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Introduction

In the biochemical and cellular fields, aluminum fluoride (Al-
F complexes, or AlFx) and beryllium fluoride (BeFx) are

widely used to interfere with the activity of many enzymes. It
is well-known that they can activate G proteins in eukaryotic
cells (Gilman, 1987). AlFx and BeFx are small inorganic mole-
cules that mimic the chemical structure of a phosphate (Bigay
et al., 1987). As phosphate analogs, they affect the activity of
phosphoryl transfer enzymes, such as GTPases, ATPases, phos-
phohydrolyases (Chabre, 1990), and phospholipase D (Li and
Fleming, 1999a,b). Phosphoryl transfer is the fundamental
mechanism underlying energy metabolism and signal trans-
duction in cells (Knowles, 1980). As unique chemical tools in
biological studies, AlFx and BeFx have been successfully used
in the study of the structures and catalytic mechanisms of
enzymes involved in phosphoryl transfer (Petsko, 2000;
Thompson and Cole, 2001). A variety of such enzymes and
their complexes with AlFx or BeFx have been crystallized. Some
examples include: different classes of GTP-binding proteins
(GTPases) (Sprang, 1997), myosin ATPases (Maruta et al., 1993),
H+-translocating F1-ATPase (Braig et al., 2000), and phospho-
serine phosphatase (Cho et al., 2001).

In addition to their role in basic biochemistry, Al-F com-
plexes also have effects on human physiology. Chemical stud-
ies show that Al3+ binds F- more strongly than 60 other metal
ions (Martin, 1988). Al is the most abundant metal on earth. It

is ubiquitously present in all foodstuffs and drinking water
(Macdonald and Martin, 1988). In contrast, only a mM level of
Al is needed to form biologically effective Al-F complexes
(Sternweis and Gilman, 1982). Fluoride is widely added to
human drinking water (1 ppm) and in most toothpastes (500-
1500 ppm) to prevent dental caries (Warren and Levy, 1999). In
BC3H1 myocytes, AlFx was found to activate the MAP kinase
pathway, which is the pivotally important pathway in cell pro-
liferation (Anderson et al., 1991). It is well-known that fluoride
affects bone physiology (Farley et al., 1983). It is prescribed as a
drug to treat osteoporosis (Ringe and Rovati, 2001). Recent
research strongly indicates that AlFx might be the active species
that affects bone cell biology in vivo (Caverzasio et al., 1998;
Susa, 1999). Exposure to fluoride induces asthmatic symptoms
among workers in the aluminum industry, and recent studies
indicate that this might also be due to AlFx (Refsnes et al., 1999).
One study reported that chronic ingestion of 0.5 ppm AlFx in
the drinking water induced neurohistological changes in
experimental rats (Varner et al., 1998). Misra et al. (2002) recent-
ly reported that 1-5 nM beryllium fluoride and a mM level of
AlFx induced peritoneal macrophage proliferation. The forego-
ing suggests that it is extremely important to understand the
role of Al-F and Be-F complexes in human physiology, because
of its potential effects on our health.

This review discusses the basic chemistry and biochem-
istry of Al-F complexes in relation to their potential physio-
logical and toxicological implications. The first half of this
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paper is centered on the molecular mecha-
nism of metallic fluoride on GTP-binding
proteins. The second half of this paper is
centered on the basic chemical and physio-
logical processes of AlFx. Studies on the
physiological relevance of AlFx in bone
physiology, neurotoxicity, fluorosis, and
oral diseases are discussed in detail.
Questions are raised throughout this paper,
particularly on the potential clinical impli-
cations of Al-F complexes and indications
for future investigations.

Fluoride and the Discovery 
of G Protein

The concept of cell signaling dates back to
the beginning of the last century, when Paul
Ehrlich (Triggle, 2000) postulated a 'lock and
key' theory to explain the interaction between cell-surface
receptors and their agonists. Five decades later, Sutherland's
lab first discovered that treatment of particulate fraction of dog
liver homogenate with epinephrine and glucagon induced the
formation of cyclic AMP (39 59-adenosine monophosphate)
from ATP (Rall et al., 1957). An enzyme, later named adenylate
cyclase (AC), was proposed to catalyze this reaction (Rall and
Sutherland, 1958). In these studies, 10 mM sodium fluoride
(NaF), in itself, was found to stimulate cyclic AMP production,
as well as to potentiate hormonal effects. Fluoride was thus
identified as a stimulator of adenylate cyclase, but its mecha-
nism of action was unknown. The early hypothesis was that
fluoride directly stimulates the catalytic activity of AC
(Sutherland et al., 1962). Rodbell made the critical discovery
that GTP is required for the hormonal activation of AC in fat
cells (Rodbell et al., 1971). These investigators were the first to
speculate on the potential importance of a GTP-binding protein
in a hormonal-sensitive AC system. The existence of such a pro-
tein was later suggested by the demonstration that a guanine
nucleotide binding component could be partially resolved
from the putative catalytic subunit of adenylate cyclase by
affinity chromatography with GTP-sepharose (Pfeuffer, 1977).
It was soon established that adenylate cyclase was composed of
at least two separate components, a catalytic component and a
regulatory component, referred to as G/F (an early name for Gs
protein), because it contained the activation sites for both a
guanine nucleotide and fluoride (Ross and Gilman, 1977).
Meanwhile, a murine S49 lymphoma cell line which bears a
somatic mutation cyc- and lacks AC activity was isolated
(Bourne et al., 1975). These S49 cells were found to lack the reg-
ulatory component G/F, but they retain the catalytic compo-
nent. By taking advantage of this genetically mutated cell line,
Ross and Sternweis developed a reconstituted system, in which
hormone-, guanine nucleotide-, and fluoride-sensitive AC
activity could be restored to S49 cell membranes by the addi-
tion of detergent extracts of G/F from various sources (Ross et
al., 1978; Sternweis and Gilman, 1979). Subsequently, fluoride
was shown to act on the guanine nucleotide-binding regulato-
ry component of AC (Howlett et al., 1979; Downs et al., 1980).
The stimulatory component of AC (Gs) was first purified to
homogeneity from rabbit liver, owing to its ability to reconsti-
tute fluoride-stimulated AC activity in S49 cell membranes
(Northup et al., 1980; Sternweis et al., 1981). Cassel and Selinger
(1977, 1978) demonstrated, in the turkey erythrocyte mem-

brane system, that adenylate cyclase activation after cate-
cholamine receptor stimulation was due to GTP binding and
hydrolysis (i.e., GTPase reaction) by Gs.

Fluoride Action on G Proteins
is Associated with Al3+ Ions

The actual mechanism of fluoride action on guanine
nucleotide-binding component of AC remained elusive.
Experiments with detergent extracts of S49 plasma membranes
suggested that activation of G/F by fluoride required Mg2+ and
ATP, but the specificity of the requirement for ATP was not
clear (Sternweis and Gilman, 1979). When these experiments
were repeated with purified G/F from rabbit liver, the absolute
requirement for ATP was shown to be somewhat erratic. The
necessary ingredient donated by ATP did not appear to be the
nucleotide (Sternweis et al., 1981). Both an extract from the
glass test tubes or the use of tap water, rather than glass-dis-
tilled water, could substitute ATP and promote activation of
G/F by fluoride. Sternweis persevered through these seeming-
ly strange experimental phenomena and solved the puzzle
(Sternweis and Gilman, 1982). He isolated the mysterious fac-
tor by passing ATP as well as the glass test tube rinses through
a cation exchange resin column and eluted the factor with 3 M
HCl. The factor purified by this procedure was subjected to ele-
mental analysis by neutron activation, and it turned out to be
Al3+ ions in both ATP and the glass tube rinses. Exogenous
AlCl3 produced G/F activation in the presence of Mg2+ and
fluoride. In addition, Al3+-free ATP failed to promote activation
of G/F. In their assay system (which contained 10 mM Mg2+, 1
mM EDTA and 5 mM NaF), the Kact for Al3+ was about 4 mM.
Martin (1986) later showed that 1 mM EDTA strongly chelates
Al3+ ions. According to the calculation, this would leave 10-4 as
much free Al3+ as the added total Al3+. However, Al3+ reacts
with EDTA much more slowly than Al3+ and F-; therefore, effec-
tive amounts of Al-F complexes could still form (Martin, 1986).
The specificity of the requirement for Al3+ was remarkable. Of
a total of 28 metals tested, only beryllium was effective.
Therefore, fluoride activation of G protein depends upon Al3+,
which may also be substituted by Be2+ (for more information
on their chemistry, see Fig. 1).

Aluminum is a minor structural component of glass. It
usually exists in the form of alum or alumina in glass (Berry,
1979). mM fluoride etches Al3+ from glass into solution
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Figure 1. A section of the Periodic Table. For the elements related to phosphate or its
analogs, their symbols, atomic numbers, oxidation states, and electron configurations are
highlighted.



(Sternweis and Gilman, 1982). Aluminum is also a common
contaminant of some commercial nucleotide products, such as
ATP, which was shown to be 'necessary' for fluoride action.
Free Al3+ usually 'disappears' into the sediment in the earth's
crust as a hydroxide, and is locked into minerals. However,
with the advent of acid rain, aluminum escapes from mineral
deposits, and a certain amount of free Al3+ is dissolved in fresh
water (Martin, 1994). This is the most likely reason for the
'effectiveness' of tap water vs. glass-distilled water in promo-
ting the activation of G/F by fluoride.

The use of a controlled concentration of Al3+ plus fluoride
(here referred to as AlFx) in a reconstituted system enabled the
experiments to be more sensitive and stable. Activation of
G/F by GTPgS and AlFx was found to protect the protein
from thermal denaturation and chemical inactivation. Such
activation allowed for the resolution of the active 45-KDa a
subunit and the 35-KDa b subunit from each other by high-
performance gel filtration (Northup et al., 1983a,b). The b sub-
unit was later found to be associated with a smaller peptide of
8 KDa, named as the g subunit (Hildebrandt et al., 1984).
Analysis of these data permitted a definitive statement to be
made on the activation mechanism of adenylate cyclase by
AlFx and guanine nucleotide analogs. Gs protein is a het-
erotrimer, composed of a, b, and g subunits. The binding of
GTPgS or AlFx to the a subunit dissolves a and bg. The acti-
vated and resolved a subunit itself was able to reconstitute
AC activity. bg heterodimer inhibited AC activity by re-asso-
ciating with the a subunit. Moreover, incorporation of puri-
fied b-adrenergic receptor and Gs into phospholipid vesicles
reconstituted hormone-stimulated GDP-GTP exchange on the
a subunit and its GTPase activity (Asano et al., 1984).
Recombination of the purified adenylate cyclase catalytic unit
with Gs and the receptor reconstituted hormone-stimulated

synthesis of cAMP (May et al., 1985). In
essence, Gs protein mediates hormone stim-
ulation of the effector adenylate cyclase,
which catalyzes the production of the sec-
ond-messenger cAMP. Other members of
the G protein family have also been identi-
fied and characterized (for a review, see
Gilman, 1987). Such G proteins include: Gi
(the G protein which transduces inhibitory
hormone regulation of AC) and Gt (also
called transducin; see next section).

g-Phosphate Analog Model
Transducin is a G protein with a, b, and g
subunits. It functions to mediate visual trans-
duction by coupling the photoexcitation of
rhodopsin to the stimulation of a cGMP
phosphodiesterase in retinal rod cells (Fung
et al., 1981). Transducin is structurally and
functionally analogous to Gs and Gi. For a
long time, fluoride was known to influence
the activity of the cGMP phosphodiesterase
system (Sitaramayya et al., 1977). Fluoride
acts on the a-subunit of transducin (Stein et
al., 1985). AlCl3 synergistically enhanced the
effect of fluoride by promoting dissociation
of Gta from Gtbg and inhibiting GTPase
activity (Kanaho et al., 1985).

A breakthrough on the mechanism of
AlFx on G proteins was achieved by Bigay and Chabre (Bigay
et al., 1985, 1987). Their work on transducin focused on the
point that, to allow Gta activation by AlFx, a GDP is required
to bind to the nucleotide site of Gta. Analogs of GDP were
accessible only if the terminal oxygen on the b-phosphate
remains unsubstituted. AlFx was effective with GDPaS or GP-
NH-P, but not with GDPbS, whose b-phosphate is chemically
modified. This finding led them to conclude that AlFx inter-
acts directly with the oxygen on the b-phosphate of GDP. This
is the position where a g-phosphate would bind if it were a
GTP. They recognized in their experiments that maximum
efficiency was achieved at a NaF concentration, where the
predominant fluoroaluminate complex is AlF4

- in the solution
(Goldstein, 1964). They also recognized the structural similar-
ity between AlF4

- and PO4
-3 (Fig. 2A). Both complexes are

tetrahedral. The Al-F bond length is very similar to that of the
P-O bond in PO4

-3 (Bigay et al., 1985). This feature was further
confirmed by the fact that BeF3

-, another complex of fluoride
with a tetrahedral chemical structure similar to that of PO4

-3,
fully mimicked the AlF4

- effect in this system (Bigay et al.,
1987). Based on these recognitions, a g-phosphate model was
proposed to explain the AlF4

- effect on G proteins. Isolated Ga
protein normally keeps a GDP molecule permanently bound.
AlF4

- interacts with Ga protein through binding to the b-
phosphate of GDP. The bound AlF4

- (or BeF3
-) simulates the

presence of the bound g-phosphate of GTP and therefore con-
fers on the protein the structure of the active Ga•GTP state.
The high electro-negativity of F- allows F- to form strong
hydrogen bonds with nearby amino acid side-chains. This
tight bonding makes AlF4

- and BeF3
- non-hydrolyzable by the

GTPase activity of Ga, and thus maintains the G protein in its
activated state (Fig. 2B).

Shortly after its proposal, the g-phosphate analog model
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Figure 2. (A) Structural similarities among AlF4
-, BeF3(OH2)

-, and phosphate group. All
three compounds exhibit tetrahedral geometry. BeF3

- has an electron-deficient beryllium
atom. Be completes an octet by accepting a pair of electrons from a water molecule. (B)
The originally proposed g-phosphate model for AlF4

- and BeF3
- activation of het-

erotrimeric G proteins. AlF4
- and BeF3

- bind with GDP and mimic the g-phosphate of GTP.
Notice that, to mimic the ground state of g-phosphate, AlF4

- has to lose one F-. Compare
this theoretical model with the revealed transitional geometry of AlF4

- in Fig. 3A (derived
from Bigay et al., 1987). Reprinted with permission from Oxford University Press and The
European Molecular Biology Organization.



obtained immediate support from the
structural studies on Ga protein by
tryptophan fluorescence and 19F and 31P
NMR spectroscopy (Higashijima et al.,
1987, 1991). Meanwhile, this model
quickly expanded from the G protein
system to other phosphoryl transfer
enzymes, on which AlFx and BeFx were
known to have an effect. AlFx and BeFx
were thus recognized as a new group of
phosphate analogs in the study of the
enzymology of phosphoryl transfer
enzymes (Chabre, 1990). Phosphoryl
transfer reactions are catalyzed by
enzymes such as ATPase, GTPase, pro-
tein kinases, phosphatases, nucleotidyl
transferase, and phospholipase D
(Knowles, 1980). The importance of
AlFx or BeFx lies in that their complexes
with these enzymes can be used to
study the mechanistic aspects of phos-
phoryl transfer reactions (Lolis and
Petsko, 1990). Existing experimental
evidence indicates that the strictly tetra-
hedral BeF3

- complex is an analog of the
phosphate in its ground state, whereas
the trigonal bipyramidal or octahedral
geometry of AlF3 or AlF4

- mimics a phosphate in its transition
state (Wittinghofer, 1997; Thompson and Cole, 2001).

Al-F Complex Mimics a g-phosphate 
at its Transitional State: 

Insight into the GTPase Mechanism
G protein is a superfamily of regulatory GTP hydrolyases. All
members of this superfamily share a common structure core,
which is exemplified by p21Ras. The Ga subunits of the het-
erotrimeric G protein are also considered members of the Ras
family of GTP hydrolyases. They are the enzymes that use
the free energy of GTP hydrolysis to transduce signals from
ligand-activated receptors to downstream effectors. The
enzyme-product complex Ga•GDP (the resting state)
assumes an inactive signaling conformation, and continues
to bind to Gbg subunits. The enzyme-substrate complex
Ga•GTP (the ground state) assumes an active signaling con-
formation. It dissociates from Gbg to bind to downstream
effectors (Coleman and Sprang, 1999). The switch of these
two functional states is regulated by the hydrolysis of GTP to
GDP, which is catalyzed by the intrinsic GTPase activity of
Ga. Thus, GTPase catalyzed GTP hydrolysis is the central
rate-controlling point of a G protein signaling pathway
(Rodbell, 1997). AlFx activates a G protein signaling pathway
by inhibiting the GTPase activity, thereby keeping the Ga
protein in its active signaling conformation. The popular
statement that "AlFx activates G proteins" can sometimes be
confusing. Its effects on other phosphoryl-transfer enzymes
are also inhibitory. Early analysis of the stereochemical
course of the P21Ras GTPase reaction showed that the hydrol-
ysis of GTP occurs with inversion at the g-phosphorus
(Feuerstein et al., 1989). This indicates that the mechanism is
most likely a single-step, in-line transfer, without forming a
phosphoenzyme intermediate.

The breakthrough in the GTPase catalytic mechanism
comes from the determination of the x-ray crystallographic
structures of Ga proteins. Gia and Gta, coupled with GTPgS or
GDP•AlF4

-, were among the first to be crystallized (Noel et al.,
1993; Coleman et al., 1994; Sondek et al., 1994). The molecular
structure of Gia•GTPgS•Mg2+ showed that this protein con-
tains two general domains: one helical domain, which is
unique to all trimeric Ga proteins; and one Ras-like domain,
which is typified by P21Ras. It contains switches I, II, and III.
Switches I and II interact with Mg2+ and g-phosphate, respec-
tively, and switch III is unique to all trimeric Ga subunits. A
guanine nucleotide binds with the pocket formed by these two
domains. Nucleotide makes direct contact only with the Ras-
like domain, but is shielded from solvent by the helical domain.
Two important residues within the active site—Gln204 and
Arg178—are present in all Ga family members. They are cru-
cial for enzyme catalysis, since point mutation of either residue
abolishes enzyme activity (Kleuss et al., 1994). It is therefore
surprising that, in the Gia•GTPgS•Mg2+ ground state com-
plex, none of these residues is in contact with either the
nucleotide or the hydrolytic H2O. It appears that Gln204 and
Arg178 are not involved in the binding of GTP and H2O to Gia.
The Gia•GTPgS•Mg2+ complex provides a model of the
ground state enzyme-substrate complex in its active signaling
conformation. However, it provides little insight into the cat-
alytic mechanism. It did show that the active site contains a
well-coordinated H2O molecule that appears to be positioned
for an in-line nucleophilic attack on the g-phosphate group
(Coleman et al., 1994).

The most revealing structure concerning enzyme catalysis
was provided by the crystal structure of Gia•GDP•AlF4

-•Mg2+

(Coleman et al., 1994). This crystal structure is essentially iden-
tical to Gia•GTPgS•Mg2+, except near the region of the g-
phosphate-binding site. AlF4

- is located at the g-phosphate-
binding site and covalently linked to the b-phosphate. This
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Figure 3. (A) Schematic illustration based on the crystal structure of Gia1•GDP•AlF4
-, the coor-

dination sphere, and contact distances (Å) of AlF4
- with active site residues, b-phosphate and

magnesium. Notice that, in contrast to the tetrahedral geometry of a ground state phosphate,
AlF4

- forms a square planar complex that is octahedrally coordinated to a b-phosphate oxygen
and to a putative water molecule as the trans-axial ligands. (B) Model of the active site of Gia1
at the transition state in the phosphohydrolysis reaction. Notice the true trigonal bipyramidal
geometry of the g-phosphate at its transition state (derived from Coleman et al., 1994).
Reprinted with permission from the journal Science and The American Association for the
Advancement of Science.



confirmed the early g-phosphate analog model (Fig. 3A).
However, the central Al atom exhibits an octahedral, hexacoor-
dinated binding geometry, rather than the earlier proposed
tetrahedral orientation. Four fluorine atoms bind around alu-
minum in an equatorial plane (90º between each other). A GDP
b-phosphate oxygen and a hydrolytic H2O molecule occupy
the axial positions (perpendicular to the fluorine plane) (Fig.
3A). This structure confirmed an earlier proposal by Martin
(1988) that, in aqueous solution, AlF4

- is not tetrahedral, but
occurs as the hexacoordinate (H2O)2AlF4

-. The most important
finding of this crystal complex is the change in positions of the
catalytically important residues Gln 204 and Arg 178. The side-
chains of both residues interact directly with GDP•AlF4

-•H2O
through hydrogen bonds (Fig. 3A). An almost identical interac-
tion was observed in GDP•AlF4

-•H2O complexed with trans-
ducin (Gta) (Sondek et al., 1994). Their counterparts Gln200 and
Arg174 assumed the same roles. The remarkable complemen-
tary nature of Gia and Gta active sites to GDP•AlF4

-•H2O and
the close resemblance of their structure with the described
bipyramidal transition state of phosphate indicate that AlF4

- is
a transitional state analog in both situations (Fig. 3B). Based on
the crystallized analog structure, an approximate picture of the
Ga transition state can be reconstructed by replacing the AlF4

-

moiety with a g-phosphate (Fig. 3B). The detailed mechanism
of Gln204 and Arg178 (Gln200 and Arg174 in Gta) in stabiliz-
ing the phosphate transition state can be addressed (for details,
see Sprang, 1997). In essence, the positions of the key residues
re-orient during the catalysis to stabilize the reaction transition
state, thus enabling the attacking nucleophile (H2O) to replace
the leaving group (the oxygen linking to the b-phosphate) and
resulting in GTP hydrolysis to GDP.

Al-F Complex and Small GTP-binding Proteins
In contrast to the trimeric G protein, another group of G pro-
teins behaves differently toward AlFx. Small GTP-binding pro-
teins are a superfamily of monomeric G proteins that are Ras-
like. Major families include Ras, Rho, Rab, Rac, Arf, and Ral
(Wittinghofer, 1998). These proteins play pivotal roles in the
signaling of cell growth and differentiation. Their molecular
weights are all in the range of 20-30 kDa (for this reason, they
are also called small-molecular-weight G proteins). They are
structurally similar to the a subunits of trimeric G proteins.
Members of this family process consensus amino acid
sequences responsible for GDP/GTP-binding and GTPase
activities (called Ras-like domain). Kahn (1991) found that, in
contrast to their trimeric counterparts, under the same condi-
tions, Ras-like G proteins do not bind to AlFx, and their bio-
chemical activities were not affected by AlFx. This was surpris-
ing, since the GTP-binding and hydrolysis mechanism is con-
served among all G protein members, and the AlFx effect has
been attributed to the guanine nucleotide hydrolysis. Since
many cellular processes are regulated by both trimeric and
monomeric G proteins, the response to AlFx has been used as
an indication of trimeric G protein and not of monomeric G
protein involvement. In contrast, guanine nucleotide analogs,
such as Gpp-NH-p and GTPgS, stimulate both families of G
proteins.

The Ras superfamily of monomeric G proteins has low
intrinsic GTPase activity. Its hydrolysis rate is about 1/100 of
that of an average Ga protein (2-5 min-1) (Wittinghofer et al.,
1997). Thus, Ras proteins require their GTPase activating pro-
teins (GAP) to accelerate the GTP hydrolysis process. Two Ras-
specific GAPs, the P120GAP and neurofibromin proteins1
(NF1), increase the hydrolysis rate by 105 (Scheffzek et al., 1998).
Oncogenic Ras mutants have impaired GTPase activity, and,
more importantly, they are insensitive to their GAPs; thus,
oncogenic Ras remains bound with GTP. This overactive sig-
naling conformation results in tumorigenesis. Point mutations
in Ras genes have been found in 30% of all human tumors
(Scheffzek et al., 1997). Trimeric Ga protein and Ras proteins
both contain the conserved Ras-like domain, which is responsi-
ble for GTP hydrolysis. This seems to imply a similar mecha-
nism of GTPase catalysis for both families of G proteins.
However, Kahn (1991) found that members of the Ras super-
family of small GTP-binding proteins do not bind to AlF4

-, indi-
cating a significant difference in their active site structures. As
reviewed in the last section, AlF4

- mimics the transition state of
g-phosphate in the Ga protein. Prive et al. (1992) proposed that
the GAP may induce the transition state formation by intro-
ducing an amino acid side-chain structure during GTP hydrol-
ysis. Using a fluorescence emission spectrum, Mittal et al.
(1996) first detected that, in the presence of a stoichiometric
amount (1:1) of GAP (P120GAP or NF1) and Ras•GDP, Ras
interacts with AlFx. The ternary complex Ras•GDP•AlFx•GAP
was subsequently isolated by gel filtration (Ahmadian et al.,
1997). Other members of the Ras superfamily, such as Cdc42,
Rap, and Ran proteins, also form ternary complexes with AlFx
in the presence of their respective GAP proteins. The crystal
structure of the complex between Ras•GDP and GAP-334 (the
catalytic fragment of P120GAP) with AlFx was resolved
(Scheffzek et al., 1997) (Fig. 4). An arginine side-chain, Arg789
(the equivalent of Arg178 in Gia), in GAP-334 is positioned at
the active site of Ras to neutralize the developing negative
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Figure 4. Schematic illustration based on the crystal structure of
Ras•GDP•AlF3•GAP. The important elements of catalysis and
their interaction with AlF3 (g-phosphate) at the transition state are
shown. Aluminum fluoride forms a trigonal bipyramidal complex.
RasGAP stabilizes the transition state by supplying the critical
arginine (Arg 789) in trans to neutralize the developing charges.
In heterotrimeric G protein, such a critical arginine (Arg 178 in
Gia1) is supplied in cis from the Gia1 itself (see Fig. 3A) (adapt-
ed from Scheffzek et al., 1997). Reprinted with permission  from
the journal Science and The American Association for the
Advancement of Science. 



charges on the g-phosphate during the tran-
sition state. This allows glutanine-61 (the
equivalent of Gln204 in Gia) to participate
in the catalysis. AlFx again mimics the g-
phosphate at its transitional state, which is
stabilized by Ras and GAP interaction
through the above mechanism (Fig. 4). In
trimeric Ga protein, an arginine of similar
function is provided from the same mole-
cule (Arg178 in Gia), rather than from a dif-
ferent molecule (Arg789 in P120GAP).
Another difference observed in Scheffzek's
study (1997) was that an AlF3, instead of an
AlF4

-, was bound to the active site (compare
Fig. 3A with Fig. 4). The Al-F bonds in both
situations are planar. The two axial bonds
with b-phosphate oxygen and nucleophilic
H2O were very similar. Rather than attain-
ing an octahedral geometry in the case of
Gia and Gta, aluminum fluoride assumes a
trigonal bipyramidal structure in Ras•GAP.
This conformation more closely resembles
the true transitional state of g-phosphate
(compare Fig. 3B with Fig. 4). The reason for
these two different conformations was
recently found to be caused by experimental
conditions rather than to be due to any basic
structural differences. By changing the pH
value in UMP/CMP-kinase crystallization
buffer, Schlichting and Reinstein (1999) dis-
covered that the bonding configuration of
AlFx can switch from AlF4

- in acid pH to
AlF3 in alkaline pH. A brief survey of the pH
conditions in other phosphoryl-transfer enzymes crystallized
with bound AlFx supported the same principle. Factors other
than pH, such as F concentration, may also have effects on AlFx
configuration.

Basic Chemistry of Al- and Be-F Complexes
Aluminum is a group 3B light metal (Fig. 1). It is an extremely
rich but somewhat 'hidden' element. Comprising 8% of the
earth's crust, Al is the most abundant metal and the third most
abundant of all elements (Liptrot, 1974). It is concealed in min-
erals such as bauxite (Al2O3•2H2O) and cryolite (Na3AlF6). The
Al3+ level is usually very low in natural water, due to the fact
that free Al3+ instantly precipitates as hydroxides (Martin,
1986). With the advent of acid rain, metal ions, including Al3+,
escape from minerals, dissolve in fresh water, and thus become
available to man (Martin, 1994).

Al3+ is the only accessible oxidation state for aluminum in
biological systems (Macdonald and Martin, 1988). In aqueous
solution, Al3+ forms different species with water components at
different pH. Free Al3+ [it is, in fact, Al(H2O)6

3+] exists mainly in
acidic solutions (pH < 5.0) According to Martin's calculation
(Martin, 1986), upon addition of 1 mmol per liter of an Al3+ salt
to a solution at pH 7.4, the free Al3+ concentration is not 1 mM,
but only about 3 x 10-12 mol/L. Most of the Al3+ ions form insol-
uble Al(OH)3. The predominant Al3+ ions are in the form of
Al(OH)4

- at around 8 mmol/L. However, when there are lig-
ands available, free Al3+, rather than Al(OH)4

-, would bind to
them, and this would shift the equilibrium to more free Al3+

ions (Martin, 1986).

Fluorine is a group 7B halogen (Fig. 1). It is the most chem-
ically reactive non-metal. It is also the most electro-negative
element (Liptrot, 1974). Of more than 60 metal ion species, Al3+

binds F- most strongly (Martin, 1988). The Al-F complex exists
in nature in cryolite (Na3AlF6). Another metal ion which binds
F- with high affinity is beryllium (Be). Be is a group 2A alkaline
earth metal (Fig. 1). It is a relatively rare element. Coal com-
bustion is the chief reason for its presence in the environment.
Fresh water contains less than 0.001 ppm Be (Fishbein, 1981).
The chemistry of Be differs considerably from that of the other
members of this group (such as Mg and Ca), but resembles that
of Al due to similar electro-positivity (Liptrot, 1974). Be-F com-
plexes are strictly tetrahedral due to the sp3 orbital hybridiza-
tion (Fig. 1), whereas Al-F complexes have different bonding
configurations (Chabre, 1990). F- is very electro-negative and
has the greatest capacity to form hydrogen bonds. A metallic
fluoride complex can bind to a protein molecule through
hydrogen bonds formed between F atoms and the nearby
amino acid side-chains. Be-F, Al-F, and P-O bonds are very sim-
ilar in length (around 1.55 Å). However, the Al-F bond is ionic,
whereas the P-O bond is covalent, and the Be-F bond is some-
where in between, but closer to being covalent (Emsley and
Hall, 1976).

The structure and concentration of Al-F complexes in a
solution depend on both F- concentration and pH (Martin,
1994). According to Martin's calculation, in drinking water
with 1 ppm F- (pF = 4.3), at pH 7.5, the predominant Al-con-
taining species is Al(OH)4

-; at pH 4, the main species are AlF2
+

and AlF3 (Fig. 5). Free Al3+ concentration in an aqueous solu-
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Figure 5. Speciation of Al-F complexes in aqueous solution. Mole fraction of total Al(lll) vs.
pF.pF = - log[F-], where [F-] is the ambient fluoride molar concentration. F complexes with
Al were measured at two pH values, dashed curves for pH 4 and solid curves for pH 7.5.
Symbols on curves designate the number of fluoride groups (F) or hydroxy groups (h)
bound to Al(lll). Thus, h4 represents Al(OH)4

-; F4 represents AlF4
-; and hF3 represents

(OH)AlF3
- (adapted from Martin, 1994). Reprinted with permission from Elsevier Science. 



tion changes dramatically with pH. The more acidic the solu-
tion, the more free Al3+ is available, the less the OH- group
competes with Al3+ in binding to F-, and the more Al-F com-
plexes are formed (Martin, 1996). The distribution graph
shifts to the left as pH goes down. When pH reaches 2, there
are more AlF3 complexes. This low pH is physiologically rele-
vant, since the pHs of gastric juice, dental plaque fluid, and
some popular beverages (such as cola) are around this level.
At neutral pH, when F- is at the 5-mM level, the main species
are a mixture of AlF3 and AlF4

- (Fig. 5). This is the condition in
most biochemical and cellular studies. [For more detailed
information on the structural dynamics of Al-F complexes,
readers can refer to the two recent NMR studies (Bodor et al.,
2000; Yu et al., 2001).]

Questions of Physiological Relevance
In spite of the detailed knowledge of its chemistry, the physio-
logical relevance of Al-F complexes remains elusive. Many
issues need to be considered in attempts to ascertain how
metallic fluoride might potentially affect the host. The first
question is how to relate its known biochemical effects in phys-
iological situations. Known biochemical actions of Al-F com-
plexes were performed in cell-free conditions with purified
enzymes or extracted membranes where enzymes are directly
accessible to AlFx binding. Would the same effect hold true
when AlFx is applied to intact cells? In many intact cell models,
G protein-regulated signaling pathways can be activated by
AlFx at concentrations similar to those used in cell-free studies
(Gilman, 1987). However, some evidence indicates that the
effects are not always the same. For example, Inoue et al. (1990)
concluded that AlFx activated both Gs and Gi proteins in mem-
branes, but activated Gi only in cells. The difficulty in explain-
ing this discrepancy lies in the lack of accurate knowledge on
the transmembrane migration of AlFx. In physiological situa-
tions, for AlFx to activate an enzyme, which resides on the inner
membrane of the lipid bilayer or in the cytoplasm, AlFx needs
to cross the cell membrane. This has been clearly demonstrated
by the clamp-patch technique, by which AlFx was directly
delivered inside cells and activated G proteins (Chen and
Penington, 2000). One early study estimated the intracellular F
level to be around 0.35 mM after cells were incubated with 1
mM F for 10 min. When a 10-mM quantity of F is used, the
intracellular F is around 2.6 mM. A decrease in the pH of the
medium facilitated F influx into cells (Kawase and Suzuki,
1989). With certain concentrations of Al3+ and F- applied in the
extracellular solution, the intracellular concentration of AlFx
and their actual structures are not known. Nevertheless, the
complexing between Al3+ and F- would inevitablely change the
permeability of both Al3+ and F-.

The second question is related to the availability of Al-F
complexes in human tissues. Are these AlFx complexes
formed in vivo? Or are they formed in vitro and then taken
up into the human body? Brudevold and colleagues (1972)
studied the fluoride complexes in the tap water from 26
communities in three states in the United States. The total
fluoride concentration in these sources of water ranged from
0.2-5 ppm. They found that Al was the principal complexing
element for F in the drinking water. Higher Al concentration
and marked complexing with F were found to be associated
with treatment of water with alum. Boiling of the drinking
water (1 ppm F) in an aluminum pot increased the water Al
content from 0.03 ppm to 0.20 ppm, and a concomitant

increase of complexed F from non-detectable to 50%
(Brudevold et al., 1972). If the pH of the boiling water was
adjusted to 3.5, 76% of the F was in a complex form. Many
foods are prepared in acidic conditions in aluminum pots.
Some popular beverages, such as cola, contained in alu-
minum cans, have pH values around 2. In the stomach,
where most of the fluoride is absorbed, pH is around 1.2.
When fluoride level is between 1 and 5 ppm, a significant
protion of Al-F complexes in the stomach is AlF3 (see Fig. 5).
AlF3 is an electrically neutral species. It is much more likely
to be absorbed in the GI tract than other charged complexes
of Al and F.

Bioavailablity and the in vivo State of Al and F

Daily Al intake in the typical UK/USA diet is about 10-20 mg.
Most of the Al intake comes from Al-containing food additives,
which are very common in the developed world (for a review,
see Priest, 1993). Some beverages, such as Al-canned cola and
tea, contained high content of aluminum. Certain medications,
such as Al-containing antacids and buffered aspirin, as well as
baking powder also contain very high levels of Al. For exam-
ple, regular antacid users can consume 1 g Al per day. Drinking
water contributes only a small fraction of the daily total Al
intake. Al concentration in drinking water is rarely over 0.4
mg/L (Priest, 1993). There are two recognized sources of Al in
drinking water (for a review, see Flaten, 2001). First, acid rain
enhances the leaching of Al from minerals into natural water.
Second, Al is widely used as a coagulant in water treatment to
improve the water color. This often results in an increased Al
concentration in drinking water (Flaten, 2001). Another poten-
tial source of Al is related to water fluoridation. Sodium fluo-
ride, used in water fluoridation, usually comes as a by-product
from Na3AlF6 in the aluminum smelting industry. It is not
unlikely that a small amount of Al is present in sodium fluoride
and may even exist in the form of Al-F complexes. Because of
the chemistry, completely eliminating Al from NaF in this
process is quite difficult. Nonetheless, it is certainly not likely
to be a main source of Al in drinking water.

Al is very poorly absorbed in the GI tract. Only about 0.1%
of the dietary intake of Al is absorbed, which amounts to 10
mg/day (Priest, 1993). In the extreme acidic conditions in the
stomach, most of the ingested Al is in a soluble form. When the
stomach contents reach the duodenum, it is rapidly neutral-
ized; soluble Al would then precipitate out as hydroxides, and
become unavailable for absorption. It is thought that a small
amount of Al is absorbed through the gastric mucosa and prox-
imal small intestine immediately before precipitation (Powell
and Thompson, 1993). In human plasma, most Al is bound to
transferin and citrates. Research indicates that citrates in the
intestine maintain Al in a soluble form at neutral pH, and may
promote absorption of the metal (Ohman and Martin, 1994).
Serum Al concentration is about 6-7 mg/L (Powell and
Thompson, 1993). Endogenous Al accumulates on the surface
of bone. As the bone thickness increases, Al is buried in the
mature bone matrix (Priest, 1993).

Sources of fluoride include natural fluoride in foodstuffs
and water: fluoridated water (usually at 1.0 ppm, i.e., 1 mg/L),
fluoride supplements (such as fluoride tablets), fluoride denti-
frices (containing on average 1000 ppm F), and professionally
applied fluoride gel (containing on average 5000 ppm F).
Fluoride is also prescribed at a dose between 10 and 50 mg/day
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by some physicians to treat osteoporosis, although its thera-
peutic effect is controversial (Ringe and Rovati, 2001).

F- is very electro-negative. In an aqueous solution of F-, HF
(pKa = 3.4) is formed. F- transport through biological mem-
branes occurs primarily by non-ionic diffusion of HF. Classic
studies with artificial lipid bilayers and pH electrodes indicat-
ed that HF is a highly permeant solute and has a permeability
coefficient similar to that of water. Membrane permeability to
HF is 5 to 7 orders of magnitude above that of F- (Gutknecht
and Walter, 1981). Animal studies indicated that F- absorption
from the stomach and oral mucosa is pH-gradient-dependent.
HF is in diffusion equilibrium across the cell membrane (for a
review, see Whitford, 1990). Recent studies showed that F-

absorption from the intestine is less sensitive to pH, and may
occur via a carrier-mediated process (i.e., facilitated diffusion)
(He et al., 1998). It is not known whether such a carrier protein
is also present in the membranes of other cells. The reported
values for fluoride in human plasma range from 0.7 to 2.4
mmol/L. Ninety-nine percent of the endogenous F- accumu-
lates in bone and other calcified tissues, such as enamel and
dentin (Whitford, 1990).

Al-F Complexes and Al Neurotoxicity
Aluminum is generally considered a neurotoxin. Al is strong-
ly associated with Alzheimer's disease (AD). Many epidemio-
logical studies seem to suggest a correlation between
Alzheimer's disease and Al in drinking water. It is possible
that Al in drinking water is more physiologically available in
man (for a recent review, see Flaten, 2001). An epidemiologi-
cal study by Still and Kelley (1980) looked at the effect of
water fluoride level on the incidence of AD. They compared
the hospital-admitted cases of AD between one county with a
very high water fluoride level (4.2 ppm) with those of two
counties with low water fluoride levels (0.49-0.61 ppm).
Interestingly, they found that the incidence rate of AD in the
high-water-fluoride county was only one-fifth of that in the
two low-water-fluoride counties (Still and Kelley, 1980). This
study suggests the possibility that fluoride may have a pro-
tective effect against AD. This point of view was further elab-
orated by Forbes (Kraus and Forbes, 1992; Forbes and
Agwani, 1994). Could the observed protective effect of F- on
AD relate to the actions of AlFx on intracellular signaling
pathways? Recent studies suggested that post-receptor sig-
naling pathways, in particular that mediated by the G-pro-
tein-regulated phosphoinositide hydrolysis and adenylate
cyclase pathways, are disrupted in certain areas of the brain
in AD patients (Cowburn et al., 2001).

One research group (Isaacson et al., 1997; Varner et al.,
1998) tested the neurotoxicity of Al-F complexes in rats. They
administered either plain double-distilled water (ddw), or
ddw containing 0.5 ppm, 5.0 ppm, 50 ppm AlFx, or 2.1 ppm
NaF (containing an amount of F equivalent to that in 0.5 ppm
AlF3) to a group of rats for 52 weeks. Both the NaF and the
AlFx groups showed increased brain Al levels as compared
with controls (2 times more Al in the NaF group, and 2.5 times
more in the 0.5 ppm AlFx group). This indicates that the phys-
iological level of fluoride (2.1 ppm) can increase Al absorption
and deposition in the brain. The AlFx animals showed a
reduction of neuronal density in the neocortex of the left
hemisphere. Cellular histological changes include chromatin
clumping, pyknosis, and vacuolation, and the presence of

ghost-like cells was observed in both the AlFx group and the
NaF groups, although they are more common and obvious in
the former group. The AlFx-fed animals presented an unusu-
al appearance, with sparse hair and discoloration of underly-
ing skin (Varner et al., 1998). In summary, this study seems to
show that chronic administration of a fairly low level of AlFx
(0.5 ppm) in drinking water results in distinct morphological
changes in the brain. One possible reason for these seemingly
striking results could be related to the preparation of AlFx
complexes in this study. Instead of adding F and Al salts to the
diets of rats, the investigators carefully prepared the Al-F
complex solution in double-distilled water by following a
mole ratio of 1:6 (Al:F). Their stoichiometric calculation indi-
cated that the predominant species formed in this condition
was a mixture of AlF3 and AlF4

-. It is likely that the experi-
mental condition in this study might have provided the opti-
mal condition for the formation of the electrically neutral
species AlF3. AlF3 may readily cross both the blood-brain bar-
rier and neuronal cell membranes. It is known that AlF3 and
AlF4

- are the active species in activating GTP-binding proteins
(Coleman et al., 1994; Scheffzek et al., 1997). The potential
actions of Al-F complexes on intracellular signaling pathways
could be the underlying mechanism(s) for the morphological
changes. It would appear that more studies need to be done to
confirm these findings. Recently, an AlF3 salt became com-
mercially available. It would be interesting to repeat the
above experiments with different doses of AlF3 salt.

Al-F Complexes and Bone Physiology
Fluoride is a well-known bone-forming agent. Since it was
shown to enhance calcium retention in osteoporotic patients, it
has been used as a bone anabolic agent to treat osteoporosis
(Rich and Ensink, 1961). Clinical studies have shown that fluo-
ride treatment resulted in increased bone mass and bone den-
sity in spinal bone. However, a high concentration of fluoride
can accumulate in bone. This can have an inhibitory effect on
bone mineralization and may reduce the mechanical quality of
bone crystals (Caverzasio et al., 1998). Due to the above facts,
the therapeutic use of fluoride in osteoporosis is highly contro-
versial. Nonetheless, fluoride is well-recognized as one of the
strongest bone anabolic agents. Its clinical use in different con-
ditions of osteoporosis is actively being tested (Ringe and
Rovati, 2001).

Farley et al. (1983) made the first observation that fluo-
ride directly increases the proliferation and alkaline phos-
phatase activity of avian osteoblastic cells in culture. The
optimal fluoride concentration for this action is about 10
mmol/L, which is within the plasma fluoride level in osteo-
porosis patients receiving fluoride treatment (5-30 mmol/L).
Some phenomena indicate the possible involvement of Al in
the effects of fluoride on bone. Fluorosis is an occupational
disease among workers in the aluminum smelting industry.
A high rate of osteosclerosis occurs in the miners of cryolite
(Na3AlF6) (Caverzasio et al., 1996). Caverzasio and col-
leagues found that, in MC3T3-E1 cells (non-transformed
osteoblast-like cells derived from the mouse), fluoride alone
had no effect on cell proliferation. In the presence of 5 mM
Al, fluoride (50-750 mM) stimulated tyrosine phosphoryla-
tion and cell proliferation (Caverzasio et al., 1996). A mM
level of Al also potentiated the increase in P(i) transport
across cell membranes induced by F in a dose- and time-
dependent manner (Imai et al., 1996). Several key proteins in
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the MAP kinase pathway are tyrosine-phosphorylated. The
mitogenic effect of fluoride on MC3T3-E1 cells can be
blocked by genistein (a protein tyrosine kinase inhibitor)
(Caverzasio et al., 1997; Susa et al., 1997), as well as by per-
tussis toxin (a specific inhibitor of heterotrimeric Gi/Go pro-
tein). These findings led these investigators to conclude that
AlFx activates a specific protein tyrosine kinase (PTK)
through a Gi protein. This PTK phosphorylates the down-
stream key enzymes in the MAP kinase pathway, and there-
by triggers the proliferation response (Fig. 6) (Caverzasio et
al., 1998; Susa, 1999). A novel cytoplasmic tyrosine kinase,
Pyk2, has been identified in MC3T3-E1 cells and has been
shown to be activated by AlFx through a G protein (Jeschke
et al., 1998). Recently, two important signaling proteins, p130
Cas and Fak, have been found to be tyrosine-phosphorylat-
ed by PTK after AlFx stimulation. AlFx also increases the
attachment and spreading of MC3T3-E1 cells (Freitas et al.,
2002). Taken together, these studies strongly suggested that
an Al-F complex is likely to be the active species that stimu-
lates bone cell proliferation. Most recently, it was shown that
AlF4

- and AlF3, as well as NaF, were all able to stimulate the
proliferation of human TE85 osteosarcoma cells (Lau et al.,
2002). Interestingly, 25 mM of AlF3, the lowest dose they test-
ed, produced the highest effect on bone cell proliferation as
compared with other treatments.

A study with rabbits showed that Al levels in tibia were
significantly increased by the addition of F to the drinking
water, even in animals receiving no additional Al in their drink-
ing water (Ahn et al., 1995). Bone crystals are actively resorbed
by resorbing osteocytes and osteoclasts. It seems that both F
and Al tend to be concentrated in a surface layer of mineral,
where active bone growth and remodeling occur (Smith, 1985;
Priest, 1993). It is reasonable to suspect that high concentrations
of labile F and Al and their complexes may exist in the extra-
cellular fluid surrounding these cells. This unique microenvi-
ronment is the likely site where Al-F complexes exert their
effects on bone cells.

Al-F Complexes and Fluorosis
Historically, because Al and F are known to form stable com-
plexes, there have been studies that have looked at the interac-
tion between Al and F and its effect on fluorosis. A few studies
showed that Al ameliorates fluorosis in animals by interfering
with F absorption (Becker et al., 1950; Kessabi et al., 1986). This
was also the case in man. Spencer et al. (1980, 1985a,b) reported
that ingestion of a relatively small dose of Al hydroxide (1.8
mg/day), regardless of the level of F intake (from 4 to 50
mg/day), was associated with a significant increase in fecal F
excretion and a decrease in net F absorption by 57%. The plas-
ma F level decreased by 41% (Spencer et al., 1985). Consistent
with these early results, a more recent study on rabbits showed
that F accumulation in plasma, urine, incisors, and tibia
decreased as Al concentration increased in drinking water
(Ahn et al., 1995). If Al indeed antagonizes F absorption, could
Al salts be used in treating acute fluoride toxicity (Whitford,
1987)? Could Al be used to counteract F in areas where water
fluoride levels are too high? Such attempts would have to con-
sider the potential toxicities of Al-F complexes to the host.

Fluoride is incorporated into enamel during the tooth-
forming stage, when ameloblasts are functionally active
(Bawden et al., 1995). Enamel is first secreted as a protein matrix
by ameloblasts (secretory stage). These same cells subsequent-
ly secrete proteinases that degrade matrix proteins almost com-
pletely (maturational stage) (Limeback, 1994). There are two
mechanisms by which excess fluoride may negatively influ-
ence enamel formation. The first is by interfering with cell
activities, i.e., ameloblasts. The second is by interfering with the
dynamics of extracellular matrices (Aoba and Fejerskov, 2002).
This review will focus on the action of fluoride on ameloblasts.

Ameloblasts can be affected by an increased level of fluo-
ride during both secretory and maturational stages. A study by
Matsuo et al. (1996) clearly showed the influence of fluoride on
the secretory pathway of ameloblasts in enamel fluorosis. For
four days, 20 mg/kg body weight of NaF was subcutaneously
injected into rats with developing tooth germs. Morphological
and cytochemical studies revealed the accumulation of small
vesicles in the secretory pathway between rER and the Golgi
apparatus. Golgi stacks were disorganized. Abnormally large
granules appeared at the distal cytoplasm in the secretory
ameloblasts (Matsuo et al., 1996). Apparently, acute exposure to
a high concentration of fluoride disturbs the synthetic and
secretory pathways in ameloblasts. Ameloblasts synthesize and
secrete large amounts of proteinases during the post-secretory
stage. Thus, some of the effects of fluoride on secretory
ameloblasts may also hold true in the maturational stage. It
does not seem likely that fluoride would directly affect the pro-
teolytic activity of enamel matrix proteinases (Gerlach et al.,
2000). Fluoride may influence the maturational stage of
ameloblasts by two means. It may reduce the quantity of the
proteinases by interfering with the synthetic or the secretory
pathway of ameloblasts, or it may reduce the quality of the pro-
teinases by affecting gene expression or the protein synthesis
process (DenBesten and Heffernan, 1989).

The site where fluoride comes into contact with
ameloblasts is at the extracellular fluid surrounding the cells.
Through the ameloblast cell layer, F- ions are transported from
the plasma in the nearby capillaries to the enamel matrix. A
substantial fraction of F- ions exists in labile form in the enam-
el fluid during the secretory stage (25-30% of the total fluoride)
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Figure 6. G protein hypothesis in bone cells. In osteoblast-like cells,
fluoride forms a complex with aluminum (AlFx), which interacts with
GDP to form a GTP-like molecule. Activation of the Gi protein stim-
ulates the tyrosine phosphorylation of signaling proteins by an
unknown protein tyrosine kinase (PTK), such as the recently identi-
fied Pyk2. Activation of the MAPK pathway through the Ras path-
way leads to enhanced cell proliferation (adapted from Caverzasio
et al., 1998). Reprinted with permission from Elsevier Science.



(Aoba et al., 1989). Due to technical difficulties, the actual con-
centration of free F- in enamel fluid has not been widely mea-
sured. Aoba and Moreno (1987) reported a value of 5 mM in the
enamel fluid from the soft, 'cheese-like' enamel of porcine teeth
during the secretory stage. Is it reasonable to suspect that, dur-
ing the maturational stage, when mineralization occurs, the
free fluoride concentration would be higher than in the secre-
tory stage? Furthermore, the free F- concentration in the enam-
el fluid of animals with a high intake of F, i.e., sufficient to cause
fluorosis, is not known. Osteoblasts are sensitive to the mM
level of fluoride. It is not clear, at present, whether fluoride at
this concentration range has any effect on ameloblasts.

Another basic question is how fluoride might trigger intra-
cellular events in ameloblasts. A study by Matsuo and col-
leagues (1998) indicated, for the first time, that G proteins
might be involved in the development of enamel fluorosis.
They applied immunoblotting and pertussis-toxin-induced
ADP ribosylation to the intracellular fractions of the
ameloblasts from the enamel fluorosis model rats (Matsuo et al.,
1996). It was found that Gi3 and Go proteins are present in rER
and Golgi apparatus, and that NaF treatment decreased the
amounts of these G proteins bound to both membranes. It was
assumed that, in their study, NaF was transformed into AlFx in
vivo (Matsuo et al., 1998). Their study suggested that G proteins
may participate in the disturbance of the ameloblastic secreto-
ry pathway in enamel fluorosis. It is well-known that AlFx and
GTPgS blocked in vitro vesicle formation and transport in a
cell-free system, and that trimeric G proteins are involved in
secretory vesicle formation (Melancon et al., 1987; Leyte et al.,
1992). The findings in the present animal study by Matsuo et al.
(1998) are consistent with these early in vitro data.

Matsuo's study did not look at whether fluoride would
interfere with the intracellular signal transduction pathways by
activating G proteins on the plasma membranes of ameloblasts.
Such studies are hampered by the lack of a suitable cell-culture
system for ameloblasts. Nevertheless, a few G-protein-regulat-
ed signal transduction pathways have recently been delineated
in ameloblasts by immmunohistochemical techniques (Moran
et al., 2000). With increasing understanding of enamel cell biol-
ogy (Hubbard, 1998), as well as the recent advances in the cell-
culture system for primary enamel organ epithelial cells and
the development of ameloblast-like cell lines (DenBensten et al.,
1998, 1999), progress in this field of research is likely to occur in
the near future.

Al-F Complexes, Bacterial Physiology, 
and Oral Diseases

It is well-established that fluoride reduces acid production by
inhibiting the carbohydrate metabolism of the acidogenic
plaque flora (Hamilton, 1990). H+-translocating ATPase is an
important component of the anti-microbial action of fluoride.
H+-translocating ATPase is the key enzyme for generating the
pH gradient (DpH) across the cell membrane and helps cells to
survive in the acidic environment (Bowden and Hamilton,
1998). With the action of this enzyme, acidogenic bacteria
extrude H+ at the expense of ATP, and are thereby able to main-
tain the cytoplasm in a relatively neutral pH for metabolism.
Fluoride, in the form of HF, diffuses into and accumulates in
cells. HF acts to short-circuit the outflow of H+, and, as a con-
sequence, the cytoplasm becomes acidic and the DpH is dissi-
pated (Marquis, 1990). Sutton et al. (1987) were the first to
report that H+-translocating ATPases isolated from membranes

of oral bacteria were inhibited by fluoride. Shortly after this
study, Lunardi et al. (1988) demonstrated that inhibition of H+-
translocating ATPases by mM level of fluoride was dependent
on the presence of trace amounts of Al3+. Such a mechanism
was quickly confirmed in oral bacteria. Sturr and Marquis
(1990) found that isolated H+-translocating ATPases from
Streptococcus mutans and Lactobacillas casei can be protected
from fluoride inhibition by an Al-chelator, deferoxamine. This
protection was lost when a mM level of Al3+ or Be2+ was added.
Their study strongly suggested that F inhibits H+-translocating
ATPases by forming Al-F complexes with trace amounts of
Al3+, and that Al-F complexes work by mimicking a phosphate
analog (same as BeF3

-). Recently, the structure of a H+-translo-
cating F1-ATPase complexed with MgATP and AlF3 has been
determined by x-ray crystallography (Braig et al., 2000). Al- and
Be-F complexes have lately been used in determining the three-
dimensional structures and the catalytic mechanisms of sever-
al important bacterial enzymes such as nitrogenase (Schindelin
et al., 1997), and sensor kinases-bacterial response regulators
such as NtrC and CheY (Yan et al., 1999; Cho et al., 2000; Lee et
al., 2001).

The clinical relevance of the above findings depends on the
bioavailablity of Al-F complexes in the oral cavity. Al is known
to have anti-caries activity of its own (for review, see Kleber
and Putt, 1984). Early studies found that human saliva contains
10 ppm Al (Dreizen et al., 1970), and human whole dental
plaque contains 35 ppm Al (Swift, 1967). Dietary Al tends to
accumulate on the enamel surface (Kleber and Putt, 1994). A
level of 100-700 ppm Al is present in the surface layer of enam-
el in teeth collected from different regions (Cutress, 1972). This
study found that teeth in the high-water-F region (5 ppm) con-
tain six- to seven-fold higher levels of Al than teeth in the low-
water-F regions. This suggests that Al and F may interact chem-
ically during the mineralization process. It is long known that
dental plaque can accumulate F (Dawes et al., 1965). A steady F
concentration in the whole plaque from people who use NaF-
containing toothpaste (1000-1500 ppm F) was found to be
around 4 ppm (Duckworth et al., 1994). Thirty min after the use
of a mouthrinse containing 228 ppm F, the F concentration in
plaque fluid was found to be 148 mmol/L (Vogel et al., 2000).
According to Martin's model, in an acidic aqueous solution
(such as plaque fluid), under these concentrations of F (pF 3.6-
3.8), the dominant species would be the electro-neutral AlF3
complexes (Fig. 5). Another potential source of Al-F complexes
is toothpaste. Over 95% of the population in developed coun-
tries use fluoride-containing toothpaste, which contains, on
average, 1000 ppm F (Warren and Levy, 1999). A 1000-ppm
quantity of F in an aqueous solution would generate 53 mM F.
In contrast, many toothpastes use Al compounds as the abra-
sive base, such as alumina (Al2O3•2H2O) and ordinary alum
[KAl(SO4)2•12 H2O] (Hanachowicz, 1984; Wulknitz, 1997;
Heidmann and Poulsen, 1997). Many brands of toothpaste are
packed in Al tubes, especially in developing countries
(Rajwanshi et al., 1997). One recent study reported that when
bacterial Salmonella typhimurium was incubated with various
concentrations of AlCl3 (1.5-9.0 ppm) for 1 hr at a neutral pH of
7.4, intracellular Al accumulated in a concentration-dependent
manner from 0.5 to 4.5 ppm (Ahn and Jeffery, 1994). They also
found that, at neutral pH, F requires the presence of Al to be
transported into these cells. It is known that, in the acidic pH
environment of dental plaque, F can diffuse into bacterial cells
in the form of HF, and subsequently, dissociate into free F- in
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the more alkaline cytoplasm. There would also be more free
extracellular Al3+ available in an acid pH and hence more intra-
cellular Al3+. Based on our current knowledge of basic chem-
istry, the probability that intracellular F- and Al3+ would form
complexes cannot be ignored. If Al-F complexes could be
formed intracellularly or transported into bacterial cells from
dental plaque or toothpaste, in what concentration would they
exist in the cytoplasm? Would that concentration of Al-F com-
plexes have an inhibitory effect on H+-translocating ATPases or
other enzymes? What implications does this have for caries
prevention and periodontal disease? These questions certainly
warrant investigation.

Summary and Future Prospects
Fluoride has been found to inhibit a variety of enzymes for
more than half a century. Since the discovery of G protein
activation by AlFx, many enzymes involving phosphoryl
transfer reactions are found to be affected by AlFx or BeFx.
AlFx tends to mimic the terminal phosphate group in the
transition state of the enzyme-catalyzed phosphoryl transfer
reactions. Its biochemical interactions with enzymes such as
GTPases, ATPase, and phosphatases have been proven by x-
ray crystallography.

Al is the most abundant metal on earth. A mM level of
fluoride etches Al3+ ions from laboratory glassware. Of all
metal ions, F- binds to Al3+ most strongly. Only a trace amount
of Al is needed to form biologically active fluoride complexes.
Such Al-F complexes are usually formed in routine laboratory
solutions, cell culture media, and body fluid (e.g., saliva), when
F concentration approaches the 5 mM level. This AlFx, rather
than F itself, is most likely the biologically active species. The
concentration of AlFx is limited by the Al3+ concentration in a
solution. Although a mM level of F is required to form AlFx at
neutral pH, the AlFx concentration is no more than a mM, since
only a mM level of total Al is needed. AlFx is a multiple-edged
sword. Various phosphoryl-transfer enzymes may have differ-
ent sensitivities toward different forms and concentrations of
AlFx. This is due to different binding strengths between AlFx or
AlFx-nucleotide complexes and the enzyme-active sites.
Therefore, one needs to be cautious in always attributing an
AlFx effect to a G protein, especially in intact cells.
Nevertheless, since AlFx activation of heterotrimeric GTP-bind-
ing proteins seems to be the predominant action in many sys-
tems, this effect of AlFx always needs to be excluded before
other mechanisms are considered.

The potential physiological implications of AlFx are
revealed by many studies cited in this paper. In most of the
situations, the investigators have not proved that Al-F com-
plexes are present in vivo. Are they formed in the GI tract
before being absorbed? In what concentrations and in what
forms are they present in plasma? Are they bound to
nucleotides in plasma? How are they delivered to the extra-
cellular fluid? An understanding of these questions is funda-
mental to the comprehension of its physiology. At acidic pH
(e.g., pH 1-4), the concentration requirement for F to form
effective Al-F complexes is greatly reduced. At pH 4, a signif-
icant amount of AlF3 is formed in the presence of 50-100 mM
F. Regular fluoridated drinking water (1 ppm F) contains 53
mM F, and gastric juice usually falls between pH 1 and 2. A
central issue concerning the absorption and distribution of
AlFx seems to be how AlFx crosses a biological membrane. An

artificial lipid bilayer system can be used for studying the
transmembrane migration of AlFx. It is suspected that the
electro-neutral complex, AlF3, would be the most deliverable
species in the in vivo system.

Fluoride is particularly related to the physiology of miner-
alized tissues, such as bone and enamel. There has been con-
vincing evidence that AlFx affects bone cell physiology. Dental
plaque and periodontal pockets also provide a unique acidic
environment for the formation of Al-F complexes. AlFx may
affect the survival of oral bacteria, especially the acidogenic
and aciduric microbes, by inhibiting the H+-translocating
ATPases. This effect may be of significance in dental caries and
periodontal disease. The key issue is to test whether Al-F com-
plexes are indeed present in dental plaque and periodontal
pockets as well as in toothpaste or are formed inside the bacte-
ria. It is important to remember that Al-F complexes have clin-
ical implications only if they are available to the biological tis-
sues. The study of Al-F complexes may lead to the optimal use
of fluoride, which is both safer and more effective. In the
future, It may also promote metallic fluoride drugs for specific
health purposes.

A Special Note
Glass-ionomer cement (GIC) is manufactured from com-
pounds containing both Al and F. Different GIC products have
dramatically different Al- and F-releasing profiles. Studies
have shown a definite positive correlation between Al and F
release in different GICs. Al-f complexes may contribute to the
biological effects of GICs in areas such as caries prevention,
reparative dentin formation and dentin remineralization, and
apical bone repair after root canal treatment, as well as new
bone matrix formation after GIC implantation in orthopedic
bone reconstruction. Bioactive GIC formulations capable of
releasing optimal concentrations of Al-F complexes in an effec-
tive timeframe could be developed in the future. These may
induce favorable biological responses on cells such as
osteoblasts and odontoblasts.

Acknowledgments
I thank Drs. Marc Chabre, Stephen Sprang, Alfred Wittinghoger, Bruce

Martin, and Joseph Caverzasio for allowing me to adapt the illustrations

from their original publications. I also thank Drs. Bruce Martin and Robert

Marquis for communicating and discussing unpublished studies. I am par-

ticularly thankful to Dr. Hardy Limeback for reviewing the manuscript and

providing valuable suggestions. I am most grateful to my former PhD men-

tor, Dr. Norman Fleming, for his steadfast encouragement and support. I

am also thankful for the encouragement of three other teachers of mine in

the Department of Oral Biology, University of Manitoba—Drs. George

Bowden, Ian Hamilton, and Colin Dawes.

REFERENCES

Ahmadian MR, Mittal R, Hall A, Wittinghofer A (1997). Aluminum
fluoride associates with the small guanine nucleotide binding
proteins. FEBS Lett 408:315-318.

Ahn HW, Jeffery EH (1994). Effect of aluminum on fluoride uptake
by Salmonella typhimurium TA98; implications for the Ames
mutagenicity assay. J Toxicol Environ Health 41:357-368.

Ahn HW, Fulton B, Moxon D, Jeffery EH (1995). Interactive effects
of fluoride and aluminum uptake and accumulation in bones of
rabbits administered both agents in their drinking water. J

110 Crit Rev Oral Biol Med 14(2):100-114 (2003)



Toxicol Environ Health 44(3): 337-350.
Anderson NG, Kilgour E, Sturgill TW (1991). Activation of mito-

gen-activated protein kinase in BC3H1 myocytes by fluoroalu-
minate. J Biol Chem 266:10131-10135.

Aoba T, Fejerskov O (2002). Dental fluorosis: chemistry and biolo-
gy. Crit Rev Oral Biol Med 13:155-170.

Aoba T, Moreno EC (1987). The enamel fluid in the early secretory
stage of porcine amelogenesis: chemical composition and satu-
ration with respect to enamel mineral. Calcif Tissue Int 41:86-94.

Aoba T, Collins J, Moreno EC (1989). Possible function of matrix
proteins in fluoride incorporation into enamel mineral during
porcine amelogenesis. J Dent Res 68:1162-1168.

Asano T, Pedersen SE, Scott CW, Ross EM (1984). Reconstitution of
catecholamine-stimulated binding of guanosine 59-O-(3-thio-
triphosphate) to the stimulatory GTP-binding protein of adeny-
late cyclase. Biochemistry 23:5460-5467.

Bawden JW, Crenshaw MA, Wright JT, LeGeros RZ (1995).
Consideration of possible biologic mechanisms of fluorosis. J
Dent Res 74:1349-1352.

Becker DE, Griffith JM, Hobbs CS, MacIntire WH (1950). The alle-
viation of fluorine toxicosis by means of certain aluminum
compounds. J Animal Sci 9:647-655.

Berry M (1979). Advanced inorganic chemistry. 3rd ed. London: A.
Holderness.

Bigay J, Deterre P, Pfister C, Chabre M (1985). Fluoroaluminates
activate transducin-GDP by mimicking the gamma-phosphate
of GTP in its binding site. FEBS Lett 191:181-185.

Bigay J, Deterre P, Pfister C, Chabre M (1987). Fluoride complexes
of aluminium or beryllium act on G-proteins as reversibly
bound analogues of the gamma phosphate of GTP. EMBO J
6:2907-2913.

Bodor A, Toth I, Banyai I, Szabo Z, Hefter GT (2000). 19F NMR
study of the equilibria and dynamics of the Al3+/F- system.
Inorg Chem 39:2530-2537.

Bourne HR, Coffino P, Tomkins GM (1975). Selection of a variant
lymphoma cell deficient in aenylate cyclase. Science 187:750-
752.

Bowden GH, Hamilton IR (1998). Survival of oral bacteria. Crit Rev
Oral Biol Med 9:54-85.

Braig K, Menz RI, Montgomery MG, Leslie AG, Walker JE (2000).
Structure of bovine mitochondrial F(1)-ATPase inhibited by
Mg(2+) ADP and aluminium fluoride. Structure Fold Des 8:567-
573.

Brudevold F, Moreno E, Bakhos Y (1972). Fluoride complexes in
drinking water. Arch Oral Biol 17:1155-1163.

Cassel D, Selinger Z (1977). Mechanism of adenylate cyclase acti-
vation by cholera toxin: inhibition of GTP hydrolysis at the reg-
ulatory site. Proc Natl Acad Sci USA 74:3307-3311.

Cassel D, Selinger Z (1978). Mechanism of adenylate cyclase acti-
vation through the b-adrenergic receptor: catecholamine-
induced displacement of bound GDP by GTP. Proc Natl Acad Sci
USA 75:4155-4159.

Caverzasio J, Imai T, Ammann P, Burgener D, Bonjour JP (1996).
Aluminum potentiates the effect of fluoride on tyrosine phos-
phorylation and osteoblast replication in vitro and bone mass in
vivo. J Bone Miner Res 11:46-55.

Caverzasio J, Palmer G, Suzuki A, Bonjour JP (1997). Mechanism of
the mitogenic effect of fluoride on osteoblast-like cells: evi-
dences for a G protein-dependent tyrosine phosphorylation
process. J Bone Miner Res 12:1975-1983.

Caverzasio J, Palmer G, Bonjour JP (1998). Fluoride: mode of action.
Bone 22:585-589.

Chabre M (1990). Aluminofluoride and beryllofluoride complexes:
new phosphate analogs in enzymology. Trends Biochem Sci 15:6-10.

Chen Y, Penington NJ (2000). Competition between internal

AlF(4)(-) and receptor-mediated stimulation of dorsal raphe
neuron G-proteins coupled to calcium current inhibition. J
Neurophysiol 83:1273-1282.

Cho H, Wang W, Kim R, Yokota H, Damo S, Kim SH, et al. (2001).
BeF3

- acts as a phosphate analog in proteins phosphorylated on
aspartate: structure of a BeF3

- complex with phosphoserine
phosphatase. Proc Natl Acad Sci USA 98:8525-8530.

Cho HS, Lee SY, Yan D, Pan X, Parkinson JS, Kustu S, et al. (2000).
NMR structure of activated CheY. J Mol Biol 297:543-551.

Coleman DE, Sprang SR (1999). Reaction dynamics of G-protein
catalyzed hydrolysis of GTP as viewed by x-ray crystallo-
graphic snapshots of Gia1. Meth Enzymol 308:70-92.

Coleman DE, Berghuis AM, Lee E, Linder ME, Gilman AG, Sprang
SR (1994). Structures of active conformations of Gia1 and the
mechanism of GTP hydrolysis. Science 265:1405-1412.

Cowburn RF, O'Neill C, Bonkale WL, Ohm TG, Fastbom J (2001).
Receptor-G-protein signalling in Alzheimer's disease. Biochem
Soc Symp 67:163-175.

Cutress TW (1972). The inorganic composition and solubility of
dental enamel from several specified population groups. Arch
Oral Biol 17:93-109.

Dawes C, Jenkins GN, Hardwick JL, Leach SA (1965). The relation-
ship between fluoride concentrations in the dental plaque and
in drinking water. Br Dent J 119:164-167.

DenBesten PK, Heffernan LM (1989). Enamel proteases in secreto-
ry and maturation enamel of rats ingesting 0 and 100 PPM fluo-
ride in drinking water. Adv Dent Res 3:199-202.

DenBesten PK, Mathews CH, Gao C, Li W (1998). Primary culture
and characterization of enamel organ epithelial cells. Connect
Tissue Res 38:3-8; discussion 35-41.

DenBesten PK, Gao C, Li W, Mathews CH, Gruenert DC (1999).
Development and characterization of an SV40 immortalized
porcine ameloblast-like cell line. Eur J Oral Sci 107:276-281.

Downs RW Jr, Spiegel AM, Singer M, Reen S, Aurbach GD (1980).
Fluoride stimulation of adenylate cyclase is dependent on the
guanine nucleotide regulatory protein. J Biol Chem 255:949-954.

Dreizen S, Levy BM, Niedermeier W, Griggs JH (1970).
Comparative concentrations of selected trace metals in human
and marmoset saliva. Arch Oral Biol 15:179-188.

Duckworth RM, Jones Y, Nicholson J, Jacobson AO, Chestnutt IG
(1994). Studies on plaque fluoride after use of F-containing den-
tifrices. Adv Dent Res 8:202-207.

Emsley J, Hall D (1976). The chemistry of phosphorus: environ-
mental, organic, inorganic, biochemical and spectroscopic
aspects. New York: Harper & Row.

Farley JR, Wergedal JE, Baylink DJ (1983). Fluoride directly stimu-
lates proliferation and alkaline phosphatase activity of bone-
forming cells. Science 222:330-332.

Feuerstein J, Goody RS, Webb MR (1989). The mechanism of
guanosine nucleotide hydrolysis by p21 c-Ha-Ras. The stereo-
chemical course of the GTPase reaction. J Biol Chem 264:6188-
6190.

Fishbein L (1981). Sources, transport and alterations of metal com-
pounds: an overview. I. Arsenic, beryllium, cadmium, chromi-
um, and nickel. Environ Health Perspect 40:43-64.

Flaten TP (2001). Aluminium as a risk factor in Alzheimer's disease,
with emphasis on drinking water. Brain Res Bull 55:187-196.

Forbes WF, Agwani N (1994). A suggested mechanism for alu-
minum biotoxicity. J Theoret Biol 171:207-214.

Freitas F, Jeschke M, Majstorovic I, Mueller DR, Schindler P, Voshol
H, et al. (2002). Fluoroaluminate stimulates phosphorylation of
p130 Cas and Fak and increases attachment and spreading of
preosteoblastic MC3T3-E1 cells. Bone 30:99-108.

Fung BK, Hurley JB, Stryer L (1981). Flow of information in the
light-triggered cyclic nucleotide cascade of vision. Proc Natl

14(2):100-114 (2003) Crit Rev Oral Biol Med 111



Acad Sci USA 78:152-156.
Gerlach RF, de Souza AP, Cury JA, Line SR (2000). Fluoride effect

on the activity of enamel matrix proteinases in vitro. Eur J Oral
Sci 108:48-53.

Gilman AG (1987). G proteins: transducers of receptor-generated
signals. Annu Rev Biochem 56:615-649.

Goldstein G (1964). Equilibrium distribution of metal-fluoride
complexes. Anal Chem 36:243-244.

Gutknecht J, Walter (1981). A hydrofluoric and nitric acid transport
through lipid bilayer membranes. Biochim Biophys Acta 644:153-
156.

Hamilton IR (1990). Biochemical effects of fluoride on oral bacteria.
J Dent Res 69(Spec Iss):660-667; discussion 682-683.

Hanachowicz L (1984). Caries prevention using a 1.2% sodium
monofluorophosphate dentifrice in an aluminium oxide trihy-
drate base. Community Dent Oral Epidemiol 12:10-16.

He H, Ganapathy V, Isales CM, Whitford GM (1998). pH-depen-
dent fluoride transport in intestinal brush border membrane
vesicles. Biochim Biophys Acta 1372:244-254.

Heidmann J, Poulsen S (1997). Comparative three-year caries pro-
tection from an aluminum-containing and a fluoride-contain-
ing toothpaste. Caries Res 31:85-90.

Higashijima T, Ferguson KM, Sternweis PC, Ross EM, Smigel MD,
Gilman AG (1987). The effect of activating ligands on the intrin-
sic fluorescence of guanine nucleotide-binding regulatory pro-
teins. J Biol Chem 262:752-756.

Higashijima T, Graziano MP, Suga H, Kainosho M, Gilman AG
(1991). 19F and 31P NMR spectroscopy of G protein alpha sub-
units. Mechanism of activation by Al3+ and F-. J Biol Chem
266:3396-3401.

Hildebrandt JD, Codina J, Risinger R, Birnbaumer L (1984).
Identification of a gamma subunit associated with the adenylyl
cyclase regulatory proteins Ns and Ni. J Biol Chem 259:2039-
2042.

Howlett AC, Sternweis PC, Macik BA, Van Arsdale PM, Gilman
AG (1979). Reconstitution of catecholamine-sensitive adenylate
cyclase. Association of a regulatory component of the enzyme
with membranes containing the catalytic protein and beta-
adrenergic receptors. J Biol Chem 254:2287-2295.

Hubbard MJ (1998). Enamel cell biology. Towards a comprehensive
biochemical understanding. Connect Tissue Res 38:17-32; discus-
sion 35-41.

Imai T, Burgener D, Zhen X, Benjour JP, Caverzasio J (1996).
Aluminum potentiates P(i) transport stimulation induced by
fluoride in osteoblast-like cells. Am J Physiol 271(4 Pt 1):E694-
701.

Inoue Y, Fishman PH, Rebois RV (1990). Differential activation of
the stimulatory and inhibitory guanine nucleotide-binding pro-
teins by fluoroaluminate in cells and in membranes. J Biol Chem
265:10645-10651.

Isaacson RL, Varner JA, Jensen KF (1997). Toxin-induced blood ves-
sel inclusions caused by the chronic administration of alu-
minum and sodium fluoride and their implications for demen-
tia. Ann NY Acad Sci 825:152-166.

Jeschke M, Standke GJ, Susa M (1998). Fluoroaluminate induces
activation and association of Src and Pyk2 tyrosine kinases in
osteoblastic MC3T3-E1 cells. J Biol Chem 273:11354-11361.

Kahn RA (1991). Fluoride is not an activator of the smaller (20-25
kDa) GTP-binding proteins. J Biol Chem 266:15595-15597.

Kanaho Y, Moss J, Vaughan M (1985). Mechanism of inhibition of
transducin GTPase activity by fluoride and aluminum. J Biol
Chem 260:11493-11497.

Kawase T, Suzuki A (1989). Studies on the transmembrane migra-
tion of fluoride and its effects on proliferation of L-929 fibro-
blasts (L cells) in vitro. Arch Oral Biol 34:103-107.

Kessabi M, Hamliri A, Braun JP (1986). Experimental fluorosis in
sheep: alleviating effects of aluminum. Vet Hum Toxicol 28:300-
304.

Kleber CJ, Putt MS (1984). Aluminum and dental caries. A review
of the literature. Clin Prev Dent 6(6):14-25.

Kleber CJ, Putt MS (1994). Aluminum uptake and inhibition of
enamel dissolution by sequential treatments with aluminum
solutions. Caries Res 28:401-405.

Kleuss C, Raw AS, Lee E, Sprang SR, Gilman AG (1994).
Mechanism of GTP hydrolysis by G-protein a subunits. Proc
Natl Acad Sci USA 91:9828-9831.

Knowles AR (1980). Enzyme-catalyzed phosphoryl transfer reac-
tions. Annu Rev Biochem 49:877-919.

Kraus AS, Forbes WF (1992). Aluminum, fluoride and the preven-
tion of Alzheimer's disease. Can J Public Health 83:97-100.

Lau KH, Goodwin C, Arias M, Mohan S, Baylink DJ (2002). Bone
cell mitogenic action of fluoroaluminate and aluminum fluo-
ride but not that of sodium fluoride involves up regulation of
the insulin-like growth factor system. Bone 30:705-711.

Lee SY, Cho HS, Pelton JG, Yan D, Henderson RK, King DS et al.
(2001). Crystal structure of an activated response regulator
bound to its target. Nat Struct Biol 8:52-56.

Leyte A, Barr FA, Kehlenbach RH, Huttner WB (1992). Multiple
trimeric G-proteins on the trans-Golgi network exert stimulato-
ry and inhibitory effects on secretory vesicle formation. EMBO
J 11:4795-4804.

Li L, Fleming N (1999a). Aluminum fluoride inhibition of cabbage
phospholipase D by a phosphate-mimicking mechanism. FEBS
Lett 461(1-2):1-5.

Li L, Fleming N (1999b). Aluminum fluoride inhibits phospho-
lipase D activation by a GTP-binding protein-independent
mechanism. FEBS Lett 458(3):419-423.

Limeback H (1994). Enamel formation and the effects of fluoride.
Community Dent Oral Epidemiol 22:144-147.

Liptrot GF (1974). Modern inorganic chemistry. London: Mills and
Boon Ltd.

Lolis E, Petsko GA (1990). Transition-state analogues in protein
crystallography: probes of the structural source of enzyme
catalysis. Annu Rev Biochem 59:597-630.

Lunardi J, Dupuis A, Garin J, Issartel JP, Michel L, Chabre M, et al.
(1988). Inhibition of H+-transporting ATPase by formation of a
tight nucleoside diphosphate-fluoroaluminate complex at the
catalytic site. Proc Natl Acad Sci USA 85:8958-8962.

Macdonald TL, Martin RB (1988). Aluminum ion in biological sys-
tems. Trends Biochem Sci 13:15-19.

Marquis RE (1990). Diminished acid tolerance of plaque bacteria
caused by fluoride. J Dent Res 69(Spec Iss):672-675; discussion
682-683.

Martin RB (1986). The chemistry of aluminum as related to biology
and medicine. Clin Chem 32:1797-1806.

Martin RB (1988). Ternary hydroxide complexes in neutral solu-
tions of Al3+ and F-. Biochem Biophys Res Commun 155:1194-
1200.

Martin RB (1994). Aluminum: a neurotoxic product of acid rain.
Accts Chem Res 27:204-210.

Martin RB (1996). Ternary complexes of Al3+ and F- with a second
ligand. Coord Chem Rev 149:23-32.

Maruta S, Henry GD, Sykes BD, Ikebe M (1993). Formation of the
stable myosin-ADP-aluminum fluoride and myosin-ADP-
beryllium fluoride complexes and their analysis using 19F
NMR. J Biol Chem 268:7093-7100.

Matsuo S, Inai T, Kurisu K, Kiyomiya K, Kurebe M (1996).
Influence of fluoride on secretory pathway of the secretory
ameloblast in rat incisor tooth germs exposed to sodium fluo-
ride. Arch Toxicol 70:420-429.

112 Crit Rev Oral Biol Med 14(2):100-114 (2003)



Matsuo S, Kiyomiya K, Kurebe M (1998). Mechanism of toxic action
of fluoride in dental fluorosis: whether trimeric G proteins par-
ticipate in the disturbance of intracellular transport of secretory
ameloblast exposed to fluoride. Arch Toxicol 72:798-806.

May DC, Ross EM, Gilman AG, Smigel MD (1985). Reconstitution
of catecholamine-stimulated adenylate cyclase activity using
three purified proteins. J Biol Chem 260:15829-15833.

Melancon P, Glick BS, Malhotra V, Weidman PJ, Serafini T, Gleason
ML, et al. (1987). Involvement of GTP-binding "G" proteins in
transport through the Golgi stack. Cell 51:1053-1062.

Misra UK, Gawdi G, Pizzo SV (2002). Beryllium fluoride-induced
cell proliferation: a process requiring P21(ras)-dependent acti-
vated signal transduction and NF-kappaB-dependent gene reg-
ulation. J Leukoc Biol 71:487-494.

Mittal R, Ahmadian MR, Goody RS, Wittinghofer A (1996).
Formation of a transition-state analog of the Ras GTPase reac-
tion by Ras-GDP, tetrafluoroaluminate, and GTPase-activating
proteins. Science 273:115-117.

Moran RA, Brown EM, Bawden JW (2000). Immunohistochemical
localization of Galphaq, PLCbeta, Galphai1-2, PKA, and the
endothelin B and extracellular Ca2+-sensing receptors during
early amelogenesis. J Dent Res 79:1896-1901.

Noel JP, Hamm HE, Sigler PB (1993). The 2.2 Å crystal structure of
transducin-alpha complexedwith GTPyS. Nature 366:654-663.

Northup JK, Sternweis PC, Smigel MD, Schleifer LS, Ross EM,
Gilman AG (1980). Purification of the regulatory component of
adenylate cyclase. Proc Natl Acad Sci USA 77:6516-6520.

Northup JK, Sternweis PC, Gilman AG (1983a). The subunits of the
stimulatory regulatory component of adenylate cyclase.
Resolution, activity, and properties of the 35,000-dalton b sub-
unit. J Biol Chem 258:11361-11368.

Northup JK, Smigel MD, Sternweis PC, Gilman AG (1983b). The
subunits of the stimulatory regulatory component of adenylate
cyclase. Resolution of the activated 45,000-dalton a subunit. J
Biol Chem 258:11369-11376.

Ohman LO, Martin RB (1994). Citrate as the main small molecule
binding Al3+ in serum. Clin Chem 40:598-601.

Petsko GA (2000). Chemistry and biology. Proc Natl Acad Sci USA
97:538-540.

Pfeuffer T (1977). GTP-binding proteins in membranes and the con-
trol of adenylate cyclase activity. J Biol Chem 252:7224-7234.

Powell JJ, Thompson RP (1993). The chemistry of aluminium in the
gastrointestinal lumen and its uptake and absorption. Proc Nutr
Soc 52:241-253.

Priest ND (1993). The bioavailability and metabolism of aluminium
compounds in man. Proc Nutr Soc 52:231-240.

Prive GG, Milburn MV, Tong L, de Vos AM, Yamaizumi Z,
Nishinura S, et al. (1992). X-ray crystal structures of transform-
ing p21 Ras mutants suggest a transition-state stabilization
mechanism for GTP hydrolysis. Proc Natl Acad Sci USA 89:3649-
3653.

Rajwanshi P, Singh V, Gupta MK, Kumari V, Shrivastav R,
Ramanamurthy M, et al. (1997). Studies on aluminium leaching
from cookware in tea and coffee and estimation of aluminium
content in toothpaste, baking powder and paan masala. Sci
Total Environ 193:243-249.

Rall TW, Sutherland EW (1958). Formation of a cyclic adenine
ribonucleotide by tissue particles. J Biol Chem 232:1065-1076.

Rall TW, Sutherland EW, Berthet J (1957). The relationship of epi-
nephrine and glucagon to liver phosphorylase. IV. Effect of epi-
nephrine and glucagons on the reactivation of phosphorylase in
liver homogenates. J Biol Chem 224:463-475.

Refsnes M, Becher R, Lag M, Skuland T, Schwarze PE (1999).
Fluoride-induced interleukin-6 and interleukin-8 synthesis in
human epithelial lung cells. Hum Exp Toxicol 18:645-652.

Rich C, Ensink F (1961). Effect of sodium fluoride on calcium
metabolism of human being. Nature 191:184-185.

Ringe JD, Rovati LC (2001). Treatment of osteoporosis in men with
fluoride alone or in combination with bisphosphonates. Calcif
Tissue Int 69:252-255.

Rodbell M (1997). The complex regulation of receptor-coupled G-
proteins. Adv Enzyme Regul 37:427-435.

Rodbell M, Bimbaumer L, Pohl SL, Krans HM (1971). The
glucagon-sensitive adenyl cyclase system in plasma mem-
branes of rat liver. V. An obligatory role of guanylnucleotides in
glucagon action. J Biol Chem 246:1877-1882.

Ross EM, Gilman AG (1977). Resolution of some components of
adenylate cyclase necessary for catalytic activity. J Biol Chem
252:6966-6969.

Ross EM, Howlett AC, Ferguson KM, Gilman AG (1978).
Reconstitution of hormone-sensitive adenylate cyclase activity
with resolved components of the enzyme. J Biol Chem 253:6401-
6412.

Scheffzek K, Ahmadian MR, Kabsch W, Wiesmuller L, Lautwein A,
Schmitz F, et al. (1997). The Ras-RasGAP complex: structural
basis for GTPase activation and its loss in oncogenic Ras
mutants. Science 277:333-338.

Scheffzek K, Ahmadian MR, Wittinghofer A (1998). GTPase-acti-
vating proteins: helping hands to complement an active site.
Trends Biochem Sci 23:257-262.

Schindelin H, Kisker C, Schlessman JL, Howard JB, Rees DC (1997).
Structure of ADP.AlF; stabilized nitrogenase complex and its
implications for signal transduction. Science 387:370-376.

Schlichting I, Reinstein J (1999). pH influences fluoride coordina-
tion number of the AlF, phosphoryl transfer transition state
analog. Nat Struct Biol 6:721-723.

Sitaramayya A, Virmaux N, Mandel P (1977). On the mechanism of
light activation of retinal rod outer segments cyclic GMP phos-
phodiesterase (light activation-influence of bleached rhodopsin
and KF-deinhibition). Exp Eye Res 25:163-169.

Smith GE (1985). Fluoride, teeth and bone. Med J Aust 143:283-286.
Sondek J, Lambright DG, Noel JP, Hamm HE, Sigler PB (1994).

GTPase mechanism of G proteins from the 1.7-Å crystal struc-
ture of transducin a-GDP-AlF4

-. Nature 372:276-279.
Spencer H, Kramer L, Osis D, Wiatrowski E, Norris C, Lender M

(1980). Effect of calcium, phosphorus, magnesium, and alu-
minum on fluoride metabolism in man. Ann NY Acad Sci
355:181-194.

Spencer H, Kramer L, Norris C, Wiatrowski E (1985a).
Osteoporosis: calcium, fluoride, and aluminum interactions. J
Am Coll Nutr 4:121-128.

Spencer H, Kramer L, Osis D, Wiatrowski E (1985b). Effects of alu-
minum hydroxide on fluoride and calcium metabolism. J
Environ Pathol Toxicol Oncol 6:33-41.

Sprang SR (1997). G protein mechanisms: insights from structural
analysis. Annu Rev Biochem 66:639-678.

Stein PJ, Halliday KR, Rasenick MM (1985). Photoreceptor GTP
binding protein mediates fluoride activation of phospho-
diesterase. J Biol Chem 260:9081-9084.

Sternweis PC, Gilman AG (1979). Reconstitution of catecholamine-
sensitive adenylate cyclase. Reconstitution of the uncoupled
variant of the S40 lymphoma cell. J Biol Chem 254:3333-3340.

Sternweis PC, Gilman AG (1982). Aluminum: a requirement for
activation of the regulatory component of adenylate cyclase by
fluoride. Proc Natl Acad Sci USA 79:4888-4891.

Sternweis PC, Northup JK, Smigel MD, Gilman AG (1981). The reg-
ulatory component of adenylate cyclase. Purification and prop-
erties. J Biol Chem 256:11517-11526.

Still CN, Kelley P (1980). On the incidence of primary degenerative
dementia vs. water fluoride content in South Carolina.

14(2):100-114 (2003) Crit Rev Oral Biol Med 113



Neurotoxicology 1:125-131.
Sturr MG, Marquis RE (1990). Inhibition of proton-translocating

ATPases of Streptococcus mutans and Lactobacillus casei by fluo-
ride and aluminum. Arch Microbiol 155:22-27.

Susa M (1999). Heterotrimeric G proteins as fluoride targets in
bone. Int J Mol Med 3:115-126.

Susa M, Standke GJ, Jeschke M, Rohner D (1997). Fluoroaluminate
induces pertussis toxin-sensitive protein phosphorylation: dif-
ferences in MC3T3-E1 osteoblastic and NIH3T3 fibroblastic
cells. Biochem Biophys Res Commun 235:680-684.

Sutherland EW, Rall TW, Menon T (1962). Adenylate cyclase I. Dis-
tribution, preparation and properties. J Biol Chem 237:1220-1227.

Sutton SV, Bender GR, Marquis RE (1987). Fluoride inhibition of
proton-translocating ATPases of oral bacteria. Infect Immun
55:2597-2603.

Swift P (1967). A method for the trace elemental analysis of dental
tissues. Br Dent J 123:326-327.

Thompson PR, Cole PA (2001). Probing the mechanism of enzy-
matic phosphoryl transfer with a chemical trick. Proc Natl Acad
Sci USA 98:8170-8171.

Triggle DJ (2000). Pharmacological receptors: a century of discov-
ery—and more. Pharm Acta Helv 74:79-84.

Varner JA, Jensen KF, Horvath W, Isaacson RL (1998). Chronic
administration of aluminum-fluoride or sodium-fluoride to
rats in drinking water: alterations in neuronal and cerebrovas-
cular integrity. Brain Res 784:284-298.

Vogel GL, Mao Y, Chow LC, Proskin HM (2000). Fluoride in
plaque fluid, plaque, and saliva measured for 2 hours after a
sodium fluoride monofluorophosphate rinse. Caries Res
34:404-411.

Warren JJ, Levy SM (1999). A review of fluoride dentifrice related to
dental fluorosis. Pediatr Dent 21:265-271.

Whitford GM (1987). Fluoride in dental products: safety considera-
tions. J Dent Res 66:1056-1060.

Whitford GM (1990). The physiological and toxicological charac-
teristics of fluoride. J Dent Res 69(Spec Iss):539-549; discussion
556-557.

Wittinghofer A (1997). Signaling mechanistics: aluminum fluoride
for molecule of the year. Curr Biol 7:R682-685.

Wittinghofer A (1998). Signal transduction via Ras. Biol Chem
379:933-937.

Wittinghofer A, Scheffzek K, Ahmadian MR (1997). The interaction
of Ras with GTPase-activating proteins. FEBS Lett 410:63-67.

Wulknitz P (1997). Cleaning power and abrasivity of European
toothpastes. Adv Dent Res 11:576-579.

Yan D, Cho HS, Hastings CA, Igo MM, Lee SY, Pelton JG, et al.
(1999). Beryllofluoride mimics phosphorylation of NtrC and
other bacterial response regulators. Proc Natl Acad Sci USA
96:14789-14794.

Yu P, Phillips BL, Casey WH (2001). Water exchange in fluoroalu-
minate complexes in aqueous solution: a variable temperature
multinuclear NMR study. Inorg Chem 40:4750-4754.

114 Crit Rev Oral Biol Med 14(2):100-114 (2003)




