryotic cells, where they are
responsible for acidification of compartments of the endocytic
pathway, V-ATPases are normally present at low levels and
are forbidden to entry into the plasma membrane.11 The
mechanisms underlying the overexpression of V-ATPases
and their transport to the plasma membrane represent poten-
tial targets for therapeutic intervention thatmight be selective
for osteoclast bone resorption.
We previously identified a binding interaction between

V-ATPase subunit B2 and microfilaments in osteoclasts that
correlates with the state of osteoclast activation. This interac-
tion is mediated by a specific region of the B-subunit.12-14

This region is called the “profilin-like domain” (amino acids
29-73 in B2 of mammals) based on sequence and structural
similarity with the actin binding protein, profilin.15 Minimal
alterations to the profilin-like domainof theB-subunit disrupt
actin binding activity without interfering with the capacity of
the alteredB-subunit to contribute to the enzymatic activity of
the multisubunit V-ATPase.14,16 B-Subunits so altered were
not transported to the plasma membrane of osteoclasts.17

Together, these data led us to hypothesize that small mole-
cules that bind to the actin binding site on subunit B2 and
interfere with its binding interaction with microfilaments
might represent a new class of antiosteoclastic therapeutic
agents. To identify such agents and test this hypothesis, we
performed a virtual screen where each one of approximately
140000 small molecules (mw < 500) were positioned in the
selected structural pockets of the actin binding site of B2 and
scored based on predicted polar and nonpolar interactions.
This screen identified the fluoroquinolone antibiotic enoxacin
as a candidate small molecule that may interact with the actin
binding site of B2. In vitro assays demonstrate that enoxacin
blocks the interaction between B2 and microfilaments and
inhibits osteoclast formation and activity in a well character-
ized model system.

Results and Discussion

To identify small molecules that block the interaction
between V-ATPase and F-actin in osteoclasts, we screened
for drug-like small molecules that bind the actin binding site
on the B subunit by molecular docking. We focused on small
molecules that follow the Lipinski rules of drug-likeness
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aAbbreviations: V-ATPase, vacuolar Hþ-ATPase; MBP, maltose-
binding protein; 1,25D3, 1,25-dihydroxyvitamin D3; TRAPþ, tartrate-
resistant acid phosphatase positive.
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(chemical parameters for orally bioavailable drugs) in a large
chemical library (approximately 140000 compounds) at the
National Cancer Center Developmental Therapeutics Pro-
gram. In silico screens of large chemical libraries are taking on
an increasingly prominent role in the rational design of
pharmacological agents. Although such screens can reduce
the number of candidate molecules to be tested, they are not
yet able to predict with certainty whether molecules will
interact with target domains on proteins.
The site selected formolecular dockingwas based on crystal

structures of the profilin 1-actin complex.18 Because part of
the actin binding region of subunit B2 shares sequence
homologywith the actin binding site of profilin 1, and because
the actin binding site of B2 and profilin 1 compete for binding
actin,14we reasoned that the actin binding surfaces were likely
similar. This was further confirmed by our analysis of single
amino acid substitutions in the actin binding domain of the
B2-subunit.14 This information allowed us to identify the
specific binding pockets of subunit B2 that were most likely
required for the interaction with actin.
Each of approximately 140000 small molecules was docked

into the putative actin binding site of the modeled human B2
subunit (Figure 1).Among the top 100 ranked smallmolecules
was enoxacin which ranked seventh. We initially screened 19
of the top ranked small molecules for their ability to inhibit
interaction between rabbit muscle actin and Vma2p-MBP.16

Vma2p, the B subunit of Saccaromyces cerevisiae, has iden-
tical sequence to human B2 in the actin binding site and is
readily purified after expression in Escherichia coli. Enoxacin
was the most potent inhibitor of this interaction tested during
this screen (Figure 2A). To demonstrate that this small
molecule also inhibited the interaction between human B2
subunit and microfilaments, we performed the same
assay using a fusion protein composed of maltose binding
protein linked to amino acids 1-112 of human B2. We found
that enoxacin dose dependently inhibited the interaction
between MBP-B2 and F-actin with an IC50 of 10 μM
(Figure 2B).
To determine the effects of enoxacin on osteoclasts, we

made use of 1,25-dihydroxyvitamin D3 (1,25D3)-stimulated
mouse marrow cultures, a widely utilized and well-character-
ized model of osteoclast differentiation and bone resorption.
Mouse B2 is identical in sequence to human B2 in the actin
binding region. After 7 days, the cells were fixed and stained
for TRAP activity. Enoxacin dose dependently reduced the
number TRAPþ cells (Figure 3A). Quantitation of the num-
ber and size of TRAPþ cells was performed. The number of
giant cells, the best marker for osteoclast formation in these
cultures was reduced by enoxacin with an IC50 in the low
micromolar range (Figure 3B).
We then examinedwhether enoxacinwould block actin ring

and ruffled membrane formation by mature osteoclasts on
bone slices. These are two robust and easily assayed markers
of resorptive osteoclasts. Mouse marrow was cultured for
5 days in the presence of 1,25D3, to induce osteoclast forma-
tion, then loaded atop bone slices and treated with 1, 10, and
100 μM enoxacin. Enoxacin at 1 μMhad no detectable effect
on the numbers of actin rings and ruffled membranes exhib-
ited by osteoclasts, but 10 and 100 μMreduced the number of
both structures (Figure 4).
To test whether enoxacin inhibited bone resorption, mouse

marrow cultures were treated with vehicle, 10, 25, or 100 μM
enoxacin for 5 days, then loaded atop bone slices for an
additional 5 days with continued enoxacin treatment

(Figure 5). No resorption was detected in cultures treated
with 100 μM enoxacin. Enoxacin (25 μM) reduced both
resorptive area and the number of pits formed significantly.
At 10 μM enoxacin, there was a small, but significant, reduc-
tion in the number of pits formed (Figure 5).
We then examined whether the number of osteoblasts

generated by the cultures was affected by enoxacin. Osteo-
blasts were detected by alkaline phosphatase activity. Enox-
acin at 1 and 10 μM had no detectable effect on osteoblast
number or morphology, while 100 μM strongly reduced the
number of osteoblasts (Figure 6A). To confirm this result, we
examined the effects of enoxacin on MC3T3-E1 osteoblasts
cells.We detected no change in the growth ofMC3T3-E1 cells
or their expression of alkaline phosphatase activity at con-
centrations of enoxacin to 50 μM. At 100 μM, the cell dis-
played reduced growth and some alteration in their morphol-
ogy (Figure 7B). Likewise, mineralization was unaffected by
enoxacin (Figure 6C).
The fact that inhibition of the interaction between the B

subunit and F-actin in biochemical assays and inhibition of
osteoclast formation and bone resorption occurred in a
similar concentration range is consistent with the results
emanating fromthe sameactivity.However, during the course
of the study, it was reported that enoxacin and some related
fluoroquinolones stimulate RNA interference and enhance

Figure 1. Identification of enoxacin by molecular docking. A
homology model of human V-ATPase subunit B is shown in the
top panel colored based on sequence similarity to profilin-1 (graded
blue, cyan, green, yellow, orange, red to represent low sequence
similarity (blue) to high (red) based on a BLOSUM62 matrix.
Magenta spheres depict the site selected for molecular docking.
The box represents boundaries of the scoring grid used for molec-
ular docking. The chemical structure of enoxacin is shown in the
inset of the top panel. The bottom panel shows enoxacin in the
orientation posed by molecular docking using DOCK6.1 (UCSF),
yellow for carbon, blue for nitrogen, red for oxygen, light
blue for fluorine, white for hydrogen. The molecular surface of the
V-ATPase B2 is colored cyan for carbon, blue for nitrogen, red
for oxygen. Enoxacin may interact with a structural pocket in
V-ATPase comprised of side chains from Tyr68, Val89,
Thr268, Ile269, Glu308, and Arg314. In addition to van der
Waals contacts between these residues and enoxacin, a H bond
interaction is predicted between the Oε1 atom of Arg314 and N4 of
enoxacin.
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microRNA activity, also in a similar dose range.19 Micro-
RNAs are a recently identified class of endogenously
produced small RNAs that are thought to “fine tune”
gene expression by binding to mRNAs and preventing their
translation by sequestering them or triggering their degrada-
tion.20 Evidence was provided suggesting that enoxacinmight
interact with human immunodeficiency virus-1 transactivat-
ing response RNA-binding protein, a protein involved in
loading the RNA-induced silencing complex.19

It seems unlikely (but not impossible) that stimulation of
microRNA activity could be the result of disruption of the
interaction between V-ATPase and F-actin. Stimulation of
microRNAactivity, regardless of themechanism, could affect
osteoclast differentiation. To explore this, we assayed several
fluoroquinolones for their ability to affect the interaction
between V-ATPase and F-actin in vitro and to inhibit osteo-
clast formation. These included norfloxacin, which was re-
ported to stimulatemicroRNAactivity and others (pefloxacin
and levofloxacin) that did not.19,21 We found that only
pefloxacin had a detectable effect on the interaction between
B-subunit and F-actin (Figure 7A). Pefloxacin inhibited
osteoclast formation, with an IC50 of about 50 μM com-
pared with 10 μM for enoxacin (Figure 7B). The fact that

norfloxacin, which also stimulates microRNA activity to
similar levels as enoxacin,19,21 but does not block V-AT-
Pase-F-actin interactions, had no effect on osteoclast differ-
entiation suggests that the microRNA stimulation activity is
not important in inhibiting osteoclast differentiation at the
concentrations tested. This interpretation was further sup-
ported by the ability of pefloxacin, which does not stimulate
microRNA activity,21 to block the V-ATPase-F-actin inter-
actions and inhibit osteoclast formation. Taken together,
these data are consistent with direct interference with the
interaction between subunit B2 of V-ATPase and microfila-
ments being responsible for the inhibition in osteoclast for-
mation.
The use of systemic enoxacin as an antibiotic has been

linked to a number of adverse side effects.22-24 These include
phototoxicity, neurological problems, severe tendinitis, ad-
verse immune activity, and renal failure due to distal renal
tubular sensitivity. The capacity of enoxacin to block
interactions between V-ATPase and microfilaments could
represent an underlying mechanism for these adverse conse-
quences. V-ATPases are key housekeeping enzymes, yet in
certain specialized cell types, subpopulations of V-ATPases
are vital for cell type specific functions. For example, in both

Figure 2. (A) Percent inhibition generated frompelleting assays for 19 smallmolecules tested at 100μMconcentration is shown. (B)HumanB2
subunit (amino acids 1-112) at 1 μM concentration was mixed with 2 μM of microfilaments and pelleted in the presence of the following
concentrations of enoxacin: (1) no actin control, (2) vehicle control, (3) 1 μM enoxacin, (4) 10 μM enoxacin, (5) 25 μM enoxacin, (6) 100 μM
enoxacin. The amount of B2-MBP in supernatants and pellets is shown.
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osteoclasts and epithelial cells of the renal distal tubule,
V-ATPases are expressed at high levels and inserted into the
plasmamembrane in order to pump protons from the cytosol
to the extracellular environment.25 In neurons,V-ATPases are
associated with loading neurotransmitters into vesicles and
with the fusion of those vesicles with the presynaptic plasma
membrane.26 Further studies will be required to examine the
potential utility, as well as adverse effects, of enoxacin and
related molecules.
In summary, we report the identification of enoxacin as

an inhibitor of osteoclast formation and function by mak-
ing use of a rational structure-based approach, utilizing
molecular docking of a large chemical library in combina-
tion with biochemical and tissue culture assays. Our data
suggest that enoxacin inhibits osteoclasts by a novel
mechanism, blocking a binding interaction between the
V-ATPase and microfilaments. V-ATPase activity is vital
to osteoclast function, but because V-ATPase is expressed
at low levels by all eukaryotic cells and performs house-
keeping functions, efforts to use inhibitors of the proton
pumping activity of V-ATPase to block bone resorp-
tion have not yet been successful. However, the interaction
between V-ATPase and microfilaments has not been
observed in most cell types studies but appears crucial for
osteoclast function. We therefore reasoned that blocking
the interaction might selectively inhibit osteoclastic bone
resorption. Our data to date support this concept and
encourage us to advance enoxacin as a lead molecule in
the development of more potent and specific inhibitors of
the interaction between V-ATPase B2-subunit and micro-
filaments as a new class of antiresorptive agents.
We aim to identify safe and effective small molecules that

represent a new class of antiosteoclastic agents that block

bone resorption by two distinct strategies. First, we will
analyze a series of 20 structural variants of enoxacin in
structure-activity relationship studies. The most active
compounds in this series will be elaborated (derivatized)
and compared with the activity of parent compounds in
blocking the B-subunit-F-actin binding interaction and in
blocking osteoclast formation in vitro.
A separate strategy involves docking all FDA approved

small molecules in the V-ATPase structural pocket comprised
of Tyr68, Val89, Thr268, Ile269, Glu308, and Arg314. Addi-
tional FDA approved drugs (approved for other purposes)
are expected to be identified. Because these compounds are
approved foruse, this strategymay rapidly result in evaluation
in clinical trials.

Experimental Section

Molecular Docking. An atomic homology model of the V-
ATPase subunit B was generated by Swiss-Model (protein
structure homology modeling using SWISS-MODEL work-
space27 based on the human sequence gi|13938355. Each of
approximately 140000 small molecules in the “plated set” at
the National Cancer Center Developmental Therapeutics Pro-
gram repository of small molecules were positioned in the
selected structural pockets of the B2 structural model in ap-
proximately 2000 different orientations and scored based on
predicted polar and nonpolar interactions. Our strategy is
described in greater detail below. Intermolecular AMBER en-
ergy scoring (vdw þ columbic), contact scoring, and bump
filtering were implemented in DOCKv6.1.0.28 All molecular
docking jobs were performed by parallel processing using 16
CPU on the High Performance Computing Center at the Uni-
versity of Florida running DOCK (UCSF) in Linux. Analysis
of docked compounds was performed with HBPLUS and
LIGPLOT.

The B-subunit of V-ATPase interacts with F-actin by a
binding site that includes a stretch of 11 amino acids that is
similar to the actin-binding site of profilin I, and this binds
actin independently as a peptide.14 In addition, when pheny-
lalanine at position 65 in B2 was mutated to alanine, the
binding affinity decreased 6-fold.14 This was the target we
chose to dock against in an attempt to inhibit the binding of
V-ATPase to F-actin. To accomplish this, we created a homol-
ogy model of V-ATPase with the Imperial College London
Phyre server, using the known structure of profilin bound to
beta-actin (PDB code 2BTF). We then ran the PDBSIM
program to color the homology model by conservation, and
predictably the phenylalanine 65 in question was colored as
conserved. We targeted a pocket adjacent to this residue with
our database of small molecules. The original sequences of
V-ATPase and profilin were analyzed by the EMBL-EBI
program ClustalW, which reproduced the alignment used for
the docking job. The sequences are 17% identical, but includ-
ing conserved and semiconserved substitutions, the sequences
are 53% similar. This alignment is a 92-residue subset of both
proteins which includes the putative F-actin binding sites.
Using the atomic coordinates of both the V-ATPase homology
model and the profilin crystal structure, we used the University
of Illinois molecular viewer VMD to align the structures by
backbone and measure the root-mean-square distance (rmsd).
Total rmsd was 13.1 Å.

The scored orientations of each ligand were determined by
DOCK. Each orientation was judged valid once it has passed
the bump filter, indicating no major steric overlaps had been
identified. An upper limit was set on the number of orienta-
tions used due to constraints in computer resources, particu-
larly because a database of several hundred thousand
molecules was being searched. We used 2000 orientations for

Figure 3. Enoxacin inhibits the number of TRAPþ cells differen-
tiating frommousemarrow cultures. (A-C). Comparison of typical
fields from mouse marrow cultures treated with calcitriol to stimu-
late osteoclast formation and (A) vehicle, (B) 10 μM, and (C)
100 μM enoxacin for 7 days. (D) Numbers of TRAPþ cells per well
categorized by number of nuclei differentiating in response to
calcitriol in the presence of varying concentrations of enoxacin.
Asterisks indicate P<0.05 compared with control value by Stu-
dent’s t test. Scale Bar=30 μm.
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this docking job. Each initial orientation then went through
two rounds of energy minimization using the DOCK simplex
minimization routines. These calculations involved choosing
up to 100 random permutations of the initial docked orienta-
tion in an attempt to improve the energy score, which
terminates when the maximum number of permutations is
reached or the energy score converges. For the 2000 orienta-
tions used, up to 200000 conformations per molecule were
searched.

An energy based scoringmethodwas used to score the docked
poses. DOCK used a combination of van der Waals and

electrostatic forces to calculate the energy score for a particular
orientation (nonbonded terms of the AMBER force field). The
van der Waals potential was approximated using the standard
6-12 Lennard-Jones potential, with 12 as the repulsive expo-
nent and 6 as the attractive exponent. The receptor molecule
energy termswere precalculated on a grid to allow for rapid pose
scoring, and the sum of these terms were reported as the score.
DOCK used up to two scoring methods, the first for initial
orientation and minimization and the second for final minimi-
zation and ranking of the poses. Energy scoring as described
above was used for both scoring methods, not constant scoring.

Figure 4. Treatment of mature osteoclasts with enoxacin reduced actin ring and ruffled membrane formation. Mouse marrow cultures
on tissue culture plates were stimulated with calcitriol to for 6 days to produce osteoclasts. The cells were then scraped free and loaded
atop bone slices and treated with vehicle or enoxacin as indicated. After 3 days, the cells were fixed and stained with anti-E subunit
antisera to detect ruffled membranes (A,B) and with phalloidin to detect actin rings (C,D). B and D are typical fields from vehicle
control cultures. A and C are fields from cultures treated with 100 μM enoxacin. Tabulation fo actin rings and ruffled membranes
shows that both were reduced in a dose dependent manner by enoxacin. Asterisks indicate P < 0.05 compared with control value by
Student’s t test.
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The bump filter was used to eliminate poses with signi-
ficant steric overlap prior to the computationally expensive
scoring. Orientations rejected during bump filtering were not
included in the total count of orientations minimized and
scored. If the centers of a ligand atom and probe atom
approached closer than 0.75 (75%) of the sum of their
van der Waals radii, the position was considered a bump.
Nomore than two bumps were allowed for an initial orientation
to be considered valid. These initial bumps were rarely pre-
served in the final scored poses, as they are energetically
unfavorable and such overlaps were resolved during energy
minimization.

Actin-Binding Assay. Nineteen molecules were tested for
their ability to inhibit interaction between rabbit muscle actin
and the Vma2p-MBP in a pelleting assay.14 Briefly Vma2p-
MBP (1 μM) alone or Vma2p-MBP microfilaments (2 μM)
were mixed in the presence of 100 μM of each small molecule
to be tested or vehicle in an actin polymerizing buffer plus
10 μg/mL phalloidin to maximize filament polymerization.
Samples were subjected to ultracentrifugation using a Beck-
man Airfuge (Beckman Coulter, Fullerton, CA) and pellets
and supernatants were collected, subjected to SDS-PAGE, and
stained with Comassie Brilliant Blue. Densitometry was per-
formed and the amount (in absorbance units) of Vma2p-MBP
pelleting in the presence of inhibitor was determined. This was
divided by the amount pelleting in the presence of the vehicle,
subtracted from 1, and multiplied by 100 to give percent
inhibition.

Mouse Marrow Osteoclasts.Mouse marrow osteoclasts were
generated as described previously.29 Swiss-Webster mice (8-20
g) were killed by cervical dislocation, femora and tibia were
dissected from adherent tissue, and marrow was removed by
cutting both bone ends, inserting a syringe with a 25 gauge
needle, and flushing the marrow using RMEM plus 10% fetal
bovine serum (RMEM D10). The marrow was washed twice
with RMEM D10 and then plated at a density of 1 � 106 cells/
cm2 on tissue culture plates for 5 days in RMEMD10 plus 10-8

M 1,25-dihydroxyvitamin D3 (1,25D3). Cultures were fed on

day 3 by replacing half the media per plate and adding fresh
1,25D3.After 5 days in culture, osteoclasts appeared. Thesewere
detected as giant cells that stained positive for tartrate-resistant
acid phosphatase activity (TRAP; a marker for mouse
osteoclasts) and overexpressed V-ATPase subunits.29,30 The
University of Florida Institutional Animal Care and Usage
Committee approved this protocol.

Actin Rings, RuffledMembranes, and Resorption Lacunae.To
measure actin rings, marrow cells that had been cultured for 5
days with 10-8M 1,25D3 on tissue culture plates were scraped
and plated onto bone slices in 24-well dishes. Cells were cultured
for 5 days in R-MEM D10 plus 1,25D3. After incubation, cells
were fixed with 2% formaldehyde in PBS for 20 min, permea-
bilized with 1%TritonX-100 for 10min, and stained with Texas
Red-tagged phalloidin (Sigma) to detect the actin rings.31

Osteoclasts on bone slices were stained with an anti-E subunit
antibody as described previously.14 The total number of actin
rings and ruffledmembranes were counted per 1mm2 bone slice.
Bone resorption wasmeasured by scanning electronmicroscopy
determining the area resorbed by osteoclasts on devitalized
mouse cortical bone slices (1 cm2 � 0.1 mm). Three random
180000 μm2 photos of each slice were taken at 50�, the images
were transferred to Adobe Photoshop, and a grid was super-
imposed over each picture. Area resorbed was determined by
counting the number of grid intersections over pits divided by
total grid intersections.

MC3T3-E1 Cell Growth andMineralization.Mouse MC3T3-
E1, subclone 4 preosteoblastic cells were purchased fromATCC
(Manassas, VA) andmaintained in R-MEM supplemented with
10% fetal bovine serum (FBS; Atlanta Biologicals, Lawrence-
ville, GA) but which did not include L-ascorbic acid to prevent
cell differentiation. The cells were seeded at 1� 104 cells per cm2

and maintained at 37 �C in a humidified atmosphere of 95% air
and 5% CO2. All cell cultures were supplemented with 2 mM
L-glutamine and penicillin/streptomycin (25 mg/mL). Minerali-
zation was determined by the Von Kossa assay.32 Briefly, cells
were rinsed twice with 1� phosphate buffer saline and fixed in
4% (v/v) paraformaldehyde at room temperature for 10 min.

Figure 5. Enoxacin dose dependently reduce bone resorption by mouse marrow cultures. Left panel: scanning electron micrographs of bone
slices resorbed by mouse marrow cultures in the presence of vehicle (A), 10 μM enoxacin (B), 25 μM enoxacin (C), 100 μM enoxacin (D). The
scale bar= 25 μm.Right panel: tabulation of the percent of the control amount of pit numbers, area per pit, and percent of total area resorbed.
The N was 4 for each condition.
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Cells were then rinsed three times in deionized distilled water
(ddH2O), incubated with 5% (w/v) AgNO3 under ultraviolet
light (254 nm) for 1 h. Cells were then washed twice with ddH2O
and fixed with 5% sodium thiosulfate for 5 min. Photographs
were taken in bright field, transferred to Image J, and
mineral flecks were quantititated for three randommicrographs
per well.
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