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SUMMARY

The effects of thymopentin (TP-5) on the cholinergic agonist-
induced inactivation of function (desensitization) of the nicotinic
acetyicholine receptor (nAChR) were explored using two sys-
tems, 1) Torpedo californica electroplax nAchR reconstituted
into phospholipid vesicles and 2) T. californica nAChR expressed,
in Xenopus laevis oocytes, from in vitro synthesized RNA tran-
scripts. The pentapeptide did not modify the equilibrium binding
of '#%-a-bungarotoxin, but toxin rate binding assays in the pres-
ence of the cholinergic agonist carbamyicholine (Carb) revealed
that it shortened the time course of the Carb-induced nAchR
transition to the high affinity, desensitized state. Thymopentin

(but not thymosins a1 and $4) accelerated the slow inactivation
of nAchR-mediated **Rb* influx, as measured by the first-order
decrease in the Carb-induced Rb* transport into the reconsti-
tuted vesicles. The decay of the acetyicholine-induced current
from Torpedo receptor expressed in oocytes was also acceler-
ated by TP-5. The pentapeptide had no ion channel-blocking or
agonist activity of its own and exhibited a requirement for Ca?*
to express its effects. On the basis of these results, it is proposed
that TP-5 has a direct effect on the nAChR, resembling that of
noncompetitive blockers, as opposed to an indirect mechanism
of action via the activation of specific metabolic pathways.

(Tpo) is a 49-amino acid thymic peptide (1) isolated from
bovine (2) or human (3) thymus. In contrast to other peptidic
factors originating in the same tissue (4, 5), Tpo not only exerts
a regulatory influence on immune system-derived cells (6) but
also reduces the amplitude of the action potential at the ver-
tebrate neuromuscular junction (2, 7).

The excitability properties of both skeletal muscle cells and
the electroplaque cells from fish electric organs are mediated
by the ACh-induced activation of the nAChR (for reviews see
Ref. 8 and 9). Because Tpo competes for binding with a-BuTx
(10, 11), a competitive antagonist of the nAchR, binds to
vertebrate muscle nAChR (12), and accelerates Carb-induced
desensitization of nAChR in C2 myotubes (13), it was assumed
that the neuromuscular blocking effect was due to an actual
interaction between Tpo and the nAChR (10, 13).

A Tpo-derived pentapeptide corresponding to amino acid
positions 32 through 36 of the original thymic peptide (Arg-
Lys-Asp-Val-Tyr, i.e., TP-5) mimics the immunologic effects
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of Tpo either in vitro (14) or in vivo (Ref. 6 and references
therein), reduces the amplitude of the action potential at ver-
tebrate endplates (7), promotes inactivation of Carb-induced
ion flux into reconstituted electroplax nAChR vesicles (15),
and decreases the ACh-induced release of catecholamines in
bovine chromaffin cells in culture (16). These results indicate
that the active center of Tpo coincides, at least partially, with
the sequence of TP-5 and validate the use of the pentapeptide
for exploring effects related to those exerted by the parent
thymic peptide.

The experiments reported here were designed to gain further
insight into the mechanism of action of TP-5. Torpedo califor-
nica electroplax nAChR was reconstituted into phospholipid
vesicles and '*I-a-BuTx equilibrium and rate binding tech-
niques were used, along with measures of the Carb-induced
slow inactivation of the cholinergic agonist-stimulated *Rb*
influx into the vesicles, to study possible desensitization-pro-
moting effects of the pentapeptide. As a complementary ap-
proach, oocytes from the African clawed toads Xenopus laevis
were injected with RNA transcripts corresponding to T califor-
nica nAChR subunits, and electrophysiologic recordings of the
ion currents induced by ACh on the expressed nAChR were
obtained. The data suggest that TP-5 has a direct effect on
nAChR desensitization, behaving as a classical noncompetitive
blocker of receptor function.

ABBREVIATIONS: Tpo, thymopoietin; nAChR, nicotinic acetyicholine receptor; ACh, acetyicholine; Carb, carbamyicholine; TP-5, thymopentin;
CGRP, calcitonin gele-related peptide; PCP, phencyciidine; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesutfonic acid; a-BuTx, a-bungarotoxin.
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Experimental Procedures
Methods

Purification of nAChR. Receptor was purified from frozen T.
californica electric organ as described by Ochoa et al. (17) and Yee et
al. (18), with two modifications. First, the affinity column was prepared
by reacting cystamine with Affi-Gel 10 (Bio-Rad), reducing the cova-
lently linked cystamine with dithiothreitol, and reacting bromoacetyl-
choline with the free sulfhydryl groups. Second, the detergent sodium
cholate was prepared from purified cholic acid crystals. Briefly, 40 g of
cholic acid (Sigma) were dissolved in 200 ml of boiling methanol,
filtered, and cooled at room temperature for 24 hr. The crystals were
then washed with 200 ml of methanol and dried under a vacuum. Stock
solutions were prepared by titrating the acid with 1 N NaOH to pH 7.0.
Yields and specific activities of nAChR, as determined by Lowry protein
assays (19) and equilibrium binding of '*I-a-BuTx (20), revealed no
major differences between the original purification procedures (17) and
those reported in the present paper.

Reconstitution of nAChR. A solution of 4% cholate and 60 mg/
ml asolectin (Associated Concentrates, Woodside, NY) was added to
purified receptor such that the final lipid to protein ratio (mol/mol)
was 6700:1 and the cholate concentration in the mixture was 2%.
Reconstitution was achieved by cholate dialysis, as described (17, 18).
Vesicles were used immediately after the dialysis process where indi-
cated or were stored under liquid nitrogen for up to 3 weeks and thawed
only once before being used.

The functional integrity of the reconstituted receptor was assessed
by demonstration that the nAChR has the capacity 1) to bind '*I-a-
BuTx at equilibrium (20), 2) to exhibit cholinergic agonist-induced
%Rb* flux into the vesicles (21), and 3) to undergo affinity transitions
as detected by '®I-a-BuTx binding rate measurements in the presence
of cholinergic ligands (22, 23).

138]_o-BuTx binding at equilibrium. Vesicles (40-60 nM in toxin
binding sites) were exposed to test compounds for 45-60 min, and then
135]_»-BuTx at a final concentration of 1.5 X 10~ M was added to start
the reaction. Unless otherwise stated, Ca’* was not included in the
incubation buffers. The proportion of active toxin molecules in the
radioactive BuTx stock solution was routinely determined for each new
toxin batch, using a purified receptor preparation that exhibited the
classical a, 8, v, and § bands, using sodium dodecy! sulfate-gel electro-
phoresis and ion flux activity (see below). Briefly, a toxin binding curve
(at equilibrium) was constructed using a constant amount of 8 pmol of
toxin (calculated according to the specific activity data provided by the
vendor) and a range of nAChR protein from 0.08 to 5 ug [determined
by the method of Lowry et al. (19)]. The slope of such curve was used
to calculate the actual specific activity of the radioactive toxin, assum-
ing a molecular weight of 250,000 for the nAChR and two toxin binding
sites/receptor monomer. Toxin batches exhibiting specific activities
lower than 75% of the theoretical specific activity were discarded.

Manual ion flux assay. The influx of radioactive ®*Rb* monitored
in the presence and in the absence of Carb was measured in reconsti-
tuted preparations, as described in Ref. 24. The buffers contained Ca**
at a final concentration of 1 mM.

Rate of '*°I-a-BuTx binding. The rate of '*I-a-BuTx binding
was measured in the absence of detergent but in the presence of bovine
serum albumin, as described by Walker et al. (23). Membranes (5 nM
in toxin binding sites) were reacted with 30 nM '*I-a-BuTx at room
temperature, in the absence or in the presence of 1-10 um Carb.
Samples were taken at 15, 30, 45, 60, and 90 sec, and the first three
points plus an equilibrium value obtained after 60 min of reaction were
used to calculate the pseudo-first-order rate constants (22). Three
different types of '*I-a-BuTx binding rate constants were determined,
1) k, the pseudo-first-order rate constant in the absence of Carb, 2) ke,
the pseudo-first-order rate constant when 1-10 uM Carb was added at
the same time as the toxin, and 3) k., the pseudo-first-order rate
constant determined after exposure of the vesicles to 1-10 uM Carb for
10-15 min at 4°. The effects of different compounds were tested by

preincubation of the vesicles with such compounds for 30-60 min at 4°
and then assay of the toxin binding rate reactions at room temperature,
as described, at a constant concentration of test compound. To avoid
confusing nomenclature, “vesicle exposure” herein stands exclusively
for Carb treatment and “vesicle incubation” herein stands exclusively
for any other treatment with the putative desensitization-promoting
compounds.

Time course of nAChR desensitization. The influence of TP-5
and other compounds on the slow phase of nAChR desensitization was
examined by incubation of the vesicles with the agents and then
exposure of the vesicles to Carb for different times, maintaining the
concentration of the test compounds constant throughout the experi-
ment. After that, either the relative rate of '*I-a-BuTx binding at 1-
15 uM Carb (23) or the inactivation of the 1-2 mM Carb-induced *Rb
influx produced at 2-20 uM Carb (24) was monitored.

The concentration of cholinergic agonist that induces a 50% change
in the initial rate of toxin binding to reconstituted nAChR preparations
varied from preparation to preparation. For the case of Carb, it usually
ranged between 1 and 10 uM and had to be low enough to allow
measurement of effects exerted by any putative desensitization-pro-
moting drug. Each preparation was subjected first to a control and
then to a Carb coexposure reaction, using two or three different
concentrations of cholinergic agonist. The Carb coexposure concentra-
tion that gave a 15-40% decrease in rate with respect to the control
rate, kn.., was used to test the effects of putative desensitization-
promoting substances on the time course of receptor desensitization.
Ca?* was not included in the incubation buffers.

The slow inactivation of the Carb-induced **Rb influx was conducted
in each preparation by using the same Carb concentration as that used
in the toxin binding assay. Membrane vesicles were preincubated with
a defined concentration of Carb (desensitizing concentration), for dif-
ferent periods of time up to 70-80 sec, and then exposed to 1 mM Carb
for 15 sec to induce *Rb* influx. The value in the presence of Carb
following a 70-80-sec preincubation reached the value in the absence
of Carb when the Carb desensitizing concentration was above 15-20
uM. Because the values of ion influx in the absence of Carb did not
change as a function of time (see Fig. 4), semilogarithmic plots of the
Carb-induced *Rb influx versus Carb preexposure time were con-
structed and a least-squares linear regression was computed for each
graph, using the Sigma-Plot program on an IBM-PC computer. The
slopes of such graphs were used as a qualitative measure of the rate
constant (k) for the slow inactivation of the nAChR (24). Unless
otherwise stated, Ca®* was included in the incubation buffers.

The percentage of increase in the rate constant for the slow inacti-
vation induced by drugs (k') was normalized with respect to the control
rate constant (k) and calculated as [(k’ — k)/k] X 100.

Expression of nAChR in oocytes and electrophysiologic re-
cordings. Stage V and VI X. laevis oocytes used for microinjection
were prepared according to the method of Pradier et al. (25). Torpedo
nAChR mRNA transcripts were synthesized in vitro (26) from pa, pX8,
pXvy (25), and SP64Té (27), mixed in an a/B/v/6 ratio of 2:1:1:1 at a
total RNA final concentration of 200 ng/ul, and microinjected into X.
laevis oocytes (25). Low Ca** (0.2 mM) solutions were used to prevent
activation of an endogenous Ca?*-activated C1~ conductance (28). The
whole-cell current responses of the nAChR-containing oocytes to 1 uM
ACh were measured 2 to 3 days after the injection, using an Axoclamp
2A two-electrode voltage-clamp (Axon Instruments). The voltage and
current electrodes were filled with 3 M KCl and had a tip resistance of
0.5-5 mQ. The recording chamber (volume approximately 1 ml) was
continuously perfused with a standard bath solution of MOR2 (82 mM
NaCl, 2.5 mM KCl, 1 mM Na,HPO,, 5 mm MgCl;, 0.2 mM CaCl;, 5§ mM
HEPES, pH 7.4) at a rate of 25-30 ml/min. Agonist solutions contained
1 uM ACh, either alone or with 1 uM TP-5. Atropine (0.5 uM) was
present in all agonist solutions to eliminate any response from the
muscarinic nAChR in the follicle cells that might still remain attached
to the oocytes even after the 2-hr collagenase digestion. The holding
potential for all experiments was —80 mV. Agonist solution was applied
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by bath perfusion and a recovery period of about 10-30 min was allowed
between the applications. The current induced by ACh was recorded
on a pen recorder. The slow phase of desensitization of the nAChR was
measured by following the time course of inactivation of the peak
current in the presence of 1 uM ACh and fitting the rate of the current
decay by a single exponential. The percentages of increase in the rate
constant induced by drugs (k') were normalized with respect to the
control rate constant (k) and calculated as [(k’ — k)/k] X 100.

Materials

TP-5 was a kind gift of Drs. Gideon Goldstein and T. Audhya
(Immunobiology Research Institute, Annandale, NJ). a;, and g, thy-
mosins were a kind gift to one of us (A. P.) from Professor A. Goldstein
(George Washington University, School of Medicine, Washington, DC).
18] «-BuTx (>200 Ci/mmol) was purchased from Amersham and used
without further purification. All other reagents were AR grade and
purchased from Sigma Chemical Co., unless stated otherwise.

Results

Effect of TP-5 on the equilibrium binding and kinetics
of binding of '**I-a-BuTx. The 49-amino acid thymic peptide
Tpo has been reported to block the equilibrium binding of '*I-
a-BuTx to Torpedo membranes (10), brain membranes (11),
and chromaffin cells in culture (29). A similar assay was con-
ducted in the absence and in the presence of TP-5 to determine
whether the pentapeptide similarly blocked toxin binding to
Torpedo nAChR reconstituted into lipid vesicles. Confirming
previous results (15), a 30- to 60-min incubation of the vesicles
with TP-5 did not inhibit toxin binding in the 107*° to 10° M
concentration range. This was also true for solubilized nAChR,
irrespective of the presence of Ca®* in the incubation medium
(data not shown).

By measuring of the rate of radiolabeled toxin binding, as
depicted in Fig. 1, it was shown that nonradioactive a-BuTx
acted as a classical competitive antagonist of radiolabeled toxin
binding, whereas incubation with either TP-5 or the local
anesthetic dibucaine, a noncompetitive blocker of nAChR func-
tion, did not significantly alter the control rate, suggesting that
the association of toxin with the nAChR is not modified by the
pentapeptide (Fig. 1).
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Fig. 1. Relative initial rates of '**I-a-BuTx binding to reconstituted nAChR
as a function of TP-5 (O), dibucaine (@), and «-BuTx (A) concentration.
Vesicles were incubated with the drugs for 60 min at 4° before the toxin
binding reaction was started. k’ is the pseudo-first-order rate constant
for toxin binding obtained after incubation of the vesicles with TP-5 or
dibucaine. Each point is the mean of triplicate measurements and this is
a representative experiment of three.
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Local anesthetics at concentrations less than 107* M also
have little or no influence on the rate at which toxin associates
with the receptor, but they usually increase the rate at which
the receptor desensitizes (22). The nAChR reconstituted into
lipid vesicles exhibits the characteristic affinity transitions for
cholinergic ligands correlated with the desensitization phenom-
enon, as revealed by the changes in the rate at which '*I-a-
BuTx binds to the receptor under cholinergic ligand coexposure
and preexposure conditions (23). Increasing the concentration
of Carb progressively decreases the rate at which toxin associ-
ates with the receptor, and a plot of Carb concentration versus
the relative rate of toxin binding permits the calculation of
Kiow, the low affinity equilibrium constant for Carb (22, 23) as
the receptor shifts to the high affinity state. Furthermore, a
given concentration of Carb will produce an exponential decay
in the relative rate of toxin binding as a function of time,
permitting the determination of the time course of receptor
desensitization (22, 23).

Using these assays, it was shown that TP-5 behaved as the
local anesthetic dibucaine; a short (less than 10-sec) incubation
with the pentapeptide reduced the relative initial rate of toxin
binding under Carb coexposure conditions (Fig. 2). The pen-
tapeptide also increased the rate of the Carb-induced nAChR
desensitization (Fig. 3). Experiments such as those depicted in
Fig. 3 were also obtained with longer (45-60-min) incubations
with TP-5 (data not shown).

Effects of Ca®** on the Carb-induced slow inactivation
of the nAChR. The influence of the divalent cation on recon-
stituted nAChR was explored by first incubating the reconsti-
tuted nAChR vesicles with 1 mM Ca®* for 60 min and subse-
quently performing experiments similar to those depicted in
Figs. 2 and 3. In the presence of Ca?*, Carb induced such a
rapid shift (i.e., less than 15 sec) to the desensitized state that
the time course of receptor desensitization was impossibe to
monitor using the toxin rate binding technique (not shown).
Consequently, the effects of the cation were monitored on the
slow inactivation of ®*Rb* influx into reconstituted nAChR
vesicles (Fig. 4), using a manual ion flux assay with a resolution
within the 10-sec to 1-min time range (15, 24).
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Fig. 2. Relative initial rates of '**I-a-BuTx binding to reconstituted nAChR
as a function of Carb coexposure concentrations in the absence (O) and
in the presence (@) of 50 um TP-5. In this particular experiment, the
vesicles were preincubated with TP-5 for 30 min and then simuitaneousty
exposed to toxin and Carb before the rate binding assay was performed.
The concentration of TP-5 was maintained constant throughout the
experiment. The calculated K. (the low affinity equilibrium constant for
Carb) is 10 um.
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Fig. 3. Time course of reconstituted nAChR desensitization. Vesicles
were treated with 10 um Carb (O), 10 um Carb plus 10 um TP-5 (@), or
10 um Carb pius 3 um dibucaine (A) for the times specified on the
abscissa. Note that in this experiment there is not previous incubation
with either TP-5 or dibucaine. This is representative of two experiments,
and each point was performed in duplicate. The relative initial rates are
referred to the rate obtained under Carb coexposure conditions (see
Experimental Procedures for definitions of k' and k). Similar results
were obtained using 2 and 5 um Carb (three experiments each).

The passive *Rb* influx (or response in the absence of Carb)
was unchanged during the time course of the assay, indicating
that the desensitized response was a result of a modification of
the Carb-induced ion flux. Semilogarithmic plots of the re-
sponse in the presence of versus Carb preexposure time (Fig.
4) confirmed that the slow inactivation of reconstituted T.
californica nAChR is a first-order process (24). Reconstituted
nAChR vesicles incubated with 1 mM Ca?* for 60 min desen-
sitized faster with respect to control values (Fig. 4, lower, and
Table 1), in line with current evidence on the effects of Ca**
on receptor desensitization (30).

Effects of TP-5 on the Carb-induced slow inactivation
of the nAChR. Both in the presence and in the absence of
Ca?*, a 10-sec or a 60-min incubation of reconstituted nAChR
with TP-5 did not activate the nAChR ion channel per se (data
not shown), indicating that the pentapeptide had no agonist
activity of its own. Table 1 shows that TP-5 induced a modest
increase in receptor desensitization when incubated alone, but
when the vesicles were coincubated with Ca?* and TP-5 for 60
min the inactivation of ®*Rb* influx was potentiated with
respect to that obtained using incubations with either Ca®* or
pentapeptide alone. Also, the TP-5 was coincubated with the
desensitizing concentration of Carb, the effects were 2 to 3
times less evident that when the peptide was preincubated for
45-60 min (data not shown).

This time lag in the action of TP-5 could be due to prolonged
incubation of the vesicles with Ca®*, a process that may cause
the vesicles to aggregate and fuse, with subsequent entrapping
of TP-5. This could facilitate the access of the pentapeptide to
a concealed intravesicular site essential for receptor desensiti-
zation. To explore these possibilities, TP-5 was trapped inside
the reconstituted vesicles and the Carb-induced desensitization
was monitored in these vesicles, as compared with nontrapped
vesicles (control experiment in Table 1). The data show that
Carb desensitized the TP-5-containing vesicles at the same rate
as the TP-5-free vesicles, suggesting that an intravesicular site
is not essential. Furthermore, the above mentioned time lag for
TP-5 to better express its effects cannot be interpreted as
penetration of the pentapeptide inside the vesicles, because the
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Fig. 4. Upper, slow inactivation of Carb-induced *Rb infiux into recon-
stituted nAChR vesicles. The Carb activating concentration was 1 mm
and the Carb inactivating or desensitizing concentration was 5 um. Carb
preexposure time refers to the time the vesicles have been in contact
with the inactivating concentration of Carb. Each point is the mean +
standard deviation of three determinations, and the experiment is typical
of five. O, 1 mm Carb-induced **Rb* influx; @, passive *Rb* influx
obtained in the absence of Carb. Lower, effect of Ca** on the time
course of nAChR response inactivation. Vesicles were incubated with 1
mm Ca?* for 45 min and then the Carb-induced inactivation of the
cholinergic response was measured using 5 um Carb. O, Control; @, 1
mm Ca?*. Values for k and k’ (1072 sec™") are 3.7 and 7.4, respectively.
k' is the rate constant in the presence of Ca®*. Each symbol is the mean
+ standard deviation of triplicate measurements and the experiment is
representative of six.

TABLE 1

Effects of different treatments on the inactivation of Carb-induced
*Rb* influx into reconstituted nAChR vesicles

Vesicles were incubated with the different compounds for 45-60 min and 5 um
Carb-induced desensitization was monitored by a marual ion flux assay, by
preexposing reconstituted NAChR vesicles to the cholinergic agonist for different
times, as described in Experimental Procedures. Data represent mean + standard
deviation of k' /k from three experiments, as caiculated from semilogarithmic plots
of the data. For definitions of k and k’, see Experimental Procedures. in these
experiments, Ca®* was present in the incubation buffers only when indicated.

Treatment Kk
Ca?*, 1 mm 22107
TP-5, 100 um 11209
TP-5, 100 um, plus Ca?*, 1 mm 34+08
PCP, 1 um 18+1.2

TP-5, 100 um, plus PCP, 1 um 16109
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TABLE 2

Effects of trapping of TP-5 inside reconstituted nAChR vesicles on
the siow rate of receptor desensitization

Desensitization was measured as k (10~° sec™). For a definition of k, see Experi-
mental Procedures. TP-5 was added to 3.25 mi of reconstitution mixture prepared
as described in Experimental Procedures. The mixture was divided in half; one
sample (TP-5-free vesicles) was added to 10 ul of buffer, whereas the other was
added to 10 ul of 1.7 X 10~ m TP-5 (TP-5-entrapped vesicles; final concentration,
100 um TP-5). The samples were dialyzed and both TP-5-entrapped and TP-5-free
vesicles were used immediately after dialysis. The samples were 1) subjected to a
5 um Carb-induced inactivation of the Carb-stimulated **Rb* influx (control vesicies)
or 2) coincubated with 100 um TP-5 and the desensitizing concentration of Carb (5
um) for different periods of time up to 80 sec, after which the ion flux assay was
performed. In both cases, 1 mm Ca®* was present in the incubation buffers.

Desensitization ()
TP-5-free vesicles  TP-5-entrapped vesicies
10~3sec™"
Control vesicles (exposed to 23 27
Carb only)
Vesicles coincubated with TP-5 3.2 35
and Carb

coincubation experiments reported in Table 2 gave similar rates
for both types of vesicles.

Effect of TP-5 on the slow inactivation of nAChR
function, as compared with the effect of PCP. The obser-
vations described above, coupled with the rate of toxin binding
experiments, suggested that TP-5 may be classified as a non-
competitive blocker of nAChR function. To test this hypothe-
sis, the effects of the pentapeptide were compared with those
of the psychoactive agent PCP, a noncompetitive blocker of
the nAChR whose mechanism of action has been well charac-
terized kinetically (31). Table 1 shows that PCP accelerated
receptor desensitization in the micromolar range, whereas
above 100 uM concentrations there was a complete blockade of
ion flux at all time points, which precluded an analysis of the
time course of desensitization. Coincubation with both 1 uM
PCP and 100 uM TP-5 showed no additive effects with respect
to a single addition of PCP (Table 1), but when the concentra-
tion of PCP was raised to 10 uM the aforementioned blocking
effect of PCP predominated over that of TP-5.

Effect of TP-5 on nAChR slow inactivation, as com-
pared with the effects of other thymus-derived peptides.
No effects of thymic peptides other than Tpo and its derived
pentapeptide TP-5 on either muscle endplate or nAChR func-
tion have been reported. In two experiments in which reconsti-
tuted vesicles were incubated for 45 min with either 100 uM
TP-5, thymosin al (4), or thymosin 84 (5), in the presence of
1 mM Ca?, none of the thymosins modified the Carb-induced
nAChR desensitization of reconstituted nAChR [values of the
rate constants for the slow inactivation of ion flux (1072 sec™?)
were &, 5.0; k' 1p_s, 17.0; R inymosin a1, 4.3; and R’ thymosin a4, 4.4].

Effects of TP-5 on the slow inactivation of ACh-in-
duced currents of Torpedo nAChR expressed in X. laevis
oocytes. As a complementary part of the present work, nAChR
mRNA transcripts were injected into X. laevis oocytes and
voltage-clamp experiments were performed as described in Ex-
perimental Procedures. Calcium was included in all bath solu-
tions, because Ca®* was necessary for detection of TP-5 effects
on nAChR desensitization and because X. laevis oocytes are
not viable in a medium deprived of this divalent cation. The
injected oocytes had a resting potential of ~40 to —80 mV and
the expressed nAChR had normal ion channel function. The
latter was assessed by measuring the binding of '*I-a-BuTx
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and ACh (as determined by the Hill coefficient of ACh dose-
response curves), by blocking of the cholinergic responses with
the competitive antagonist d-tubocurarine and the noncompet-
itive antagonists tetracaine and PCP, and by establishment of
a linear current-voltage relationship with a reversal potential
of about —5 mV (data not shown; see Ref. 26).

The whole-cell current (peak current) responses of the in-
jected oocytes to 1 uM ACh at a holding potential of —80 mV
ranged from 200 to 1000 nA, which reflected variation among
oocytes in the levels of expression of nAChR on the cell surface
(26). To minimize these variations, the effects of TP-5 were
measured and normalized with respect to the control (i.e., no
TP-5) values obtained in the same oocyte (Table 3).

The time course of the inactivation of ACh-induced currents
(Fig. 5) showed that the desensitization of nAChR in the
presence of 1 uM agonist consisted of one slow phase. At higher
ACh concentrations, however, a clearly biphasic process was
observed (data not shown; see Ref. 32). To facilitate data
analysis, 1 uM ACh was used in all the experiments and, as a
first approximation, the rate constant for the slow phase of
desensitization in the presence of ACh was obtained by fitting
the rate of the current decay to a single exponental function,
assuming a steady state of 0 nA. Upon prolonged exposure to
ACh, the peak current response approached the baseline, which

TABLE 3

Effect of TP-5 on desensitization of nAChR from T. californica
expressed in X. laevis oocytes

Data are given as means + standard errors. Numbers in parentheses indicate the
number of oocytes tested. Whole-cell currents induced by 1 um ACh (V, = —80
mV) were measured 2-3 days after injection of transcripts. The rate constant for
the slow phase of desensitization of AChR (k) was obtained by following the time
course of the inactivation of the peak current in the presence of 1 um ACh and by
fitting the rate of the current decay by a single exponential. k and k' are the rate
constants obtained in the absence and in the presence of 1 mm TP-5, respectively,
in the presence of Ca** at the indicated concentrations, at pH 7.4.

Ca** k K K’ [k

mum 10~ sec™' 103 sec™

0.2 2.4+ 0.5 (6) 4.0+ 0.6 (6) 1.8+ 0.1(6)

2.0 58+1.1(3) 93+13(@3) 1.7+ 0.1(3)
1 uM Ach

Fig. 5. Effects of TP-5 on the inactivation of 1 um ACh-induced whole-
cell current of nAChR-implanted X. /aevis oocytes. The same oocyte was
voltage-clamped at —80 mV 3 days after microinjection of Torpedo
nAChR in mRNA transcripts. The current response to 1 um ACh (in
MOR2 with 2 mm Ca®*) was measured in the absence (—) and
presence (- - =) of 1 um TP-5. The current decay was fitted by a single-
exponential curve with a rate constant, k (10~ sec™), of 4.8 for the
control and 9.2 for the TP-5 incubation.
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suggests that almost all the receptors were desensitized. In
consonance with the results obtained using reconstituted
nAChR, a rise in Ca®* concentration from 0.2 to 2.0 mM
accelerated the ACh-induced nAChR desensitization, as evi-
denced by a 142% increase in rate with respect to the control
values (Table 3).

Incubation of the oocytes with 1-50 uM TP-5 had no effects
on the current baseline, indicating that the pentapeptide did
not have the capacity to activate the ionic channel per se. Also,
in contrast to noncompetitive blockers of nAChR function such
as PCP and tetracaine, TP-5 did not significantly change the
peak current amplitude. Micromolar concentrations of the pen-
tapeptide increased the 1 uM ACh-induced desensitization of
Torpedo nAChR by 80% with respect to the control values (Fig.
5 and Table 3). Higher concentrations of the pentapeptide, up
to 50 uM, were also effective in accelerating ACh-induced
current decay, but the effect was not proportionately increased
with respect to the effect seen at lower concentrations. A rise
in the Ca?* concentration from 0.2 to 2 mM did not modify the
TP-5 effect (Table 3).

To check whether the desensitizing action of TP-5 was due
to a direct action on the nAChR or to an indirect effect (e.g.,
mediated through second messengers), a curve of the current
decay induced by 1 uM ACh was obtained, the cholinergic
agonist was washed away, and the oocytes were exposed to TP-
5 for 20 min. After the pentapeptide was removed, ACh was
again applied at 1 uM concentration, and a second curve of the
current decay was obtained. A comparison of the rate of desen-
sitization given by this second challenge of the oocytes with
ACh with the rate obtained before the TP-5 exposure revealed
no appreciable differences between the two, indicating that the
pentapeptide only exerts its desensitization-promoting effect
in conjunction with ACh, possibly by acting directly on the
nAChR.

Discussion

TP-5 (Arg-Lys-Asp-Val-Tyr) is a synthetic pentapeptide
identical to positions 32 through 34 of the 49-amino acid,
thymius-derived peptide Tpo. Both Tpo and TP-5 have the
same immunomodulatory effects (6, 14) and inhibit neuromus-
cular transmission (2, 7) possibly via an acceleration of the
cholinergic agonist-induced desensitization of nAChR (13, 15).
These chemical and pharmacologic criteria validate the use of
the pentapeptide for partial characterization of the mechanism
of action of the parent peptide and circumvent the problem of
purifying Tpo from the thymus gland.

The interaction between TP-5 and the nAChR was explored
using two reconstituted systems, phospholipid vesicles contain-
ing T. californica electroplax nAChR and T. californica nAChRs
expressed in X. laevis oocytes. The nAChR incorporated into
liposomes exhibits most of the properties of the native receptor
(9), such as the affinity transitions for cholinergic agonists that
are correlated with the desensitization phenomenon (22, 23)
and the Carb-induced inactivation of Carb-activated ion flux
(24) or desensitization sensu stricto (8). Furthermore, the ef-
fects of drugs that act upon the nAChR can also be monitored
in this system (8, 15). In turn, X. laevis oocytes contain a very
efficient protein translation machinery and lack endogenous
nAChR (33), and the expressed receptor retains its original
functional properties (26, 28), including the capacity to be
desensitized when challenged with cholinergic agonists (34).

The present results will be discussed within the framework
of the theory that assumes the existence of 1) a resting state of
the receptor, with low affinity for cholinergic ligands, 2) an
active state in which the nAChR-associated channel is open,
and 3) a desensitized state, with high affinity for cholinergic
ligands. In the resting and the desensitized states, the cation-
selective channel inherent to the nAChR is shut, whereas in
the active state the channel is open, allowing the ion fluxes
that are responsible for the electrophysiologically recordable
response of the postsynaptic membrane (8, 9, 30). The desen-
sitized state is induced either by cholinergic ligands binding to
their sites on the nAChR o subunits or by noncompetitive
blockers of receptor function (of which dibucaine and PCP are
two examples in this paper), which bind to a high affinity site
located inside the water-filled ion channel and to several low
affinity sites at the various lipid-nAChR interfaces (9). There
are at least two kinetically distinct desensitized states of the
nAChR, but all the experiments described here examine the
slow phase of desensitization.

Tpo binds to neuronal a-BuTx binding sites (11, 29) and to
Torpedo nAChR-rich membranes with a K, similar to that of
a-BuTx (10), suggesting that the thymic peptide may interact
with either one or two of the nAChR a-subunits, which recog-
nize both BuTx and cholinergic ligands. However, the present
data show that neither the equilibrium binding of *I-a-BuTx
nor the rate at which the toxin associates with reconstituted
nAChR (Fig. 1) was modified by TP-5, indicating that the
pentapeptide did not interact with the toxin binding site. From
a speculative point of view, the discrepancy between the block-
ing effects of Tpo and those of TP-5 could be partially explained
if recognition plus association to the cholinergic agonist a-
BuTx sites required a special molecular configuration that is
satisfied by the 49-amino acid-long Tpo but not by its shorter,
five-amino acid derivative.

Revah et al. (13) studied the influence of Tpo on the equilib-
rium binding of the natural agonist ACh to nAChR-rich T.
marmorata membranes and showed that the Tpo/nAChR in-
teraction is more complex than revealed by previous experi-
ments (10). Irrespective of the presence of Ca?*, Tpo (above
100 nM concentrations) and ACh competed for binding to the
receptor, whereas in the 10-100 nM range and strictly in the
presence of Ca®*, the thymic peptide enhanced ACh binding
and the binding kinetics of a fluorescent analog of ACh. In
addition, the equilibrium binding of the noncompetitive blocker
PCP was also enhanced by Ca®*. Because ACh and PCP have
a higher affinity for their respective sites on the nAChR when
the receptor adopts the desensitized configuration, as compared
with the resting state, it was proposed that, in the presence of
Ca**, Tpo was bound to an unidentified site(s) on the nAChR,
promoting a displacement of the equilibrium between conform-
ers towards the desensitized form (13).

It was originally reported that TP-5 did not alter the affinity
transitions of reconstituted nAChR (15). Nevertheless, the
Carb concentration used in that study (10 uM) may have
produced maximal receptor desensitization, thereby masking
any superimposed effects of TP-5. When those experiments
were repeated using a low desensitizing concentration of Carb,
it was possible to show that both TP-5 and the local anesthetic
dibucaine (22) decreased the rate at which toxin associated
with the receptor in the presence of Carb (Fig. 2), suggesting a
shift to a high affinity desensitized state for Carb. Also, a 10-
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sec or a 60-min exposure to the local anesthetic or to TP-5
followed by coexposure to toxin and Carb accelerated the time
course in which the receptor affinity transitions took place (Fig.
3). Taking into account that neither TP-5 nor dibucaine sub-
stantially modified the rate at which a-BuTx associated with
the nAChR, the enhanced inhibition of toxin binding in the
presence of Carb effected by the two drugs and the shortening
of the time course of desensitization are interpreted as an
increase in the binding affinity of the cholinergic agonist (22).
Because this effect is seen irrespective of the time the receptor
has been incubated with TP-5, the experiments cannot discrim-
inate whether the pentapeptide itself induces a change in
receptor state from a resting to a desensitized conformation or
whether it simply facilitates the conversion induced by Carb.

Tpo (13) and TP-5 (15) depend on Ca?* for desensitizing the
nAChR. Furthermore, Ca?* also has well documented direct
effects of its own on receptor desensitization, stabilizing the
desensitized conformation (30) and promoting a cholinergic
agonist-induced inactivation of function when acting from the
cytoplasmic side of the membrane (13). Calcium accelerated
the Carb-induced slow inactivation of reconstituted (Fig. 4,
lower, and Table 1) and oocyte-expressed (Table 3) receptor
and increased the desensitizing effect of TP-5 (Tables 1 and
3). The potentiation manifested between Ca®>* and TP-5 (Table
1) may indicate that both agents promote desensitization by
binding to different sites on the nAChR.

Interestingly, the Ca®* effect is not due to a vesicle fusion
process, which may facilitate the access of TP-5 to an intrave-
sicular site essential for desensitization. This hypothesis was
tested in the experiments described in Table 2. TP-5 was added
to the reconstituted mixture at a stage where the mixed micelles
of lipid, receptor, and detergent preclude the formation of
seated vesicles, and the whole suspension was dialyzed in order
to obtain vesicles containing trapped water, TP-5, and other
solutes in their interior. If an intravesicular site on the nAChR
is necessary for TP-5 to express its desensitizing effect, the
Carb desensitization experiment would have given a faster rate
of desensitization for the TP-5-entrapped vesicles, as compared
with the TP-5-free vesicles. Furthermore, the coincubation of
TP-5 and Carb would have also given a faster rate of desensi-
tization for the TP-5-entrapped vesicles if the time lag normally
observed in the effect of TP-5 (see Results) is due to penetration
of the pentapeptide inside the vesicles.

The data from Tables 1 and 3 reinforced the interpretation
that TP-5 behaved as a noncompetitive blocker of nAChR
function, because the pentapeptide had no intrinsic agonist or
channel-blocking activity and it accelerated receptor desensi-
tization in the presence of Ca®*. It must be pointed out, how-
ever, that the desensitization process of reconstituted T. cali-
fornica nAChR has two phases, one occurring in the millisecond
to second range and the other proceeding in the second to
minute range. Because the ion flux and electrophysiologic ex-
periments reported here provide information on TP-5 effects
on the slow phase, a more detailed kinetic characterization
using rapid kinetic techniques (24) is needed in order to obtain
a complete description of the phenomenon.

The noncompetitive blocker PCP was chosen instead of
dibucaine as a reference drug for the ion flux experiments
because Karpen et al. (31) showed that PCP inactivated the
nicotinic receptor in a different way than the local anesthetic
cocaine (pharmacologically related to dibucaine). Using kinetic
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techniques in the millisecond to minute time region, the authors
showed that both cocaine and PCP decreased the initial rate of
ion flux, but only PCP changed the equilibrium between active
and inactive receptor forms. In the present experiments, PCP
desensitized the nAChR in the micromolar range (Table 1) and
above 100 uM concentrations completely blocked ion flux, pre-
cluding an analysis of the time course of receptor desensitiza-
tion.

The exact location of the site(s) on the nAChR that is (are)
responsible for interaction with TP-5 cannot be deduced from
the present data. In a study that used spin-labeled local anes-
thetics and T. californica receptor-rich membranes, Blanton et
al. (35) proposed that charged compounds require an open
channel to interact with the receptor, whereas a hydrophobic
path of access (probably through the membrane lipid bilayer)
is common to both charged and uncharged compounds. In the
context of this hypothesis (35), the data on the increase in
desensitization rate by Ca** and TP-5 (one net positive charge
at physiological pH) might result from their binding to a
specific anionic side chain in the receptor molecule.

TP-5 had markedly different effects on nAChR desensitiza-
tion when compared with two other thymic peptides, thymosins
a, and B, (see Results). In addition, solubilized human skeletal
muscle nAChR binds Tpo but not thymulin (12), another of
the thymic peptides, suggesting that, of all polypeptidic factors
synthesized by thymic cells, Tpo and its derived pentapeptide
TP-5 may have specific effects on nAChR function. This is
particularly relevant due to the purported role of Tpo in the
pathogenesis of the neuromuscular disorder myasthenia gravis
and to the well established correlation between that disease
and pathologic changes in the thymus gland (36, 37).

Some peptides, such as the CGRP (38), modulate nAChR
desensitization indirectly, via the activation of second messen-
ger-operated metabolic cascades and the phosphorylation of
specific receptor subunits. Notwithstanding, an indirect effect
of TP-5 can be ruled out on the basis of the following evidence:
1) a 20-min incubation of the oocytes with TP-5 followed by
its removal did not alter the ACh-induced inactivation of the
Torpedo receptor (see Results), suggesting that the pentapep-
tide did not trigger a metabolic process and that it was only
active when ACh was present, and 2) the reconstituted nAChR
is devoid of any metabolic machinery, consisting only of a lipid
matrix in which a single protein species is contained. In addi-
tion, a comparison of patch-clamp data, using Tpo and CGRP,
by the laboratory of Changeux (13, 38) reinforces this interpre-
tation. C2 myotubes in the cell-attached mode show a Ca**-
dependent decreased frequency of cholinergic agonist-induced
channel openings when Tpo is applied within the patch (13),
whereas CGRP applied to cultured rat soleus muscle cells
desensitizes the receptor in a Ca**-independent manner and
only when applied outside the patch (38). The latter case
suggests that cAMP-mediated mechanisms may be operative.

Many studies of receptor desensitization use the adenylate
cyclase activator forskolin and its analogs to enhance desensi-
tization through cyclic AMP-mediated mechanisms (39) and
compare these effects with those of putative desensitization-
promoting compounds. However, it was recently shown that
forskolin and its analogs have direct effects on the desensiti-
zation rate of rat skeletal muscle (40) and Torpedo nAChR
expressed in oocytes (41). In the light of these and the present
data, direct contributions to nAChR desensitization exerted by
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different compounds need to be evaluated and quantitatively
compared with indirect effects.

When compared with Tpo (see Ref. 13), the desensitizing
concentrations of TP-5 employed in the present study seem
rather high. Furthermore, desensitization was achieved with 1
uM TP-5 in the oocytes, but concentrations 100-fold higher
were effective in the reconstituted vesicles. These considera-
tions are pertinent to the physiologic significance of the present
work, because most biologically active peptides (among them
Tpo) express their action at, at least, submicromolar levels.
First, the receptor concentration in the reconstituted systems
is specified to be at 1-10 uM, whereas the concentration of
nAChR in the oocyte membranes lies within the nanomolar
range. Second, TP-5 decreases the ACh-stimulated release of
noradrenaline from bovine adrenal chromaffin cells in the 10~°
to 3 X 10™* M dose range (16). Third, it is conceivable that the
parent peptide and its five-amino acid fragment may have
different potencies on the same experimental system. This was
demonstrated for the Tpo/TP-5-effected increase in cGMP
levels in human T cells [10~! ug/ml (about 20 nM) and 102 ug/
ml (about 200 uM) for Tpo and TP-5, respectively (42)]. These
examples indicate that, apart from the possibility of Tpo and
TP-5 being unequally potent in the same experimental system,
there may also be variations in the desensitizing potency of
each individual peptide, depending on the amount of receptor
contained in the effector membrane.

The physiologic implications of Tpo-TP-5/nAChR interac-
tions are unknown at present. Modulatory effects on nAChR
desensitization have been postulated to be operative in neural
networks engaged in learning mechanisms and in the acquisi-
tion of memories (30). In this context, possible indirect effects
of Tpo/TP-5 should be explored in cell systems because they
may serve to reinforce mechanisms that were originally initi-
ated in a direct mode. Interestingly, and as mentioned above,
human T cell lines respond to Tpo with intracellular cyclic
GMP elevations (42).

Modulation of nAChR desensitization by Tpo requires acces-
sibility of the peptide to the synaptic cleft, as is the case for
other neuromodulatory peptides that coexist with transmitters
at nerve terminals (43). It is important to note that Tpo has
been detected in the brain using immunohistochemical methods
(44). Furthermore, the possibility also remains that the 49-
amino acid Tpo may be cleaved into a smaller active fragment
by peptidase activities such as those detected in Torpedo (45).

Future directions for research on Tpo/TP-5 nAChR inter-
actions should focus on the possible localization of the thymic
peptide at synapses and its metabolic fate, describe its effects
on second messengers systems, comparing those effects with
direct contributions to nAChR desensitization, and character-
ize in detail the binding site(s) of these compounds on the
nAChR.
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