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I consider that a man’s brain originally
is like a little empty attic, and you have
to stock it with such furniture as you
choose.

Sir Arthur Conan Doyle. Spoken by
Sherlock Holmes in A Study in Scar-
let, chapter 2.

t has been said that the solutions to

many of the problems of physics are to
be found in the attic of mathematics. The
history of the interplay between chemistry
and biology reflects a similar relationship.
Many compounds—and some con-
cepts—no longer at the cutting edge of
chemical research have proven to be in-
valuable tools in cutting-edge biology and
medicine. Perhaps the most dramatic ex-
ample is the extraordinary success of cis-
platin (Peyrone’s salt), a compound
known for over 100 years, as an anticancer
drug. This extremely simple inorganic sub-
stance, often used as a basic example of
isomerism in freshman chemistry text-
books, was found by Barnett Rosenberg et
al. in 1969 to be a powerful antitumor
agent (1), is now a complete cure for
testicular cancer if the disease is caught
early enough, and has shown effective-
ness, particularly in combination therapy,
against many other cancers as well. In a
recent issue of PNAS, Yan et al. (2) pro-
vide a new example. They report that
beryllofluoride, another simple inorganic
compound, can be used to form stable
analogs of the normally unstable phos-
phorylated form of bacterial signal trans-
duction response regulator proteins, fi-
nally making the active state of these
molecules amenable to detailed structural
study.

Response regulator proteins are the
switches that control the response of
bacteria to external stimuli. They consti-
tute the second half of the so-called
“two-component” signal transduction
systems; the other half is an autokinase
(3). The kinase phosphorylates an aspar-
tate residue on the response regulator,
converting the regulator protein struc-
ture from an “off” state to an “on” state.
Phosphorylated regulators may turn on
or repress the transcription of virulence
genes (4), switch on the flagellar motor
apparatus (5), control antibiotic synthe-

538-540 | PNAS | January 18,2000 | vol.97 |

Fig. 1.

sis (6), or initiate sporulation (7), among
other functions. Structure/function
studies of such signal transduction path-
ways are well advanced (for a review, see
ref. 8), but there has been one glaring
deficiency: studies of the response regu-
lators have for the most part had to be
confined to the off state, the inactive,
nonphosphorylated form of these pro-
teins. The reason is a simple one. Aspar-
tylphosphates have extremely short life-
times in aqueous solution.

Overcoming this sort of problem is old
hat to biochemists who study ATP- and
GTPase enzymes. They use nonhydrolyz-
able nucleotide triphosphate analogs to
generate the ground-state, ATP- or GTP-
bound forms of the protein, and, to char-
acterize the transition state for phosphate
ester hydrolysis, they employ metal com-
plexes such as vanadates and AlF,~ (9). In
the case of the two-component response
regulators, however, it is the ground-state
structure of a covalent phosphoprotein
that is needed, and analogs that could
generate this state have proven elusive.
Enter Yan et al. (2) and beryllofluoride
(Fig. 1).

They did not set out to find a simple
compound that could trap the regulator in
its on state. Rather, they were looking at
a downstream effector whose activity is
controlled by a particular regulator, an
effector that happens to be a transcrip-
tional activator with ATPase activity. Of-
ten, such effectors are actually part of the
regulator protein; they constitute a bio-
logical output domain that is fused to the
regulatory domain. NtrC, the particular
effector they were looking at, is of this
type. Yan et al. (2) hoped to use ATP
analogs to inhibit the ATPase activity of
the effector domain, but they found that
neither vanadates nor aluminofluorides
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were able to block this reaction. One of
the compounds they tested, however, stim-
ulated the ATPase activity, and further
analysis showed that this stimulation was
caused by the compound forming an
acylphosphate analog in the regulatory
domain, forcing it to adopt the on confor-
mation. The compound was beryllofluo-
ride (2).

Beryllium is a very interesting metal to
chemists. Although it is a Group 2A
(alkaline earth) metal, its chemistry is
somewhat different from that of magne-
sium, calcium, strontium or barium. Be-
cause of its small size, the beryllium atom
has a high ionization energy and thus
does not tend to form the Be?* ion.
Molten BeF; is a poor electrical conduc-
tor, suggesting that it is essentially a
covalent compound. The other striking
characteristic of beryllium is its tendency
to form compounds in which it has an
incomplete octet of valence electrons, a
tendency shared only by aluminum and
boron. Because the octet rule can be
violated, a number of different com-
pounds of beryllium with, for example,
fluorine, can be made. One of them,
BeF,2~, satisfies the octet rule, but BeF,
does not, and neither does BeF3~. These
latter compounds have an electron-
deficient beryllium atom, which can ac-
cept pairs of electrons to complete an
octet if suitable coordinate covalent
bond donors are available. Water is such
a donor, so the species BeF,>OH™-H,0
and BeF;7-H,O predominate in aqueous
solution, along with BeF,>~; their rela-

See companion article on page 14789 in issue 26 of volume
96.
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Fig. 2.

Proposed binding of BeF37-H,0 to magnesium-nucleotide diphosphates to form a stable analog

of the nucleotide triphosphate species. Compare with the actual structure in Fig. 3.

tive amounts depend, among other
things, on the ratio of F to Be. Another
such donor would be the lone pair of
electrons on the oxygen atom of either a
phosphate group or an aspartate carbox-
ylate group. Note that all of these ber-
yllofluorides would be tetrahedral, with
Be-F bond lengths of 1.55 A, making
them strictly isomorphous to a phosphate
group.

That beryllofluoride—usually written
BeFx to indicate that a mixture of species
can be formed and the exact one responsible
for any given activity may not be known—
can be a useful analog of a phosphate ion for
biological studies has been known for over
10 years. Chabre and colleagues demon-
strated in 1987 that not just AlF,~ but also
BeFx could form reversibly bound analogs
of the y phosphate group of GTP in the
nucleotide binding site of transducin and, in
the presence of GDP, could activate that
protein (10). Activation could be totally

reversed by elution of fluoride. Combeau
and Carlier showed that BeF,-OH -H,O
and BeF57H,O could bind tightly to F-actin
and microtubules (11), mimicking the
XDP-Pi transient state of polymerization as
depicted in Fig. 2.

Since these pioneering studies, alumi-
num and beryllium fluorides have been
widely employed in the fields of muscle
contraction and eukaryotic signal trans-
duction (12). Recent examples include
the use of BeFx-ADP by Eady and col-
leagues to study the mechanism of nitro-
genase (13) and of MgADP-BeFx and
MgADP-AlF,~ by Rayment and associ-
ates in crystallographic studies of the
motor domain of myosin (14). The my-
osin study is particularly interesting, be-
cause the structural data suggests that
MgADP-AIF,~ is an analog of the tran-
sition state for ATP hydrolysis, just as in
the case of the GTPases whereas
MgADP-BeFx appears to mimic the ATP-

bound state (see Fig. 3). This result is
consistent with the obligatory tetrahe-
dral geometry of BeFx species in aque-
ous solution, implying that the bound
species is either MgADP-BeF; or
MgADP-BeF,(OH), with an oxygen
atom from the B phosphate group of
ADP forming a coordinate covalent
bond to the beryllium atom, thereby
completing the Be octet (15).

Although Yan ef al. (2) are unable to
exclude BeF4>~ as the species that acti-
vates NtrC, these considerations would
appear to favor either BeF;7-H,O as the
activator via phosphate mimicry, or, more
interestingly, aspartyl-BeF;~ as a direct
analog of aspartylphosphate. Strong evi-
dence for the latter is provided by their
demonstration that mutants in which the
carboxylate is lost are unable to be acti-
vated by beryllofluoride. The ability of
BeFx to activate two-component regula-
tors appears to be a general one: Yan et al.
(2) have been able to activate regulatory
proteins in chemotaxis, sporulation, and
o-dependent transcriptional regulation as
well (2). Preliminary NMR data suggest
that conformational changes induced by
phosphorylation of aspartate residues in
all of these proteins are reproduced on
treatment with Mg?* and BeFx, although
quantitative conversion required some
fiddling with the concentrations of these
species. Because the preparation of BeFx
is extremely simple [one just mixes BeCl,
with a large excess of NaF (15)], it seems
likely that the work of Yan et al. (2) will
open a floodgate of structural studies on
microbial two-component regulator pro-
teins, by NMR and x-ray crystallography.
Who knows what other useful tools for
the structural biologist and biochemist
are lying around in the attic of chemis-
try?

Fig. 3.

pink respectively. Adapted from ref. 14. Compare with Fig. 2.
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The structure of MgADP-BeFx in the ATP-binding site of myosin. Be, C, F, Mg?*, N, O, and P are depicted in green, black, yellow, orange, blue, red, and
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