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Abstract

New techniques for investigating chemical reactions on cell surfaces in the microsecond-to-millisecond time region
are described. Reactions mediated by membrane-bound neurotransmitter receptors that control signal transmission
between~ 10" cells of the nervous system are taken as an example. Cells with receptors on their plasma membrane
are equilibrated with photolabile, biologically inactive precursors of the neurotransmitters. Photolysis of these
compounds releases free neurotransmitter that interacts with the receptors, leading to the transient opening of
transmembrane receptor-formed channels that are permeant to small inorganic ions. The current thus induced can be
measured. The technique can be used to measure the elementary steps of the receptor-mediated reactions. To illustrat
the approach it was shown that an understanding of the mechanism of inhibition of the nicotinic acetylcholine
receptor by the drug cocaine was obtained and led to the first proof that compounds exist that alleviate the inhibition.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Transient kinetic investigations of membrane-bound proteins; Caged neurotransmitters; Photolabile precursors; Preven-
tion of cocaine inhibition; Neurotransmitter receptors

Professor John T. Edsall's lectures and time region, were developed only recently].
publications[1-3 on the application of physical These techniques and some of their applications
techniques to the solution of important biological are the subject of this paper.
problems have had an important influence on my
education and subsequent research. | am honored) Historical perspective
to dedicate this article to his memory.

Transient(pre-steady stajetechnigques in which
membrane-bound proteins can be equilibrated with
their respective ligands within microseconds, and
the ensuing reaction can be investigated in this

In contrast to investigations of fast chemical
reactions on cell surfaces, a range of well estab-
lished methods have been available for many years
to investigate rapid chemical reactions in solutions
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reactions. They have provided essential insights
into the mechanism by which enzymes accelerate
and regulate the metabolism and catabolism of
essential cellular components, modify proteins
involved in intracellular signaling, and translate
the nucleic acid codg—-11].

(a) Excitatory cell

2. Reactions mediated by membrane-bound Receiving neuron
proteins

What is known about the many biological reac-
tions mediated by membrane-bound proteins that
are activated by extracellular signals, such as light,
sound, and hormones and other extracellular chem-
icals? Many of these reactions must be studied
with the protein of interest in a membrane sepa-
rating solutions of different ionic composition, for
instance the extracellular solution and the cyto- (b)
plasm. Here | shall concentrate on one of the most
thoroughly investigated of these membrane-bound

Receptors

Inhibitory cell

. . .. . Rapid Hs — ms —_—
proteins, the nicotinic acetylcholine receptor R+L RL, R,
(nAChR) [12]; reviewed in Kandel et al[13], Closed Closed Open
which participates in reactions leading to signal
transmission between nerve cells and nerve and I I 100=300ms

muscle cells. This receptor belongs to a class of D+L DL

structurally related membrane proteins, the neuro-  jnactive macﬁr\‘,e

transmitter receptors, that mediate chemical reac-

tions controlling signal transmission between some Fig. 1. (a) The connection between three neurons are shown.
10'? neurons, reactions that are believed to be When the upper cell on the right is activated, it releases an
basic to brain functiori13,14. excitatory neurotransmitter(e.g. acetylcholine, glutamate

The f . . . from vesicles in the nerve terminal. When the lower cell on
e function of n_eu,ro'[ransmltj[er _receptors In the right is activated, it releases an inhibitory neurotransmitter
the nervous system is illustrated in Fig. 1a. When (e g.y-aminobutyric acid, glycinefrom vesicles. When exci-
an electrical signal reaches a nerve terminal, chem-tatory neurotransmitters bind to their respective receptors on
ical signals, neurotransmitters, for instance acetyl- the receiving neuron, cation-conducting transmembrane chan-
choline, glutamatey-aminobutyric acid, glycine, nels transiently open. When inhibitory neurotransmitters bind

are released from vesicles in the nerve terminal to their respective receptors on the receiving neuron, anion-
conducting transmembrane channels transiently off®nThe

[20,21. The neurotransmitter released by one cell reaction scheme of the nicotinic acetylcholine receptor is con-
diffuses across a gafsynapsg of approximately  sistent with available structurdllZ] and kinetic information
20-40 nm between two cells and binds to [15 and was first suggested by Katz and Thes|&f]. R rep-
membrane-bound neurotransmitter receptors on thef€sents the unliganded receptdt, the liganded receptor in

. . the closed-channel conformatioRL,  the open-channel form
_Second_ cell. Thus the signal transmission PrOCESS 4¢ he receptor, and the subscripthe number of neurotrans-
is continued. The nAChR, one of the neurotrans- miter (1) molecules bound to the receptd. represents the
mitter receptors, consists of five transmembrane inactive, desensitized receptor form. The rate of receptor desen-
subunits of approximately 55 000 MW eaf?2— sitization was believed to occur in the second time regid.

24]. On binding the neurotransmitter acetylcholine Rapid kinetic investigations indicated that rapid receptor desen-
. sitization of the muscle nAChR occurs in the millisecond time

the transmembrane receptor-channel '[I’_anSIently region [17]. The channel-opening rate constant for the muscle

opens and allows the passage of sodium andnachr was investigated by use of the laser-pulse technique

potassium ions through the channel. Other neuro- [18] by Matsubara et alj19].
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transmitter receptors, for instance the one activated
by y-aminobutyric acid(GABA), allows the pas-
sage of chloride ions. The charge of the ions, as
well as their concentration, determines the sign 2pA|
and magnitude of the change in the transmembrane
voltage[25-21.

When the potential across the cell membrane
reaches a critical value of approximately40 mV, (b)
voltage-activated Na channels in the axon of the K K kop  —
cell are opened28,29. This leads to propagation R+L RL RLy < RL2 (open)
of an electrical signal along the axon of the cell, 200
with a rate of up to 1000 m & . When the
electrical signal reaches the nerve terminal neuro-
transmitters are secreted adjacent to the next cell
[20] and the process can be repeated.

o
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3. Techniques in which ligands are applied
sowly (seconds) in investigations of receptor
function

Frequency per 80 ms
(8]
o

What is the chemical reaction mediated by these 0 ——
receptors? Fig. 1b shows a mechanism of the 50
reaction mediated by the nAChR proposed by Katz
and Thesleff in 195720]. It is based on experi- _ _ _ ) _
ments in which the cell surface receptors are Fig. 2. (@) Recording of the opening and closing of a single

. . transmembrane channel, low pass filtered at 1 kHz and record-
slowly (seconds equilibrated with the neurotrans- ¢4 a1 a rate of 4 kHfrom Heinemanni34)). (b). Example
mitter (acetylcholing. According to this mecha-  of the distribution of shut times of the nAChR at130 mV
nism, upon binding neurotransmitter the receptor activated by 10Q.M suberyldicholine. The graph shown sum-
rapidly opens a transmembrane channel permeab|emarizes all obseryations taken at different frequen€fesm
to Na* and K* . The channel closes again when C0'duhoun and SigwortfGs)).
acetylcholine is removedby diffusion or enzy-
matic breakdown Upon prolonged exposure to detect the current passing through a single receptor-
acetylcholine the channel becomes reversibly inac- formed channel, the single-channel current-record-
tivated (desensitizel] in the second time region. ing technique [33] (Fig. 29, allows one to
Katz and Miledi [30] observed electrical noise determine the life time(related to the time the
when the neurotransmitter is applied to the receptor channel remains openthe conductancémeasured
and interpreted this as due to the opening of by the current amplitude of the open channahd
receptor-formed transmembrane channels. the ion specificity of a single channel. This elegant

Subsegently two techniques were developed in technique was perfected for easy and convenient
which the cell surface receptors were equilibrated use and is now used by a large international group
with the neurotransmitter within seconds but sub- of scientists. It has revolutionized electrophysiol-
sequent steps of the reaction could be observed inogy [36], and is providing a wealth of information
the sub-millisecond time domain. In one technique, about the single-channel properties of many differ-
the quasi-equilibrium of the reaction steps is per- ent channels and their isoforms and how those
turbed by a voltage jump. Assigning the observed properties change under different conditidB§].
changes in membrane conductance to a definite The critical voltage change across the membrane
step in the channel-opening process proved diffi- of a cell at a synapséFig. 19 that determines
cult [31,33. The other technique developed to whether the signal is transmitted or not does not

————
0 1000 1500
Shut time (ms)

o
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depend just on the conductance or life time of the ter concentrations. The single-channel recording
single receptor-channel. Whether an electrical sig- technique is, however, limited in this regard. It
nal is transmitted or not depends also on the involves equilibration of receptors with neurotrans-
number of receptor channels that open within a mitter for some length of time(seconds to
definite period of time and how long the channels minute9 so that enough data can be collected for
remain open. What fraction of the receptor-chan- the statistical analysis of the life times and current
nels present open at a particular concentration of amplitudes of single channels. Because of receptor
neurotransmitter? How long does it take them to desensitization leading to closure of receptor-chan-
open? And how long do they remain open? To nels, the neurotransmitter concentration must be
answer some of these questions one needs to knowkept low enough so that one can still obtain a
the rate constants associated with individual steps current signal.

of the mechanisn{ligand binding, channel open- It has been well established in investigations of
ing, channel closing and receptor desensitization reactions in solution that when slow equilibration
and the equilibrium constantshe neurotransmit-  of reactants prevents evaluation of rapidly equili-
ter—receptor dissociation constants and the chan-brating reaction steps, much additional information
nel-opening equilibrium constantCan one obtain  can be obtained by use of rapid reaction techniques
additional information about the receptor mecha- [5,6,9—11. | shall now demonstrate that rapid
nism in Fig. 1b by using the single-channel cur- reaction techniques developed for investigations of
rent-recording technique? In principle, more reactions on cell surfaces are capable of producing
information about the receptor mechanism can be similar useful information.

obtained by analyzing the very short closed times

between the opening of single channéfsg. 23).

For the mechanism shown in Fig. 1b, these closed

times are expected to contain information about

the life times of three forms of the recept®;, RL

andRL, (Fig. 1b). The closed-time distribution of Optical

the nAChR is, therefore, expected to have three Fiber

components, each component corresponding to the

lifetime of one of the receptor forms. The closed-

time distribution of the nAChR in the presence of

100 nM suberyldicholingwhich acts as a neuro-

transmittey is shown in Fig. 2b(Fig. 15 on p.

517 of Colguhoun and Sigwortli35]). For the

mechanism shown in Fig. 2, each lifetime has Flow Device
several components. The lifetime of the unliganded

receptor formR consists of the rate constant

leading away from theR state multiplied by the

Electrode

neurotransmitter concentration. The lifetimeRit Fig. 3. Schematic drawing of the experimental arrangement
is the sum of the rate constant leading Roand used in the laser-pulse photolysis technique. A;BC H1 cell of
the rate constant leading tBL, multiplied by ~20 wm diameter carrying muscle nAChRs and attached to

neurotransmitter ncentration. The lifetim f an electrode for whole-cell current recordif$f] was equili-
eurotrans er concentration. e liretme o pated with caged carbamoylcholine The side view of a cell—

RL, is independent of neurotransmitter concentra- fiow device [38] used to equilibrate the cell surface with
tion and consists of the sum of the rate constant ligands is shown on the left. A laser is used to produce a pulse
leading toRL and the rate constant leading to the of light at a wavelength in the region of 308-3gm. The
open-channel forf22RL, . Additional information 'aser beam is introduced from an optical fiber of 200 diam-

. . . eter. The fiber is adjusted to be400 um away from the cell
abou_t the life times an_d rate_ constants of interest so that the area illuminated around the cell has a diameter of
can in theory be obtained if one can make the ~300-400um. The energy of the pulse of light emerging

measurements over a wide range of neurotransmit-from the fiber is ~500 mJ[4].
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4. Transient kinetic techniques developed for

investigations of
function

neurotransmitter receptor

497

is analyzed. In the case of receptors on the surface
of a cell, they can be equilibrated with a neuro-
transmitter solution flowing over the cell. The
current due to opening of receptor-channels can

Of all the techniques that have been developed theén be determined by the whole-cell current-

to investigate reactions in solutiofs, 6], the flow
technique of Hartridge and Roughtfs] appeared
most promising for use in investigations of cell

recording technique, which allows one to accurate-
ly determine, in the sub-millisecond time region,
the current coming from all open receptor-channels

surface receptors. In this technique two solutions ©n the cell surface[37]. There are, however,
of reactants flow through separate tubes, meet angSeveral problems with flow techniques when
mix in the millisecond time region, and the product applied to cell surface receptors that have not been
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appreciated. These problems are best illustrated by
examples that | shall give after | explain the rapid
reaction technique we developed to overcome
them, namely the laser-pulse photoly<isaPP
technique[18]; reviewed in Hess and Grewéd].

In the laser-pulse photolysis techniq(eig. 3),
the cell is equilibrated with a biologically inactive,
photolabile precursor of a neurotransmitter. A solu-
tion of the precursor flows over the cell surface.
The precursor equilibrates with the receptors on
the cell surface. It is then photolyzed by a single
laser pulse to give rise to the free neurotransmitter
in the microsecond-to-millisecond time region
[18]. The free neurotransmitter binds to the recep-
tors and causes the channels to open. One can
then measure the ensuing curréhtg. 49).

Fig. 4. (a) Laser-pulse photolysis experiment. The whole-cell
current(dotted line was recorded from an isolated rat hippo-
campal neuron at-60 mV, ~22 °C, and pH 7.4. The current
was induced by laser-pulse photolysis of 5 mM ©ENB-
caged glutamate at time 0. The current rises very rapidly, reach-
ing its maximum within 1 mgthe formation of open channels
and then, in a slower time region, the current decreases as the
channels closédesensitization In this trace, the concentration

of glutamate released was estimated to be 0.4 mM, by com-
paring the maximum amplitude of the corrected whole-cell cur-
rent in the presence of 0.5 mM of glutamate applied using the
cell-flow technigue before and after the laser-pulse trace was
obtained. The rising phase of the current can be fitted by a
single exponential and in this trace the observed rate coeffi-
cient, k,ps Was determined to be-3000 st [39]. (b) Cell-

flow experiment. The whole-cell current was recordddtted
line) from an isolated rat hippocampal neuron -a60 mV,
~22°C, and pH 7.4 when 0.5 mM of glutamate solution was
applied at time ([39] using the cell-flow techniqué38,47.

The current corrected for receptor desensitizafir is indi-
cated by the thin line.
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Table 1
Photolytic properties of biologically inert, photolabile derivatives of neurotransmitters caged with a—carboxy-2-nitrobenzyl group

(pH 7.5,22 °C)
NO,
H—
a-carboxy-2-nitrobenzyl group G—T
COOH

Caged Group  Photolysis Product Target Reference
Neurotransmitter Caged  ty(us) Quantum Yield Receptor
I. Carbamoyicholine carbamate 45 0.8 Acetylcholine Milbum et al.
NO, ﬁ 1989 (18]
b—Tu-m—c-o—(cnz)f—Nfcns),
COOH
Il. Glutamate y-carboxyl 21 0.14 Glutamate Wieboldt er al.
NO, (o} 1994 [50]
é—crn—o—c—-(c&z)z-cn-m,
COOH H
Wl. y-Aminobutyric acid (GABA)  y-carboxyl 19 0.16 GABA Gee etal.
NO, ﬁ 1994(51]
mﬂ—o—c—(c"‘z)rNHz
COOH
IV. Kainate O,  y-carboxyl 45 0.37 Kainate Niu et al.
NO, ﬁ OH 1996[52]
opi pw
COOH
HaC

CH;

Photolabile protecting groups for functional groups tions of theo-nitrobenzyl groug42,44 to synthe-
commonly found in amino acids and nucleic acids size photolabile derivatives of ATP. Another
have been used by organic chemists for the last nitrobenzyl derivative of ATP was synthesized by
40 years[40-44. These compounds, in biology Trentham and co-workergt8] and shown to lib-
called caged compounds, were first used for the erate ATP on photolysis with a rate of 220's at
solution of biological problems by Kaplan et al. pH 7.0. The first attempt to synthesize a compound
[45] for the purpose of rapidly generating signifi- suitable for pre-steady state kinetic investigations
cant and known concentrations of substrates or of neurotransmitter receptof¢he nAChR on cell
inhibitors inside a cell. These authors used varia- surfaces, N-[1-(2-nitropheny)-ethyl] carbamoyl-
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Table 2 _ o tolyzed in the microsecond time domain but it was
Equations for reaction scheme shown in Fig. 1b not biologically inert and both inhibited and inac-
tivated the nAChR. The first successful compound
for such investigations of this membrane-bound
protein was synthesized by Milburn et 48],

1= a1 —XP — K od)] (€) who introduced a new-nitrobenzyl derivative,
L2 the a-carboxy-2-nitrobenzyl group, in order to
ko*bs=kc|+ko;(m) ‘cage’ carbamoylcholine. At room temperature and
1

neutral pH, the compound is photolyzed with a
I, Ima represent the whole-cell current at timeand at the rate of 17 000 st (1,,,=41 ps) and a quantum

current maximum, respectlvelk_tObs is the observed first-order yieId of 0.8. It was demonstrated that neither the
rate constant for the current risky k., and K, represent the

rate constants for channel closing and channel opening, and the¢@9€d compound nor the photolyzed caging group

receptor—ligand(L) dissociation constant, respective(fig. affect the measured properties of the nAChR in
1b). BC;H1 cells [18]. Since then, thex-carboxy-2-
(In)n= (€= DX (Topdi + ([ obd)s o) nitrobenzyl group has been successfully used in

. . the synthesis of caged neurotransmitters suitable
In cell-flow experiments the current observed during the cur-

rent rise time is corrected for receptor desensitization occurring for pre-steady-state k_metlc Ir_]veStlgatlons of the
during each time intervah: of approximately 1 ms. Aften glutamate [50], y-aminobutyric acid (GABA)
constant time intervalé:Ar=1,) during each of which the cur-  [51], kainate [52], and serotonin[53] receptors
rent (Iops)s, is measured, the corrected currdptis given by (Table 7). Rapid chemical kinetic investigations
Eq. (2), where (losg)s, is the observed current during thih using the laser-pulse photolysis technique and

time interval and, is equal to or greater than the current rise d t itt h b ied out
time, the time it takes the current to reach a maximum value. caged neurotransmitiers have now been carried ou

Under conditions of laminar flow of the neurotransmitter solu- With the nicotinic acetylcholing19]; reviewed in
tion over the cell, the value df, was found to be independent Hess and Grewef4], y-aminobutyric acid[54],
of the solution velocities used and could be determined with

good precisiorn( +10%) [47].

In=IuwRu(RLy)s; (RLp)o=L?/[(L+K,)*®+L7 3
[[Rw(Ia) " = 2= 02+ DV, [Ly]

3000

I, is the current due to open receptor-channels in the cell 2500
membrane corrected for receptor desensitizafigrihe current
due to 1 mol of open receptor-channdtg,. represents the num- 2000
ber of moles of receptors in the cell membrane &id rep- —
resents the fraction of receptor molecules in the open-channel |L”, 1500
form. @ represents the channel-closing equilibrium constant «
and all other symbols are defined in Fig. 6. S

>~ 1000
kos=k K /(K \+1 )]+ kofL/(L+K | (42) .
kobs=k otk ofL/(L+K K /(K 1+1 )] (4b) 500

kops IS the observed first order rate constant for the current in
presence of an allosteric inhibitd¢, represents the dissociation ! . .
constant of the inhibitor binding to the closed-channel form of 0.1 0.0 0.1 0.2

the receptoKEq. (4b)) andIEI the dissociation constant of the |_2/([_.|.K1)2
inhibitor binding to the open-channel form of the recetéq.
(4b)). All the other symbols are defined in Fig. 6.

Fig. 5. Determination ok,, andk and K, for the opening of
nAChR-channels in B¢ H1 cells at pH 7.4, 28, and —60

. mV. The values ok,,s determined from an experiment similar
choline, was made by Walker et du9). Carba- to the one shown in Fig. 4a plotted according to Eq).(Table

moylcholine activates the nAChR and is more ). The values ok, ko, andk, are 12000 s* , 5008 , and
stable than acetylcholine. The compound was pho- 210 uM respectively[19].
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glycine [55], and glutamate[39] receptors. The nation for this is that in the cell-flow experiment
results obtained with the LaPP technique and with the receptors desensitize while the neurotransmitter
other methods are compared in the references cited.equilibrates with the receptors. If one takes the
A typical laser-pulse photolysis experiment illus- theory of the solution flow over submerged objects
trating the use of the technique in investigating into accounf56,57, as well as the rate of receptor
the glutamate receptor in hippocampal neurons is desensitization, the observed current amplitude can
shown in Fig. 4a. A cell in the whole-cell recording be corrected(Table 2, Eq.(2)) [47]. The wavy
mode [37] was equilibrated with caged glutamate, line parallel to the abscissa gives the current
which upon photolysis yielded 0.4 mM of gluta- amplitude corrected for receptor desensitization in
mate at zero time. In the resulting current trace, the cell-flow experiment(Fig. 4b). Agreement
we see two phases of the reaction. The current between the current amplitude obtained in laser-
rises due to the formation of open receptor-chan- Pulse photolysis experiments and the corrected
nels and this phase follows a single exponential current amplitude in cell-flow experiments has
rate law[Table 2, Eq.(1)]. The maximum current invariably been obtainedreviewed in Hess and
amplitude is reached within approximately 1 ms. Grewer[4]). In experiments with they-aminobu-
Then in a much slower time region the current tyric acid receptor, when comparison between
decreases due to receptor desensitization and thdlowing solutions over small membrane patches
closing of receptor-channels. It is instructive to (rather than whole cel)s[59] and the laser-pulse
look at an experimentFig. 4b) in which 0.5 mM photolysis technique was possiblg54], we
of glutamate rather than caged glutamate flowed observed that the time resolution with membrane
over the same cell as was used in the experiment!OatChes of 2:m diameter, although vastly
in Fig. 4a. The diameter of the cell was approxi- improved, was still not sufficient to determine the
mately 20nm and the rate of flow of the glutamate

effect of neurotransmitter concentration on the
solution was approximately one cell diameter per

channel-opening rate. Because the number of
0.5 ms. When small electrodétip diameter ~ 1 receptors in such membrane patches is much small-
wm) that can sense a change in electrolyte com-

er than in whole cells the fact that two different
position are used, this flow rate is verified. Why receptor forms with different desensitization rates
does it take the current+ 10 times longer in the

and different rate constants for channel opening
flow experiment(Fig. 4b) to reach its maximal ?nxéittsmvsirt]ﬁ fneélri[gf;rma;aqgagsggegr:g i?:;gin-
value_than it_does in t.he laser-pulse photolysis mation that can be extracted, from laser-pulse
experlment(Flg. 43, with the same cell and photolysis experiments such as that illustrated in
essentially the same neurotransmitter concentra—Fig. 4a is shown in Fig. 5. Under conditions where
tion? The theory of solution flow over spherical g jjjibration of the receptors with neurotransmitter
objects predicts that objects as Ia_rge as the cell arejg rapid compared to channel opening, the channel-
expected to be covered by a layeliffusion layep opening rate is determined by a first-order rate
of water [56,57. In cell-flow experiments such constant(Table 2, Eq.(1)).

as the one illustrated in Fig. 4b, the observed | Fig. 5 the observed first-order rate constant
current amplitude is expected to be determined by fqr opening of the nAChR channel is plotted as a
the rate of flow of the solution, the diffusion function of the ligand concentration. The slope of
constant of the ligand, the time it takes to replace the line gives the channel-opening rate constant.
the diffusion layer by the solution containing the The intercept gives the rate constant for channel
neurotransmitter, and the rate of receptor desensi-closing. From the effect of neurotransmitter con-
tization [47,58. It should be noticed that the centration on the maximum current amplitude we
observed maximum current amplitude in the cell- obtain information about the observed dissociation
flow experiment (dotted line Fig. 4b is much  constant of the neurotransmitter—receptor com-
lower, even with the same cell, than in the laser- plexes (Table 2, Eg.(3)). Additionally, if an
pulse photolysis experimeltFig. 4a). The expla- inhibitor that affects channel opening or closing is
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applied, either the intercept or the slope, or both, 5. Use of transient kinetic techniques to solve
change. From this change one can calculate thebiological problems not soluble by techniques
dissociation constant of the inhibitor from both the in which the application of ligands is slow
closed- and open-channel forriEable 2, Eq(4)).

Investigation of the nAChR19], and similar
experiments carried out with thg-aminobutyric
acid [54], glycine [60] and glutamatd39] recep-

In conclusion, | will illustrate one practical
aspect of rapid chemical kinetic investigations of
a membrane-bound protein. The inhibition of the

tors, indicate that many of the constants of the nAChR by the abused drug cocaine is of interest.
mechanism shown in Fig. 1b can now be evaluat- This receptor is one of several proteins important
ed. These are the rate constants for channel opendin nervous system function that is inhibited by
ing and closing, the rate constant for receptor cocaine. Understanding the mechanism of inhibi-
desensitization, the channel-opening equilibrium tion of the nAChR has been a major goal of this

constant, and the observed dissociation constant offield for over two decaded36,61,62. Despite

the receptor—neurotransmitter complex. One can
determine whether an inhibitor is competitive or
allosteric (not competitive. One can evaluate the
apparent dissociation constant of competitive
inhibitors and the apparent dissociation constants
of allosteric inhibitors binding to the closed- or
open-channel forméTable 2,(Eq. (4).

(@)
R+I+L

K1

RL2 R—L_z (Open)

3

RIL*Z (closed)
(b)

Ki
R+I+L

RL; RL) (open)

K1 —K—I

%
RILy==—==RIL, (closed)

(©)
R+I+L

kop

kcl

K1 —_
RL, (open)

RL,
Ky _Ia

*

ko

RIL, RIL, (open)

ol *

Fig. 6.

Fig. 6. Proposed mechanisms for the inhibition of NAChR by
MK-801 and cocaine. In each case, the upper line represents
the minimum mechanism for the opening of the receptor-chan-
nel [16]. ReceptorR binds the neurotransmittér (or another
activating ligand, for instance carbamoylcholn®&L, repre-
sents the closed-channel conformatioRg., represents the
open-channel conformation of the receptor that allows inor-
ganic cations to cross the cell membraig.is the observed
dissociation constant for the activating ligarig, and k. are

the rate constants for channel opening and closing, respectively.
1 (=kop/key) is the channel-opening equilibrium constant
[4]. The reactions shown occur in the microsecond to millisec-
ond time region[4]. For clarity, the desensitization reaction,
which in the case of the nAChR occurs in the 100-500-ms
time region[4,17 and the binding of the inhibitor | to the
unliganded receptor form are not shown. The relatively slow
transitions of receptginhibitor complexes to non-conductive
forms [67] are also not shown(a) Channel-blocking mecha-
nism in which the inhibitor binds in the open channel and
blocks it[61]. (b) Extended channel-blocking mechanism. The
inhibitor binds to the closed- and open-channel forms giving

the non-conductive receptor forniBL, andIRL,. K, and K

are the observed inhibitor dissociation constants pertaining to
the closed- and open-channel form, respectiv@y.Proposed
cyclic inhibition mechanism involving a complex of the inhib-
itor with the open-channel conformation in which the open
channel is not blocked by the inhibitér.e. it conducts ions

This minimum mechanism is based on chemical kinetic meas-
urements[67,68. The principle of microscopic reversibility
requires that the rationk;/K,=®"1/®;5 where ®;5'=

kop* /ko*. Therefore, compounds that bind to a regulatory site
with higher affinity for the closed-channel conformation than
the open-channel form will shift the equilibrium toward the
closed-channel form and inhibit the receptor. Compounds that
bind to the open-channel conformation with equal or higher
affinity than to the closed-channel form are not expected to
change the channel-opening equilibrium constant unfavorably.
These compounds are, therefore, expected to displace inhibitors
from the regulatory sites without inhibiting receptor activity

[69.
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intensive efforts, no specific drug that prevents 100
cocaine inhibition of any of the important proteins

in the nervous system has yet been found 80- & Cell flow
(reviewed in Carroll et al[63]). There are more % typ=12ms e Laser pulse
than 5 million cocaine users in the United States 60+ \.

alone at an estimated cost to society ef60 T—ee

billion dollars [64]. As | shall demonstrate, the 407 N

N t/o=300 ms
use of pre-steady-state kinetic investigations led to b 2

Percent maximum current

. AR 20+ S~
the proposal of a new mechanism for inhibition of ~e _ _ A A
the nAChR[65-69 and suggested another chem- 0 b ] — e
ical approach to test this mechanisim0]. This 0.1 0.5 1.0
approach led to the first proof that compounds Time (sec)

exist that can prevent cocaine inhibiti¢&9].

Fig. 6 shows several possible mechanisms of Fig. 7. Laser-pulse and cell-flow experiments of the inhibition
inhibition of the neurotransmitter receptors. The ©f the nAChR by 20Q.M MK-801 in the presence of 100M
receptorR reacts with a neurotransmittérto form OF carbamoylcholine, 22C, —60 mV, pH 7.4. Two phases of

S . inhibition are shown. A fast process withrg, of 12 ms and
a complex, which is transiently converted to the 5 second slower process withrg, of 300 ms.
open-channel form. Mechanism A is the one that
is generally accepted36,61,62,72 It suggests o o _
that inhibitors bind in the open channel and block The results indicate that two inhibitory sites are
it. Th|s mechan|sm for the nAChR |S based ma|n|y present One is I’eadl|y aCCBSSIble to the InthItOI’

on results obtained using the single-channel cur- from the solution covering the surface of the
rent-recording technique of Neher and Sakmann Mmembrane, and a second site is somewhere at the

[33] in which the receptor is exposed to low interface between the membrane and the receptor.
concentrations of neurotransmitter for considerable Two sites that equilibrate in different time domains

periods of time. But other mechanisms are not are also seen when cocaine is the inhibit6€].
excluded by these measureme[8g,71-73. Therefore, in experiments done before the intro-

In the second mechanism, Mechanism B, an duction of transient kinetic techniques for use with
inhibitor binds both before and after the channel membrane-bound proteins, inhibition of the n-
opens. Once the inhibitor binds the receptor does AChR observed on a slow time scale reflects the
not form an open channel. properties of not just one but two different inhib-

A third possible mechanism, Mechanism C, is itory sites.
at the bottom of Fig. 6. Mechanism C entails a  The results of transient kinetic kinetic investi-
cyclic equilibrium between the open- and closed- gations of the inhibition of the muscle type nAChR
channel forms. In this mechanism, receptor inhi- expressed in BC H1 cells are consistent with the
bition is the result of an unfavorable change in the cyclic mechanism shown in Fig. 6Mechanism
channel-opening equilibrium constant as a result C) [65—67. In this mechanism, the ratio of the
of the inhibitor binding with higher affinity to the  channel-opening equilibrium constant in the
closed- than the open-channel fof68). absence and presence of an inhibitor are equal to

The use of transient kinetic techniques revealed the ratio of the dissociation constants for the
new information about the inhibition mechanism inhibitor from the open- and closed-channel forms
of the nAChR by the anticonvulsant MK8(57] [69].

(Fig. 7). The experiments showed that the inhibi-  Two predictions arise from this mechani$69].
tion occurs in two phases, a very rapid phase with The first is that compounds that bind with higher
a half time of approximately 12 ms, and a much affinity to the closed-channel form than to the
slower phase with a half time of 300 ms. In fact, open-channel form will shift the equilibrium
the slow phase is seen whether the inhibitor is towards the closed-channel form. They will inhibit
applied from inside or outside the cell membrane. the receptor.
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The mechanism also makes an exciting predic- 55.
tion [69]. This is that the compounds that bind to :
the open-channel form with equal or higher affinity 5.0
than to the closed-channel form will not change 454 T
the channel-opening constant. They will not, there- 0] {
fore, inhibit the receptor, but they will still displace ’ I
inhibitors. We could now test this prediction. 35 } I
We confirmed [70] the predictions by using § 3.0
combinatorial synthesi§75,78 and acetylcholine 25 RES
receptor-rich membranes from tlierpedo califor- ] { ______________________
nica electroplax. Two classes of RNA polymers 20- I I {
(aptamery were isolated, Class | and Class 15
I, each with a different consensus sequence
(Table 3 [70]. We demonstrated that two 10 00 10 20 30 40 50 &0
types of compound do exist, as predicted by the [Aptamerl(uM)

mechanism, Class | aptamers bind with higher

?ffm'ty to the Closef_j'cha_mnel form of the NAChR  Fig. 8. Alleviation by RNA aptamer II-3 of NAChR inhibition
in BC;H1 cells and inhibit the recept¢v(]. Class by cocaine[69]. The whole-cell current corrected for receptor
Il aptamers bind with about equal affinity to the desensitization was determined by using the cell-flow tech-

closed- and open-channel forms and prevent recep_nique [47]. At a constant concentration of 1QCM of carba-
tor inhibition [69] (Fig 8) moylcholine, the ratio of the maximum current amplitude

. : \ . . obtained in the absencd, and presence4, at a constant
Transient kinetic t_eChmqueS have preWOUS_ly concentratior(150 p.M) of cocaine was determined as a func-
made an enormous impact on our understandingtion of the concentration of RNA aptamer II-3. The BC H1

of biological reactions in 30|utior{5,6,9_11_ | cell was preequilibrated with aptamers 11-3 for 2 s at 22,

have described the rapid reaction techniques that 80 mV. and pH 7.4. Each data point represents the average

are now available to investigate reactions on cell of two to three experiments and using an average of two cells
. . per point.

surfaces(reviewed in Hess and Grewdd] and

Gee et al.[77]). | have given an example that

suggests that they may be as important in investi-

gations of rapid reactions on cell surfaces as they

have been previously in investigations of rapid

reactions in solution. | have given one example in

which these techniques provide information that

was not obtainable by previous techniques in

which ligands were equilibrated with cell surface Acknowledgments

receptors slowly (seconds time domain The

application of these rapid chemical kinetic tech- | wish to acknowledge grant$NS08527 to

nigues to investigations of membrane-bound pro- G.P.H., GM04843 to G.P.H., DA 11643A to R.E.
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implicated in many diseases of the nervous system
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