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Introduction — Osteoclasts polarize when they contact activation signals that are
associated with bone. Polarization is required for bone resorption and involves highly
specialized mechanisms that represent attractive targets for the development of
osteoclast-specific therapeutic agents. One potential use of such agents is to block
tooth movement in spatially discrete locations to provide orthodontic anchorage.
Materials and methods — Our group’s research was directed toward the
development of agents that inhibited the polarization of osteoclasts, and efforts were
underway to develop means to experimentally modulate orthodontic tooth
movement. We performed ’proof-in-principle’ experiments demonstrating
pharmacological blockades of orthodontic tooth movement using integrin and matrix
metalloproteinase inhibitors in a rat model.

Results — We identified novel mechanisms underlying osteoclast bone resorption.
Interactions between vacuolar H*-ATPase and the microfilament cytoskeleton that
were unique to osteoclasts were described and characterized. Our group is now
seeking to make use of this new knowledge, coupled with an emerging technique,
supercomputer-based molecular modeling for the rational development of novel,
osteoclast-specific therapeutic agents.

Conclusion —Fresh insight into the molecular details of osteoclastic bone resorption
provides new opportunities for identifying agents to selectively modulate osteoclast
activity. Such agents may contribute to evolution of the practice of orthodontics.

Key words: computational chemistry; Elvax; microfilaments; orthodontic anchorage;
vacuolar H*-ATPase

Introduction

Orthodontic tooth movement (OTM) requires alterations in bone
remodeling patterns in the alveolar bone underlying the tooth targeted for
movement (1, 2). These changes involve increases in resorption on the
pressure side of the tooth and increases in bone formation on the tension
side. Several groups have reported either speeding or slowing OTM using
agents that include receptor activator of nuclear factor kappa B-ligand
(RANKL), osteoprotegerin, integrin inhibitors, matrix metalloproteinases
inhibitors, and relaxin in animal models (3-8). Local inhibition of tooth
movement could provide a convenient means to provide orthodontic
anchorage.



Holliday et al. Osteoclast polarization and tooth movement

Bone resorption by osteoclasts can be blocked either
by preventing the differentiation of osteoclasts from
precursors or by disabling the capacity of mature
osteoclasts to resorb bone (Fig. 1). Whether one general
approach or the other would be more useful for
orthodontic applications is not known, but either might
have unexpected adverse consequences (9, 10).

To identify novel inhibitors of OTM, we developed
the concept of using small molecules or peptide mod-
ulators of osteoclast activity delivered in an inert, sus-
tained-released package (polymers of ethylene vinyl
acetate, ELVAX; Dupont, Wilmington, DE, USA), and
have published two proof-of-principle reports (3, 4,
11-14). In our studies, we showed that either small
peptides or small molecules were released over time in
a biologically active form from ELVAX that was surgi-
cally implanted subgingivally, adjacent to the teeth of
rats which were then subjected to orthodontic force,
and that this treatment blocked OTM. The strategies of
blocking either integrins or matrix metalloproteinases
which we utilized to inhibit OTM are too likely to have
collateral effects to be considered as practical elements
of standard orthodontic practice (15, 16). Likewise,
other agents used to block osteoclast activity, like the
currently available bisphosphonates, have displayed
adverse effects including oral osteonecrosis (17, 18).

A recent proof-in-principle study showed that injec-
tion of recombinant osteoprotegerin, an inhibitor of
RANKIL, could be utilized to block osteoclast formation,
and provided orthodontic anchorage in a rat model (8).
Whether osteoprotegerin or other molecules with sim-
ilar functions, like Denosumab (19, 20) (a humanized
monoclonal antibody that blocks RANKL signaling and
is currently undergoing human clinical trials), can be
used in orthodontic practice is not clear. It must also
be considered that RANKL and osteoprotegerin are

Differentiation Activation
(€8] RANKL RANKL
O® — S 0000
@ CSF-1 Integrin-ligand
Osteoprotegerin Echistatin

Fig. 1. Inhibition of orthodontic tooth movement has been achieved
in animal models by blocking osteoclast differentation using osteo-
protegerin (8) and by blocking osteoclast activation through the use
of integrin (echistatin) and matrix metalloproteinase inhibitors (3, 4).
It is not known which strategy will prove to be most useful in the
orthodontic clinic. CSF, cerebrospinal fluid.
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immune modulators (21). The dual roles of compo-
nents of the RANKL signaling pathway and many other
cytokine signaling pathways in immunological re-
sponse and regulation of bone remodeling has led to
the concept of osteoimmunology (22). This cross-talk
raises concerns that inhibition of the RANKL pathway
may reduce resistance to oral pathogens, an important
consideration in orthodontics.

Here, our work demonstrating the importance of an
interaction between the B subunit of the vacuolar H*-
ATPase (V-ATPase) and microfilaments in the polari-
zation of osteoclasts and in bone resorption will be
described. We believe this interaction represents an
attractive novel target for agents that selectively block
osteoclast bone resorption. We will then briefly discuss
a strategy by which emerging computational chemistry
techniques can be used in a rational approach for
identifying small molecules that are useful as thera-
peutic agents (23-26). As such approaches become
more sophisticated, it will become increasingly prac-
tical to translate basic science insight into advances in
clinical practice. Because the expense of computational
chemistry approaches to drug discovery are relatively
low, such approaches may move drug discovery from
the domain of big science to the small academic lab-
oratory. This promises to bring many more minds, and
with them fresh ideas, to the process of drug discovery.

The resorptive osteoclast: a highly
specialized polar cell

Osteoclasts differentiate from multipotential hemato-
poetic precursors in response to stimulation by RANKL
(21, 27, 28). In addition to RANKL, other requirements
for osteoclast formation and for the activation of osteo-
clasts to resorb bone have been identified (29, 30).

For mature osteoclasts to resorb bone, activation
signals must be present (31-34). Activation leads to
profound reorganizations of the osteoclast’s cytoskele-
ton resulting in the formation of structures known as
actin rings on the apical surface of the osteoclast where
it contacts bone (35-39). Actin rings are associated with
very tight contacts between the plasma membrane and
the bone, referred to as sealing zones, and are also
linked to vesicular transport to and from ruffled
membranes (40-45). Vital cargos of that trafficking in
osteoclasts are V-ATPases (46, 47). Bounded by the
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V-ATPase

Fig. 2. Osteoclasts resorbing bone in vitro were fixed with formaldehyde and stained with fluorescein-tagged phalloidin to detect microfila-
ments and an anti-E subunit antibody visualized with a Texas Red-conjugated secondary antibody to detect V-ATPase, then visualized by
confocal microscopy. The optical section shown is just at the bone surface. Note that the microfilaments are organized into structures called
actin rings which surround the V-ATPase-rich ruffled membrane which is denoted with an arrow. The scale bar is equal to 20 ym.

actin rings, specialized domains of the plasma mem-
brane are formed. Known as ruffled membranes (or
ruffled borders) because they form brush border-like
ruffles, they are the site from where proteolytic
enzymes are dumped into resorption compartments
(48-50). A very unusual feature of ruffled membranes is
that they are packed with V-ATPases (46) (Fig. 2). Prior
to activation, V-ATPases are stored in vesicular com-
partments in the cytoplasm (40, 51-53). These vesicles
are associated with the actin cytoskeleton (40, 52, 54,
55). As part of the activation process, V-ATPase-rich
vesicles are recruited to the nascent ruffled membrane
and fuse with the plasma membrane to form the ruffled
membrane. V-ATPases pump protons out of the cell
into resorption compartments thereby lowering the pH
to around 5.0 which is required for resorption (56).
Only a few other specialized cell types have large res-
ervoirs of plasma membrane V-ATPases (57, 58).

V-ATPases

V-ATPases are composed of numerous subunits, some
of which are present in multiple copies per holoenzyme
(59-61), and are close relatives of the mitochondrial
ATP synthase (Fig. 3). Like the synthase, V-ATPases are
rotary motors. V-ATPases serve housekeeping roles in
eukaryotic cells acidifying compartments of the endo-
cytic pathway (61). Few cells express more than trace
amounts of V-ATPase and a number of the subunits are
present as isoforms. Characterization of tissue or cell
type-specific isoforms has provided a measure of in-
sight into the functions and cell biology of V-ATPases.
(60-64). For example, there are four isoforms of subunit

Cytosolic

Luminal or extracellular

Fig. 3. V-ATPase are multisubunit enzymes composed of 11-13 pro-
tein subunits. The V-ATPase B subunit is the site of interaction with
microfilaments. The two lines denote the position of the lipid bilayer.

a in mammals (65). Subunits al and a2 are expressed
ubiquitously and are found in endosomes and lyso-
somes. Subunit a3 is expressed at high levels in osteo-
clasts and pancreatic beta cells (62, 66). Subunit a4 is
found in the kidney (65). Mutations in subunit a3 cause
autosomal malignant osteopetrosis (67—69).

V-ATPase-actin interactions

In 1989, a seminal article in Science identified the
V-ATPase as the enzyme responsible for acidification
of resorption lacunae (46). This finding highlighted a
dilemma; V-ATPases are vital enzymes in eukaryotic
cells because they are required for acidification of

Orthod Craniofac Res 2009;12:105-112 | 107
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lysosomes, phagosomes, late endosomes, and com-
partments of the golgi. However, in most cells, V-ATP-
ases appear to be forbidden from entry into the plasma
membrane. How then could V-ATPases enter and pack
subdomains of the plasma membrane of osteoclasts?

A number of the subunits of V-ATPase have multiple
isoforms and mutations in some of the isoforms have
been shown to be responsible for diseases (70, 71).
Moreover, it is known that different isoforms of subunit
a are targeted to differing cellular compartments when
they are expressed in the same cell (51, 72). This has led
to the idea that the isoforms have specific properties
and activities that confer the ability to perform spe-
cialized functions to the V-ATPase into which they are
incorporated. However, to date there is no clear
mechanism to describe the mechanisms of isoform-
specific regulation.

In 1999, we reported that V-ATPases in osteoclasts
interact with microfilaments (40). The portion of
V-ATPases bound to microfilaments changed with the
activation state of the osteoclasts providing indirect
evidence that the interaction is crucial for osteoclast
function. The binding interaction between V-ATPase
and microfilaments was high affinity (Kp = 55 nM).
Direct visualization of V-ATPase bound to F-actin sug-
gested that V-ATPase was binding at the top of the het-
erohexagon composed of subunits A and B making these
two subunits the most likely candidates to mediate the
interaction which we detected. Several lines of evidence
then identified subunit B as an actin-binding protein,
and we were able to reconstitute the interaction in the
test tube using purified rabbit muscle actin and
recombinant B subunit (73). Both the B2 isoform of
subunit B, which is expressed at high levels in osteo-
clasts, and the B1 isoform, which is expressed at high
levels in renal epithelial cells, bound F-actin equally well.

A profilin-like actin-binding site in
subunit B

To identify the actin binding site, we made and
expressed a series of overlapping recombinant frag-
ments of both isoforms of subunit B (54). We identified
a 44-amino acid region that was required for the actin-
binding activity (amino acid 23-67 in mouse Bl and
29-73 in mouse B2). By direct inspection, our collabo-
rator Michael R. Bubb (University of Florida College of
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Medicine) independently identified a region that
shared sequence homology with the actin-binding site
of the ‘classic’ actin-binding protein, mammalian
profilin 1, within the 44 amino acid actin binding
stretch (54). Peptides synthesized composed of the
sequence of the profilin-like site and these were found
to bind actin and compete with profilin for actin
binding sites. By making use of the results of previous
studies of the actin-binding site on profilin, we identi-
fied specific residues that we expected to be crucial for
the actin-binding activity, and these predictions proved
correct in our in vitro assays.

With our detailed knowledge of the actin-binding site
in B subunit, we examined the sequences of B subunits
in various organisms. We found that B subunits from
organisms as evolutionarily diverse from humans as
yeast, insects, and plants had sequences in the actin-
binding region that would be consistent with the
capacity to bind actin. We have confirmed that yeast B
subunit binds actin (74), and another group showed the
B subunit from Manduca sexta binds actin (75).

Actin-binding activity by B subunit is
required for its transport to the ruffled
membranes of osteoclasts

We found that adeno-associated virus (AAV), a viable
viral vector for human gene therapy (76), transduced
primary mouse osteoclasts efficiently (55). The AAV
system allowed us to express exogenous mutant Bl
which does not bind actin or wild type Bl. Previous
studies had shown that when B1 and B2 are expressed
in the same cell, they do not co-assemble into the same
V-ATPase (55) and osteoclasts normally express B2 not
B1 (77). Therefore, we could follow virally expressed B1
separate from B2. Our studies showed clearly that
actin-binding activity was required for transport of
V-ATPases containing Bl to ruffled membranes;
therefore the actin-binding activity was probably
required for osteoclast bone resorption.

The structure of the actin-binding surface
of B subunit

Our results suggested that an inhibitor of the actin-
binding activity of B2 subunit would potentially be



useful as a therapeutic agent targeting osteoclast
activity. Until recently, finding such an inhibitor would
require the fortuitous identification of a natural prod-
uct with a particular activity or the use of ‘brute force’
assays to identify lead molecules. Natural products like
bafilomycin Al, an inhibitor of V-ATPase activity which
is derived from Streptomyces griseus (78), are most
often produced to be used in chemical warfare among
species. Bafilomycin Al is a potent toxin. It is unlikely
that a osteoclast-specific agent would evolve in that
context.

Brute force assays have proven useful but are
expensive and are not well suited for the academic lab.
Computational chemistry offers a potential alternate
strategy that is relatively inexpensive. If the structure of
a bioactive surface of interest is known through crys-
tallography or by molecular modeling, docking pro-
grams can be used to perform a virtual screen for small
molecules that are likely to interact with the surface.
Although docking proteins are far from perfect, this
technology is rapidly evolving with ever-increasing
computing power and better understanding of protein
structure.

We have begun screening for small molecule inhibi-
tors of the V-ATPase-microfilament interaction. The
first challenge was to identify structural pockets in
subunit B that are suitable for interactions with small
molecules. Although crystal structures of various actin-
binding B subunits are not available, because of the
sequence and structural similarity between B subunit
and the alpha subunit of F-ATPase, which has been
crystallized, high confidence structural models of B
subunit isoforms could be proposed. We have utilized a
comparative structural modeling approach to generate
an atomic model of the murine B2 subunit. We have
made use of the programs 3D-PSSM (Fig. 4) and Swiss
Model. Our analysis identified the most probable
structure of the protein sequence based on its rela-
tionships to the known similar structure of the alpha
subunit of the F-ATPase.

We have begun to utilize modeling information de-
rived from mammalian B2 subunit to identify ligands.
Small molecules that binds the actin-binding site on
subunit B2 specifically and sterically, inhibits its
interaction with microfilaments and may prove to be a
novel osteoclast inhibitor with favorable properties
compared with other pharmaceuticals. We have to date
(February 3, 2009) identified six small molecules based
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Fig. 4. Atomic level model of the B2 subunit of V-ATPase. This model
was constructed using the 3D-PSSM which made use of known crystal
structures of the o subunit of the ATP synthase, together with the
sequence similarity between the B2 subunit and the « subunit. The
subunit is positioned so that the top is the region furthest away from
the lipid bilayer if it were incorporated into a proton pump. The
residues noted are crucial candidiates for the actin binding activity of
the subunit. The minimal site that supported full actin binding
activity was amino acids 29-73, but the profilin-like domain, com-
posed of amino acids 55-68, supported a lower level of actin binding
activity (54).

on the initial in silico screen that have the capacity to
inhibit the interaction between B subunit and micro-
filaments in the test tube, and which inhibit osteoclast
bone resorption in tissue culture. We will test the most
promising inhibitor in a rat model of post-menopausal
osteoporosis soon.

Future prospects: from binding surfaces
to pharmaceutical small molecules

Computational techniques that can ‘dock’ small mole-
cules into the structures of protein targets are relatively
new, and are a rapidly evolving approach for leveraging
structural information of proteins for the identification
of lead molecules in drug development. This may offer
a path toward revolutionary advances in biomedical
science. Although computational techniques are cur-
rently far from perfect, they now make it possible to
narrow the number of small molecules to be screened
so that it is manageable for many academic labs. Aca-
demic laboratory involvement is further encouraged by
a large repository of small molecules maintained by the
National Cancer Institute, which are available at
nominal charge to academic researchers (http://
dtp.nci.nih.gov/repositories.html).

Orthod Craniofac Res 2009;12:105-112 | 109
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For us, this new technology provides an opportu-
nity to rationally attempt to move the basic science
information that we have accumulated regarding
interactions between V-ATPase and microfilaments in
osteoclasts from the lab bench in the direction of the
bedside and the orthodontist’s chair. Our approach
represents our particular adaptation of a general
paradigm by which the labors of the basic scientist
may bear fruits in the form of novel clinical tools.
Computational techniques are developing rapidly but
will also require greater cellular and molecular
understanding of the involved cells and tissues and of
the crucial protein structures that underlie the
cellular mechanisms. It seems likely that during
the twenty-first century, these new techniques
will revolutionize the biomedical enterprise as the
rapidly accumulating biological knowledge is tapped
in ever more sophisticated ways for clinical use. One
such avenue is in moving toward molecular ortho-
dontics.

Clinical relevance

Orthodontic tooth movement could be augmented by
inhibiting the movement of specific teeth by local
administration of therapeutic agents. The immobilized
teeth could be used to provide orthodontic anchorage.
A rational approach to achieving this end is described
based on understanding of the molecular under-
pinnings of osteoclast bone resorption using computer-
based techniques to identify small molecules predicted
to intervene in resorption in a novel way, and then
using in vitro and in vivo models to test the local
delivery and function of the small molecules that are
identified.
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