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INTRODUCTION

(Accepted May 17, 1999)

Pyridostigmine bromide (PB), an inhibitor of acetylcholinesterase, has been used as a prophy-
lactic for nerve gas poisoning. N;bifethyl-m-toluamide (DEET) is the active ingredient in most
insect repellents and is thought to interact synergistically with PB. Since PB can inhibit the bind-
ing of organophosphates to tubulin and since organophosphates inhibit microtubule assembly, we
decided to examine the effects of PB and DEET on microtubule assembly as well as their inter-
actions with tubulin, the subunit protein of microtubules. We found that PB binds to tubulin with
an apparent Kof about 60 M. PB also inhibits microtubule assembly in vitro, although at
higher concentrations PB induces formation of tubulin aggregates of high absorbance. Like PB,
DEET is a weak inhibitor of microtubule assembly and also induces formation of tubulin aggre-
gates. Many tubulin ligands stabilize the conformation of tubulin as measured by exposure of
sulfhydryl groups and hydrophobic areas and stabilization of colchicine binding. PB appears to
have very little effect on tubulin conformation, and DEET appears to have no effect. Neither
compound interferes with colchicine binding to tubulin. Our results raise the possibility that PB
and DEET may exert some of their effects in vivo by interfering with microtubule assembly or
function, although high intracellular levels of these compounds would be required.
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tubule assembly. Pyridostigmine bromide (PB) (Fig. 1)
is a well-known inhibitor of acetylcholinesterase, cur-

Microtubules are eukaryotic cylindrical organelles rently used in the treatment of myasthenia gravis (1). Al-
involved in a wide variety of cellular processes. Their though PB binds reversibly to acetylcholinesterase, it is
subunit protein, tubulin, is a heterodimer consisting of also able to inhibit the binding of irreversible inhibitors
ana and af subunit. One of tubulin’s unusual proper- of acetylcholinesterase, such as the organophosphate
ties is its ability to bind to a wide variety of structurally nerve gases (2). For this reason, PB was given prophy-
very different ligands, many of which disrupt micro- lactically to perhaps 250,000 military personnel during
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Center at San Antonio, San Antonio, Texas. personnel have complained of neurological symptoms
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disrupt the cytoskeleton in vivo, and to inhibit micro-

tonio, TX 78284-7760. Tel: 210-567-3732; FAX: 210-567-6595. tubule assembly (4,5), we decided to examine the effects
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Br— CH at 296 nm. The observed fluorescence data were fitted using a non-
e 3 linear curve fitting program MINSQ version 3.2 (Scientific Soft-
H3C\ + O—C'—'N ware, Salt Lake City, UT) (15), using a one-site binding equation as

N g \CH3 follows:

F = R,D/(Kq + D), where

F is the total fluorescence value at a given drug concentration, D is
the drug concentration,As the maximum fluorescence and is
the apparent dissociation constant.

To measure exposure of hydrophobic areas, tubulin was incu-
bated at 37C; then, at periodic intervals, aliquots were removed,
of PB on microtubule assembly and to study its interac- made 10uM in BisANS, and the fluorescence was determined as
tion with tubulin. In addition, we included in this study previously described (16). Excitation and emission were at 385 nm

. . . and 490 nm, respectively.
th? insect rEpe”enN’N'dlethyl'm'tOIuamlde (DEET) Electron Microscopy.Samples were mixed 1:1 with 1% glu-
(Fig. 2), a compound speculated to have aggravated thgaraidehyde; a 101 droplet of the mixture was placed for 60 seconds

toxicity of PB, perhaps by aiding its absorption into on a carbon-coated 200-mesh copper grid that had been treated with
cells (3,5). DEET itself can cause neurotoxicity (7—11) nitrocellulose in 1% amyl acetate (1:1). The grid was washed with
and can be absorbed through the skin, so the possibility3 drops of water and then with one drop of cytochranie mg/ml

. . . . in water). The grid was then negatively stained with 1% uranyl ac-
of interaction with PB |s.no't r_em_Ote (12’13)' We foun,d etate. The grids were examined under a Jeol 100CX electron micro-
that PB and DEET both inhibit microtubule assembly in scope at an accelerating voltage of 60 kV.

vitro, that they both interact with tubulin, although not Other Methods Aliquots of tubulin were incubated with tau at

as strongly as do other ligands, and that they have no ap37°C; microtubule assembly was monitored by turbidimetry at 350 nm

parent effects on the conformation of tubulin. (14). Tubulln was reagted wnh' |od§q:]acetam|de and the extent of
alkylation was determined by filtration of the samples (17). Measure-
ment of PH]colchicine binding to tubulin was carried out by the
DEAE-filter method of Borisy (18). Protein concentrations were de-

EXPERIMENTAL PROCEDURE termined by the method of Lowry et al. (19) as modified by Schacterle
and Pollock (20) using bovine serum albumin as a standard.

Materials. Microtubules were prepared by cycling from bovine

brain cerebra according to the procedure of Fellous et al. (14). Tubu-

lin was purified from these microtubules by chromatography on RESULTS

phosphocellulose; the microtubule-associated proteins tau and MAP2

were also purified from the microtubules (14). Pyridostigmine bro- L .

mide and DEET were from Sigma Chemical Co. (St. Louis, MO). B'ndmg of PB to T_Ubl{“”-We developeq a ﬂ.uo'

Other materials were obtained or prepared as previously described. fometric assay for the binding of PB to tubulin (Fig. 3).

Fluorescence MeasuremenEr direct measurement of the in-  The binding data were consistent with a single class of

teraction of PB with tubulin, tubulin was incubated with PB and the

quenching of the fluorescence of the tryptophan residues of tubulin

was measured at 336 nm; excitation was at 296 nm. Prior to meas-

uring the interaction between PB and tubulin, we did emission and

excitation spectra of PB, finding that it does not absorb at either 296

or 336 nm and, when excited at 296 nm, does not emit at 336 nm. In

contrast, tubulin’s maximum fluorescence is at 336 nm when excited

Fig. 1. Structure of pyridostigmine bromide (PB).

0\\C,N(C2H5)z

(Arbitrary units)

Fluorescence Quenching at 336 nm

0 2 40 &0 a0 0t
PB (uM)

CH Fig. 3. Binding of PB to tubulin. Aliquots of tubulin (uM) were
3 incubated with 0-11QuM PB at 37C for 30 minutes and the

fluorescence quenching of the tubulin was measured at 336 nm.
Fig. 2. Structure of N,N¢-diethyl-m-toluamide (DEET). Excitation was at 296 nm.
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site. Two experiments yielded apparentglues of 40
and 80 M, consistent with an average, Kf 60 M. In
contrast to PB, DEET did not fluoresce nor did it affect

tubulin fluorescence so no fluorescence binding assay

could be developed.

Effect of PB and DEET on Microtubule Assem-
bly. We incubated tubulin with tau and found that PB,
at a concentration of 250M, inhibited the extent of
microtubule assembly by about 70% after 30 minutes
(Figure 4). Interestingly, increasing the concentration
of PB caused large increases in turbidity, suggesting
that PB was inducing aggregate formation. Similar re-
sults were obtained using MAP2, instead of tau, to
stimulate polymerization (not shown). Higher con-
centrations of PB appeared to enhance polymer for-
mation. At concentrations of 100-2@0/4, PB would
not block microtubule assembly as measured by tur-
bidimetry, but the assembling microtubules contained
mostly microtubules and some ring-like structures. At
a PB concentration of 500M, there were no micro-
tubules visible and only amorphous structures were
seen (Fig. 5). No differences in the morphology of as-

Absorbance @ 350 nm

12 18 24 30

Time ( minutes )

Fig. 4.Effect of PB on microtubule assembly. Aliquots of tubulin (1.0
mg/ml) were incubated at 3 with tau (0.15 mg/ml) in the absence

or presence of a series of concentrations of PB. Microtubule assembly:

was monitored by turbidimetry at 350 nm. Concentrations of PB were
as follows: OuM (m); 250pM (¢ ); 500uM (»); 1 mM @).

Fig. 5. Tubulin aggregates formed in the presence of PB. Tubulin
(1.0 mg/ml) and tau (0.15 mg/ml) were incubated in the presence of
500uM PB at 37C for 30 minutes%86,000).

sembled structures were seen when MAP2 was used
instead of tau (not shown).

DEET inhibited microtubule assembly as meas-
ured by sedimentation (Fig. 6A). Half the maximal ef-
fect was obtained at a DEET concentration between 100
and 250 M. Interestingly, higher concentrations of
DEET appeared to enhance polymer formation as meas-
ured by turbidimetry, suggesting that DEET was con-
verting the microtubule into a polymer of higher turbid-
ity but smaller mass (Fig. 6B). When examined by
electron microscopy, 25-1Q@M DEET permitted for-
mation of microtubules (Fig. 7). Higher DEET concen-
trations (1-5 mM) caused formation of ribbon-like
structures (Fig. 8); it is reasonable to speculate that such
a polymer would have have a higher turbidity to mass
ratio than would a microtubule and hence would ac-
count for the low sedimentation and high turbidity seen
at these concentrations of DEET in Fig. 6A and 6B.

Effects of PB and DEET on Tubulin Conforma-
tion. We used three different assays to measure the ef-
fect of PB on tubulin conformation. In one, we exam-
ined the effect of PB on the time-dependent exposure
of hydrophobic areas on the surface of the tubulin
molecule (Fig. 9). The results showed no effect up to
250 uM PB. Also, PB did not affect the inhibition of
exposure by vinblastine. In another assay, we exam-
ined the effect of PB on the exposure of sulfhydryl
groups on tubulin; the degree of exposure was assayed
by the extent of interaction with the alkylating agent
iodo[**Clacetamide. We found that PB had a very
small inhibitory effect on the exposure of sulfhydryl
groups on the tubulin molecule. PB, at (29, inhib-
ited alkylation by 6%. The effect, although small, was
only marginally significant (P < .05). In contrast, at
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Fig. 6. Effect of DEET on microtubule assembly. Aliquots of tubulin (1.0 mg/ml) were incubated@tf@740 minutes with tau (0.15 mg/ml)

in the absence or presence of the indicated concentrations of BEHETe polymerized samples were spun in the Airfuge at 16,000 rpni@t 37

and the amount of protein pelleted was determined. The figure shows the concentration of the polymer as a function of the concentration of DEET.
B. Microtubule assembly was monitored by turbidimetry at 350 Imset: Concentrations of DEET were as followsuM (0), 25uM (¢),

50 pM (O), and 10QuM (A). Main figure: Concentrations of DEET were as followspu® (0), 250 (M (¢ ), 1 mM ¢), and 5 mM @).

250uM concentration, PB had no effect on alkylation. incubated withjH]colchicine at 37C with 250uM PB.
Overall, therefore, we could conclude that PB has lit- At periodic intervals, aliquots were removed to see
tle or no effect on alkylation. Finally, PB had a small how much fH]colchicine was bound. After 90 minutes
effect on the rate of decay dH]colchicine binding to of incubation, the amount ofHi]colchicine bound to
tubulin (Fig. 10). To do this experiment, tubulin was tubulin was 0.37 £04 mole/mol in the presence and
0.30+ .005 in the absence of PB; this is a small but

Fig. 7. Microtubules formed in the presence of DEET. Tubulin Fig. 8. Ribbon-like structures formed in the presence of DEET.
(1.0 mg/ml) and tau (0.15 mg/ml) were incubated &C3fbr 30 min- Tubulin (1.0 mg/ml) and tau (0.15 mg/ml) were incubated 4C37
utes in the presence of 19 DEET (x86,000). for 30 minutes in the presence of 500 DEET (x65,000).
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T T T T Fig. 10.Effect of PB and DEET on the decay of colchicine binding.
20 60 100 140 Triplicate samples of tubulin (0.3 mg/ml) were pre-incubated for
. . 90 minutes with JH]colchicine (10uM) in the absence (O) or

Time (minutes ) presence of either PB (25M) (A) or DEET (1 mM) ¢) for up to
. . 48 hours. After 90 minutes, the first aliquots were removed for the
::ulguh% ESZ?r(]::)I:; ;Btugﬂlighﬁo c;x&c;s/trjnrs ngrz%?]rcoupbhiﬁgg ;g;%s °" Zero-time measurement. At the indicated times, subsequent aliquots
the presence of either PB, vinblastine or both PB and vinblastine. At \évggtriir:g\;?g ?ﬁg\;ge amount of bound label determined. Standard
the indicated times, 1-ml aliquots were removed and mageMLin ’
BisANS and the fluorescence was determined. Concentrations of
drugs were as follows: ONk (m), 25uM PB (O), 250uM PB (¢ ),

20 pM vinblastine ), 20 yM vinblastine and 25@M PB (&). -
binding (0.40+ 0.022 mol/mol compared to 0.30

.005, P < .01). The half-time of decay in the presence
marginally significant (P < .05) increase, which could of DEET was 5.8 hours.
reflect PB’s ability to stabilize the decay of colchicine
binding (Fig. 10). It thus appears likely that PB had lit-
tle or no effect on colchicine binding. As tubulin decay DISCUSSION
progressed, the half-time of decay was found to be
about 9.8 hours in the presence and 7.0 hours inthe ab-  PB appears to bind to tubulin with g, Kf ap-
sence of PB. Thus, PB appeared to exert a small profproximately 60uM. This is substantially weaker than
tective effect to slow down the decay of colchicine the binding of drugs such as colchicine, podophyllo-
binding. toxin, vinblastine and maytansine, whosgskare all

The same assays were performed on the interac-n the range of 0.1-0.9Nk (21). Although it does not

tion of DEET with tubulin. Here, DEET, at concentra- bind as strongly as do these other drugs, PB never-
tions of 1-5 mM, appeared to enhance the exposure otheless causes a large inhibition of microtubule as-
hydrophobic areas (Fig. 11) both in the presence andsembly in vitro. It binds to tubulin at what appears to
absence of vinblastine. However, DEET had no signif- be a single site and appears to have very little effect
icant effect on exposure of sulfhydryl groups; alkyla- on the conformation of tubulin except to cause a
tion with iodoft“Clacetamide showed an incorporation slight stabilization against spontaneous decay. DEET
of 4.08 +.17 mol **C/mol tubulin in the absence of can also cause a very weak inhibition of microtubule
DEET, 4.30 £.17 in the presence of 100MuDEET, assembly. The two drugs do not inhibit colchicine
and 4.20 £18 moles in the presence of 1 mM DEET; binding, suggesting that they bind at a site or sites
these are not significant differences. DEET also did not distinct from the colchicine site. This is consistent
affect the decay offH]colchicine binding (Fig. 10).  with their chemical structures, which bear little re-
Incubation of tubulin with for 90 minutes at 7 with semblance to that of colchicine. Furthermore, PB has
1 mM DEET caused a small enhancement of colchicine does not influence vinblastine’s inhibition of tubulin
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sembly. It is conceivable that lower concentrations
@@ could inhibit microtubule dynamic behavior; in other
words, without actually altering the microtubule mass
0.35 in a cell, PB could in principle disrupt microtubule
. function. Analogous findings have already been made
using taxol, vinblastine, and other drugs, namely, that,
at very low concentrations, these compounds can in-
hibit microtubule function and dynamics in a cell
without altering microtubule mass (22-24). The fact
that PB binds weakly to tubulin may not be relevant.
The actual intracellular concentration of PB as well as
its ability to enter a cell could be influenced by other
factors. One such factor is stress, which military per-
sonnel can experience to a very high degree, espe-
cially in wartime. In mice, stress has been shown to
potentiate the effect of PB on acetylcholinesterase ac-
tivity by 150-fold, apparently by increasing the per-
0.05+ meability of the blood-brain barrier (25). It is there-
fore reasonable to hypothesize that stress could also
: . increase PB'’s effect on neuronal microtubule dynamics.
o 40 8 120 Other effects of PB on microtubules in vivo gressi-
Time (minutes) ble, since it has also been observed that organophos-
Fig. 11. Effect of DEET on the exposure of hydrophobic areas on phates can phosphorylate or degrade tubulin and mi-
tubulin. Samples of tubulin (0.2 mg/ml) were incubated &C3ih crotubule-associated proteins (26,27). Nevertheless, it
the presence of either DEET, vinblastine, or both. Aliquots were m st be stressed that the effects of PB on microtubule
removed and processed as in Fig. 9. Concentrations of drugs were as . .
follows: O uM (m), 1 mM DEET ¢), 5 mM DEET ¢), 20 uM assembly which were observed here required much
vinblastine ), 20 uM vinblastine and 1 mM DEET &). In a higher concentrations than are necesary to obtain anal-
control experiment, in the absence of tubulin, DEET had no effect ogous effects with better-studied anti-tubudinugs.
on BISANS fluorescence. Another factor could be DEET, which appears to
interact more weakly with tubulin than does PB. It
would be hard to argue that DEET has deleterious ef-
decay, suggesting that PB’s binding site does notfects on cells by binding to tubulin, since its highest
overlap with that of vinblastine. DEET, however, known serum concentration after dermal application
does increase the decay in the presence of vinblas{3 uM) is much lower than the concentrations required
tine, suggesting either that DEET’s effect overcomes to observe the effects reported here (12). However,
that of vinblastine or that they bind at the same site. DEET is thought to increase the permeability of cells
At high concentrations, PB and DEET induce aggre- to other factors, and it is possible that DEET could
gation of tubulin into amorphous structures. This lat- thus facilitate the entry of PB into cells (28). In addi-
ter effect may reflect very low affinity binding to hy- tion, PB is thought to carbamylate esterases which
drophobic areas on tubulin, which could in turn cause could hydrolyze DEET; this would have the effect of
exposure of other hydrophobic areas, leading to ag-increasing the intracellular concentration of DEET
gregation. (29). Our results also suggest that, at millimolar con-
The potential medical significance of these findings centrations, DEET, too, could have an effect on micro-
is intriguing. PB is an inhibitor of acegtiolinesterase  tubules. There are thus several possible ways in which
(1). This latter activity has been explored as a possi-DEET and PB could act synergistically.
ble hypothesis to explain Gulf War veterans’ illnesses
but has been rejected because affected veterans’ symp-
toms should have ceased when PB was stopped if PB
was the cause (3). However, our results raisshen ACKNOWLEDGMENTS
possibility, that PB can act by affecting tineicro-
tubules of cells, perhaps in the nervous system. This Supported by NIH grants GM23476 and CA 26476 and Welch
effect need not be limited to blocking microtubule as- Foundation grant AQ-0726 to R.F.L.
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