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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 membrane12

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 illustrate
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.
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Professor John T. Edsall’s lectures and
publicationsw1–3x on the application of physical
techniques to the solution of important biological
problems have had an important influence on my
education and subsequent research. I am honored
to dedicate this article to his memory.
Transient(pre-steady state) techniques in which

membrane-bound proteins can be equilibrated with
their respective ligands within microseconds, and
the ensuing reaction can be investigated in this
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time region, were developed only recentlyw4x.
These techniques and some of their applications
are the subject of this paper.

1. Historical perspective

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
w5–8x. These techniques have been invaluable in
elucidating complex sequences of biological reac-
tions and the specific elementary steps in such



494 G.P. Hess / Biophysical Chemistry 100 (2003) 493–506

Fig. 1. (a) The connection between three neurons are shown.
When the upper cell on the right is activated, it releases an
excitatory neurotransmitter(e.g. acetylcholine, glutamate)
from vesicles in the nerve terminal. When the lower cell on
the right is activated, it releases an inhibitory neurotransmitter
(e.g.g-aminobutyric acid, glycine) from vesicles. When exci-
tatory neurotransmitters bind to their respective receptors on
the receiving neuron, cation-conducting transmembrane chan-
nels transiently open. When inhibitory neurotransmitters bind
to their respective receptors on the receiving neuron, anion-
conducting transmembrane channels transiently open.(b) The
reaction scheme of the nicotinic acetylcholine receptor is con-
sistent with available structuralw12x and kinetic information
w15x and was first suggested by Katz and Thesleffw16x. R rep-
resents the unliganded receptor,RL the liganded receptor inn

the closed-channel conformation, the open-channel formRLn

of the receptor, and the subscriptn the number of neurotrans-
mitter (L) molecules bound to the receptor.D represents the
inactive, desensitized receptor form. The rate of receptor desen-
sitization was believed to occur in the second time regionw16x.
Rapid kinetic investigations indicated that rapid receptor desen-
sitization of the muscle nAChR occurs in the millisecond time
region w17x. The channel-opening rate constant for the muscle
nAChR was investigated by use of the laser-pulse technique
w18x by Matsubara et al.w19x.

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 codew9–11x.

2. Reactions mediated by membrane-bound
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-
plasm. Here I shall concentrate on one of the most
thoroughly investigated of these membrane-bound
proteins, the nicotinic acetylcholine receptor
(nAChR) w12x; reviewed in Kandel et al.w13x,
which participates in reactions leading to signal
transmission between nerve cells and nerve and
muscle cells. This receptor belongs to a class of
structurally related membrane proteins, the neuro-
transmitter receptors, that mediate chemical reac-
tions controlling signal transmission between some
10 neurons, reactions that are believed to be12

basic to brain functionw13,14x.
The function of neurotransmitter receptors in

the nervous system is illustrated in Fig. 1a. When
an electrical signal reaches a nerve terminal, chem-
ical signals, neurotransmitters, for instance acetyl-
choline, glutamate,g-aminobutyric acid, glycine,
are released from vesicles in the nerve terminal
w20,21x. The neurotransmitter released by one cell
diffuses across a gap(synapse) of approximately
20–40 nm between two cells and binds to
membrane-bound neurotransmitter receptors on the
second cell. Thus the signal transmission process
is continued. The nAChR, one of the neurotrans-
mitter receptors, consists of five transmembrane
subunits of approximately 55 000 MW eachw22–
24x. On binding the neurotransmitter acetylcholine
the transmembrane receptor-channel transiently
opens and allows the passage of sodium and
potassium ions through the channel. Other neuro-
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Fig. 2. (a) Recording of the opening and closing of a single
transmembrane channel, low pass filtered at 1 kHz and record-
ed at a rate of 4 kHz(from Heinemannw34x). (b). Example
of the distribution of shut times of the nAChR at;130 mV
activated by 100mM suberyldicholine. The graph shown sum-
marizes all observations taken at different frequencies(from
Colquhoun and Sigworthw35x).

transmitter receptors, for instance the one activated
by g-aminobutyric acid(GABA), allows the pas-
sage of chloride ions. The charge of the ions, as
well as their concentration, determines the sign
and magnitude of the change in the transmembrane
voltagew25–27x.
When the potential across the cell membrane

reaches a critical value of approximatelyy40 mV,
voltage-activated Na channels in the axon of theq

cell are openedw28,29x. This leads to propagation
of an electrical signal along the axon of the cell,
with a rate of up to 1000 m s . When they1

electrical signal reaches the nerve terminal neuro-
transmitters are secreted adjacent to the next cell
w20x and the process can be repeated.

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

What is the chemical reaction mediated by these
receptors? Fig. 1b shows a mechanism of the
reaction mediated by the nAChR proposed by Katz
and Thesleff in 1957w20x. It is based on experi-
ments in which the cell surface receptors are
slowly (seconds) equilibrated with the neurotrans-
mitter (acetylcholine). According to this mecha-
nism, upon binding neurotransmitter the receptor
rapidly opens a transmembrane channel permeable
to Na and K . The channel closes again whenq q

acetylcholine is removed(by diffusion or enzy-
matic breakdown). Upon prolonged exposure to
acetylcholine the channel becomes reversibly inac-
tivated (desensitized), in the second time region.
Katz and Miledi w30x observed electrical noise
when the neurotransmitter is applied to the receptor
and interpreted this as due to the opening of
receptor-formed transmembrane channels.
Subseqently two techniques were developed in

which the cell surface receptors were equilibrated
with the neurotransmitter within seconds but sub-
sequent steps of the reaction could be observed in
the sub-millisecond time domain. In one technique,
the quasi-equilibrium of the reaction steps is per-
turbed by a voltage jump. Assigning the observed
changes in membrane conductance to a definite
step in the channel-opening process proved diffi-
cult w31,32x. The other technique developed to

detect the current passing through a single receptor-
formed channel, the single-channel current-record-
ing technique w33x (Fig. 2a), allows one to
determine the life time(related to the time the
channel remains open), the conductance(measured
by the current amplitude of the open channel), and
the ion specificity of a single channel. This elegant
technique was perfected for easy and convenient
use and is now used by a large international group
of scientists. It has revolutionized electrophysiol-
ogy w36x, and is providing a wealth of information
about the single-channel properties of many differ-
ent channels and their isoforms and how those
properties change under different conditionsw36x.
The critical voltage change across the membrane

of a cell at a synapse(Fig. 1a) that determines
whether the signal is transmitted or not does not
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Fig. 3. Schematic drawing of the experimental arrangement
used in the laser-pulse photolysis technique. A BC H1 cell of3

;20 mm diameter carrying muscle nAChRs and attached to
an electrode for whole-cell current recordingw37x was equili-
brated with caged carbamoylcholine The side view of a cell–
flow device w38x used to equilibrate the cell surface with
ligands is shown on the left. A laser is used to produce a pulse
of light at a wavelength in the region of 308–337mm. The
laser beam is introduced from an optical fiber of 200-mm diam-
eter. The fiber is adjusted to be;400mm away from the cell
so that the area illuminated around the cell has a diameter of
;300–400mm. The energy of the pulse of light emerging
from the fiber is;500 mJw4x.

depend just on the conductance or life time of the
single receptor-channel. Whether an electrical sig-
nal is transmitted or not depends also on the
number of receptor channels that open within a
definite period of time and how long the channels
remain open. What fraction of the receptor-chan-
nels present open at a particular concentration of
neurotransmitter? How long does it take them to
open? And how long do they remain open? To
answer some of these questions one needs to know
the rate constants associated with individual steps
of the mechanism(ligand binding, channel open-
ing, channel closing and receptor desensitization)
and the equilibrium constants(the neurotransmit-
ter–receptor dissociation constants and the chan-
nel-opening equilibrium constant). Can one obtain
additional information about the receptor mecha-
nism in Fig. 1b by using the single-channel cur-
rent-recording technique? In principle, more
information about the receptor mechanism can be
obtained by analyzing the very short closed times
between the opening of single channels(Fig. 2a).
For the mechanism shown in Fig. 1b, these closed
times are expected to contain information about
the life times of three forms of the receptor,R, RL
andRL (Fig. 1b). The closed-time distribution of2

the nAChR is, therefore, expected to have three
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 suberyldicholine(which acts as a neuro-
transmitter) is shown in Fig. 2b(Fig. 15 on p.
517 of Colquhoun and Sigworthw35x). For the
mechanism shown in Fig. 2, each lifetime has
several components. The lifetime of the unliganded
receptor form R consists of the rate constant
leading away from theR state multiplied by the
neurotransmitter concentration. The lifetime ofRL
is the sum of the rate constant leading toR and
the rate constant leading toRL multiplied by2

neurotransmitter concentration. The lifetime of
RL is independent of neurotransmitter concentra-2

tion and consists of the sum of the rate constant
leading toRL and the rate constant leading to the
open-channel form . Additional information-22RL2
about the life times and rate constants of interest
can in theory be obtained if one can make the
measurements over a wide range of neurotransmit-

ter concentrations. The single-channel recording
technique is, however, limited in this regard. It
involves equilibration of receptors with neurotrans-
mitter for some length of time(seconds to
minutes) so that enough data can be collected for
the statistical analysis of the life times and current
amplitudes of single channels. Because of receptor
desensitization leading to closure of receptor-chan-
nels, the neurotransmitter concentration must be
kept low enough so that one can still obtain a
current signal.
It has been well established in investigations of

reactions in solution that when slow equilibration
of reactants prevents evaluation of rapidly equili-
brating reaction steps, much additional information
can be obtained by use of rapid reaction techniques
w5,6,9–11x. I shall now demonstrate that rapid
reaction techniques developed for investigations of
reactions on cell surfaces are capable of producing
similar useful information.
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Fig. 4.

Fig. 4. (a) Laser-pulse photolysis experiment. The whole-cell
current(dotted line) was recorded from an isolated rat hippo-
campal neuron aty60 mV,;22 8C, and pH 7.4. The current
was induced by laser-pulse photolysis of 5 mM ofaCNB-
caged glutamate at time 0. The current rises very rapidly, reach-
ing its maximum within 1 ms(the formation of open channels)
and then, in a slower time region, the current decreases as the
channels close(desensitization). 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 technique 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 , was determined to be;3000 s w39x. (b) Cell–y1

obs

flow experiment. The whole-cell current was recorded(dotted
line) from an isolated rat hippocampal neuron aty60 mV,
;22 8C, and pH 7.4 when 0.5 mM of glutamate solution was
applied at time 0w39x using the cell–flow techniquew38,47x.
The current corrected for receptor desensitizationw47x is indi-
cated by the thin line.

4. Transient kinetic techniques developed for
investigations of neurotransmitter receptor
function

Of all the techniques that have been developed
to investigate reactions in solutionsw5,6x, the flow
technique of Hartridge and Roughtonw5x appeared
most promising for use in investigations of cell
surface receptors. In this technique two solutions
of reactants flow through separate tubes, meet and
mix in the millisecond time region, and the product

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
then be determined by the whole-cell current-
recording technique, which allows one to accurate-
ly determine, in the sub-millisecond time region,
the current coming from all open receptor-channels
on the cell surfacew37x. There are, however,
several problems with flow techniques when
applied to cell surface receptors that have not been
appreciated. These problems are best illustrated by
examples that I shall give after I explain the rapid
reaction technique we developed to overcome
them, namely the laser-pulse photolysis(LaPP)
techniquew18x; reviewed in Hess and Grewerw4x.
In the laser-pulse photolysis technique(Fig. 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
w18x. The free neurotransmitter binds to the recep-
tors and causes the channels to open. One can
then measure the ensuing current(Fig. 4a).
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Photolabile protecting groups for functional groups
commonly found in amino acids and nucleic acids
have been used by organic chemists for the last
40 yearsw40–44x. These compounds, in biology
called caged compounds, were first used for the
solution of biological problems by Kaplan et al.
w45x for the purpose of rapidly generating signifi-
cant and known concentrations of substrates or
inhibitors inside a cell. These authors used varia-

tions of theo-nitrobenzyl groupw42,46x to synthe-
size photolabile derivatives of ATP. Another
nitrobenzyl derivative of ATP was synthesized by
Trentham and co-workersw48x and shown to lib-
erate ATP on photolysis with a rate of 220 s aty1

pH 7.0. The first attempt to synthesize a compound
suitable for pre-steady state kinetic investigations
of neurotransmitter receptors(the nAChR) on cell
surfaces,N-w1-(2-nitrophenyl)-ethylx carbamoyl-
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Table 2
Equations for reaction scheme shown in Fig. 1b

w xI sI 1yexpyk t (1)Ž .t max obs

2B EL
C F˜k sk qkobs cl op
D GLqK1

I I represent the whole-cell current at timet and at thet, max

current maximum, respectively.k is the observed first-orderobs

rate constant for the current rise.k k andK represent thecl, op 1

rate constants for channel closing and channel opening, and the
receptor–ligand(L) dissociation constant, respectively(Fig.
1b).

aDtI s e y18 I q I (2)Ž . Ž . Ž . Ž .tn DtiA Ž obs obs.Dtn
In cell–flow experiments the current observed during the cur-
rent rise time is corrected for receptor desensitization occurring
during each time intervalDt of approximately 1 ms. Aftern
constant time intervals(nDtst ) during each of which the cur-n

rent (I ) is measured, the corrected currentI is given byobs Dt A

Eq. (2), where(I ) is the observed current during theithobs Dti

time interval andt is equal to or greater than the current risen

time, the time it takes the current to reach a maximum value.
Under conditions of laminar flow of the neurotransmitter solu-
tion over the cell, the value ofI was found to be independentA

of the solution velocities used and could be determined with
good precision("10%) w47x.

22 2w xI sI R RL ; RL sL y LqK FqL (3)Ž . Ž . Ž .o oA M M 2 2 1

y1 1/2 1/2 1/2 y2w x w xI R I y1 sF qF K LŽ .M M A 1 1

I is the current due to open receptor-channels in the cellA

membrane corrected for receptor desensitization,I the currentM

due to 1 mol of open receptor-channels.R represents the num-M

ber of moles of receptors in the cell membrane and rep-RL2
resents the fraction of receptor molecules in the open-channel
form. F represents the channel-closing equilibrium constant
and all other symbols are defined in Fig. 6.

2¯ ¯w x w xk sk K y K qI qk Ly LqK (4a)Ž . Ž .obs cl I I o op I

2w xw xk sk qk Ly LqK K y K qI (4b)Ž . Ž .obs cl op I I I o

k is the observed first order rate constant for the current inobs

presence of an allosteric inhibitor.K represents the dissociationI

constant of the inhibitor binding to the closed-channel form of

the receptor(Eq. (4b)) and the dissociation constant of theK̄I

inhibitor binding to the open-channel form of the receptor(Eq.
(4b)). All the other symbols are defined in Fig. 6.

Fig. 5. Determination ofk andk andK for the opening ofop cl 1

nAChR-channels in BC H1 cells at pH 7.4, 238C, andy603

mV. The values ofk determined from an experiment similarobs

to the one shown in Fig. 4a plotted according to Eq.(1) (Table
2). The values ofk k , andK are 12 000 s , 500 s , andy1 y1

op, cl 1

210mM respectivelyw19x.

choline, was made by Walker et al.w49x. Carba-
moylcholine activates the nAChR and is more
stable than acetylcholine. The compound was pho-

tolyzed in the microsecond time domain but it was
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 al.w18x,
who introduced a newo-nitrobenzyl derivative,
the a-carboxy-2-nitrobenzyl group, in order to
‘cage’ carbamoylcholine. At room temperature and
neutral pH, the compound is photolyzed with a
rate of 17 000 s (t s41 ms) and a quantumy1

1y2

yield of 0.8. It was demonstrated that neither the
caged compound nor the photolyzed caging group
affect the measured properties of the nAChR in
BC H1 cells w18x. Since then, thea-carboxy-2-3

nitrobenzyl group has been successfully used in
the synthesis of caged neurotransmitters suitable
for pre-steady-state kinetic investigations of the
glutamate w50x, g-aminobutyric acid (GABA)
w51x, kainate w52x, and serotoninw53x receptors
(Table 1). Rapid chemical kinetic investigations
using the laser-pulse photolysis technique and
caged neurotransmitters have now been carried out
with the nicotinic acetylcholinew19x; reviewed in
Hess and Grewerw4x, g-aminobutyric acidw54x,
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glycine w55x, and glutamatew39x receptors. The
results obtained with the LaPP technique and with
other methods are compared in the references cited.
A typical laser-pulse photolysis experiment illus-

trating the use of the technique in investigating
the glutamate receptor in hippocampal neurons is
shown in Fig. 4a. A cell in the whole-cell recording
modew37x was equilibrated with caged glutamate,
which upon photolysis yielded 0.4 mM of gluta-
mate at zero time. In the resulting current trace,
we see two phases of the reaction. The current
rises due to the formation of open receptor-chan-
nels and this phase follows a single exponential
rate lawwTable 2, Eq.(1)x. The maximum current
amplitude is reached within approximately 1 ms.
Then in a much slower time region the current
decreases due to receptor desensitization and the
closing of receptor-channels. It is instructive to
look at an experiment(Fig. 4b) in which 0.5 mM
of glutamate rather than caged glutamate flowed
over the same cell as was used in the experiment
in Fig. 4a. The diameter of the cell was approxi-
mately 20mm and the rate of flow of the glutamate
solution was approximately one cell diameter per
0.5 ms. When small electrodes(tip diameter;1
mm) that can sense a change in electrolyte com-
position are used, this flow rate is verified. Why
does it take the current;10 times longer in the
flow experiment(Fig. 4b) to reach its maximal
value than it does in the laser-pulse photolysis
experiment (Fig. 4a), with the same cell and
essentially the same neurotransmitter concentra-
tion? The theory of solution flow over spherical
objects predicts that objects as large as the cell are
expected to be covered by a layer(diffusion layer)
of water w56,57x. In cell–flow experiments such
as the one illustrated in Fig. 4b, the observed
current amplitude is expected to be determined by
the rate of flow of the solution, the diffusion
constant of the ligand, the time it takes to replace
the diffusion layer by the solution containing the
neurotransmitter, and the rate of receptor desensi-
tization w47,58x. It should be noticed that the
observed maximum current amplitude in the cell–
flow experiment (dotted line Fig. 4b) is much
lower, even with the same cell, than in the laser-
pulse photolysis experiment(Fig. 4a). The expla-

nation for this is that in the cell–flow experiment
the receptors desensitize while the neurotransmitter
equilibrates with the receptors. If one takes the
theory of the solution flow over submerged objects
into accountw56,57x, as well as the rate of receptor
desensitization, the observed current amplitude can
be corrected(Table 2, Eq.(2)) w47x. The wavy
line parallel to the abscissa gives the current
amplitude corrected for receptor desensitization in
the cell–flow experiment(Fig. 4b). Agreement
between the current amplitude obtained in laser-
pulse photolysis experiments and the corrected
current amplitude in cell-flow experiments has
invariably been obtained(reviewed in Hess and
Grewer w4x). In experiments with theg-aminobu-
tyric acid receptor, when comparison between
flowing solutions over small membrane patches
(rather than whole cells) w59x and the laser-pulse
photolysis technique was possiblew54x, we
observed that the time resolution with membrane
patches of 2-mm diameter, although vastly
improved, was still not sufficient to determine the
effect of neurotransmitter concentration on the
channel-opening rate. Because the number of
receptors in such membrane patches is much small-
er than in whole cells the fact that two different
receptor forms with different desensitization rates
and different rate constants for channel opening
exist in the cellsw54x was not observed in experi-
ments with membrane patchesw54,59x. The infor-
mation that can be extracted from laser-pulse
photolysis experiments such as that illustrated in
Fig. 4a is shown in Fig. 5. Under conditions where
equilibration of the receptors with neurotransmitter
is rapid compared to channel opening, the channel-
opening rate is determined by a first-order rate
constant(Table 2, Eq.(1)).
In Fig. 5 the observed first-order rate constant

for opening of the nAChR channel is plotted as a
function of the ligand concentration. The slope of
the line gives the channel-opening rate constant.
The intercept gives the rate constant for channel
closing. From the effect of neurotransmitter con-
centration on the maximum current amplitude we
obtain information about the observed dissociation
constant of the neurotransmitter–receptor com-
plexes (Table 2, Eq. (3)). Additionally, if an
inhibitor that affects channel opening or closing is



501G.P. Hess / Biophysical Chemistry 100 (2003) 493–506

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 w16x. ReceptorR binds the neurotransmitterL (or another
activating ligand, for instance carbamoylcholine). RL repre-2

sents the closed-channel conformations. represents theRL2
open-channel conformation of the receptor that allows inor-
ganic cations to cross the cell membrane.K is the observed1

dissociation constant for the activating ligand.k and k areop cl

the rate constants for channel opening and closing, respectively.
F (sk yk ) is the channel-opening equilibrium constanty1

op cl

w4x. The reactions shown occur in the microsecond to millisec-
ond time regionw4x. For clarity, the desensitization reaction,
which in the case of the nAChR occurs in the 100–500-ms
time region w4,17x and the binding of the inhibitor I to the
unliganded receptor form are not shown. The relatively slow
transitions of receptoryinhibitor complexes to non-conductive
forms w67x are also not shown.(a) Channel-blocking mecha-
nism in which the inhibitor binds in the open channel and
blocks it w61x. (b) Extended channel-blocking mechanism. The
inhibitor binds to the closed- and open-channel forms giving

the non-conductive receptor formsIRL and IRL . K and K̄2 2 1 1

are the observed inhibitor dissociation constants pertaining to
the closed- and open-channel form, respectively.(c) 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 inhibitor(i.e. it conducts ions).
This minimum mechanism is based on chemical kinetic meas-
urementsw67,68x. The principle of microscopic reversibility

requires that the rationK y sF y where sy1 y1 y1K̄ F F1 1 IO IO

k *yk *. Therefore, compounds that bind to a regulatory siteop cl

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
w69x.

applied, either the intercept or the slope, or both,
change. From this change one can calculate the
dissociation constant of the inhibitor from both the
closed- and open-channel forms(Table 2, Eq.(4)).
Investigation of the nAChRw19x, and similar

experiments carried out with theg-aminobutyric
acid w54x, glycine w60x and glutamatew39x recep-
tors, indicate that many of the constants of the
mechanism shown in Fig. 1b can now be evaluat-
ed. These are the rate constants for channel open-
ing and closing, the rate constant for receptor
desensitization, the channel-opening equilibrium
constant, and the observed dissociation constant of
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 forms(Table 2,(Eq. (4).

5. Use of transient kinetic techniques to solve
biological problems not soluble by techniques
in which the application of ligands is slow

In conclusion, I will illustrate one practical
aspect of rapid chemical kinetic investigations of
a membrane-bound protein. The inhibition of the
nAChR by the abused drug cocaine is of interest.
This receptor is one of several proteins important
in nervous system function that is inhibited by
cocaine. Understanding the mechanism of inhibi-
tion of the nAChR has been a major goal of this
field for over two decadesw36,61,62x. Despite
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Fig. 7. Laser-pulse and cell–flow experiments of the inhibition
of the nAChR by 200mM MK-801 in the presence of 100mM
OF carbamoylcholine, 228C,y60 mV, pH 7.4. Two phases of
inhibition are shown. A fast process with at of 12 ms and1y2

a second slower process with at of 300 ms.1y2

intensive efforts, no specific drug that prevents
cocaine inhibition of any of the important proteins
in the nervous system has yet been found
(reviewed in Carroll et al.w63x). There are more
than 5 million cocaine users in the United States
alone at an estimated cost to society of;60
billion dollars w64x. As I shall demonstrate, the
use of pre-steady-state kinetic investigations led to
the proposal of a new mechanism for inhibition of
the nAChRw65–69x and suggested another chem-
ical approach to test this mechanismw70x. This
approach led to the first proof that compounds
exist that can prevent cocaine inhibitionw69x.
Fig. 6 shows several possible mechanisms of

inhibition of the neurotransmitter receptors. The
receptorR reacts with a neurotransmitterL to form
a complex, which is transiently converted to the
open-channel form. Mechanism A is the one that
is generally acceptedw36,61,62,72x. It suggests
that inhibitors bind in the open channel and block
it. This mechanism for the nAChR is based mainly
on results obtained using the single-channel cur-
rent-recording technique of Neher and Sakmann
w33x in which the receptor is exposed to low
concentrations of neurotransmitter for considerable
periods of time. But other mechanisms are not
excluded by these measurementsw32,71–74x.
In the second mechanism, Mechanism B, an

inhibitor binds both before and after the channel
opens. Once the inhibitor binds the receptor does
not form an open channel.
A third possible mechanism, Mechanism C, is

at the bottom of Fig. 6. Mechanism C entails a
cyclic equilibrium between the open- and closed-
channel forms. In this mechanism, receptor inhi-
bition is the result of an unfavorable change in the
channel-opening equilibrium constant as a result
of the inhibitor binding with higher affinity to the
closed- than the open-channel formw69x.
The use of transient kinetic techniques revealed

new information about the inhibition mechanism
of the nAChR by the anticonvulsant MK801w67x
(Fig. 7). The experiments showed that the inhibi-
tion occurs in two phases, a very rapid phase with
a half time of approximately 12 ms, and a much
slower phase with a half time of 300 ms. In fact,
the slow phase is seen whether the inhibitor is
applied from inside or outside the cell membrane.

The results indicate that two inhibitory sites are
present. One is readily accessible to the inhibitor
from the solution covering the surface of the
membrane, and a second site is somewhere at the
interface between the membrane and the receptor.
Two sites that equilibrate in different time domains
are also seen when cocaine is the inhibitorw66x.
Therefore, in experiments done before the intro-
duction of transient kinetic techniques for use with
membrane-bound proteins, inhibition of the n-
AChR observed on a slow time scale reflects the
properties of not just one but two different inhib-
itory sites.
The results of transient kinetic kinetic investi-

gations of the inhibition of the muscle type nAChR
expressed in BC H1 cells are consistent with the3

cyclic mechanism shown in Fig. 6(Mechanism
C) w65–67x. In this mechanism, the ratio of the
channel-opening equilibrium constant in the
absence and presence of an inhibitor are equal to
the ratio of the dissociation constants for the
inhibitor from the open- and closed-channel forms
w69x.
Two predictions arise from this mechanismw69x.

The first is that compounds that bind with higher
affinity to the closed-channel form than to the
open-channel form will shift the equilibrium
towards the closed-channel form. They will inhibit
the receptor.
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Fig. 8. Alleviation by RNA aptamer II-3 of nAChR inhibition
by cocainew69x. The whole-cell current corrected for receptor
desensitization was determined by using the cell–flow tech-
nique w47x. At a constant concentration of 100mM of carba-
moylcholine, the ratio of the maximum current amplitude
obtained in the absence,A, and presence,A at a constant1,

concentration(150mM) of cocaine was determined as a func-
tion of the concentration of RNA aptamer II-3. The BC H13

cell was preequilibrated with aptamers II-3 for 2 s at 228C,
y60 mV, and pH 7.4. Each data point represents the average
of two to three experiments and using an average of two cells
per point.

The mechanism also makes an exciting predic-
tion w69x. This is that the compounds that bind to
the open-channel form with equal or higher affinity
than to the closed-channel form will not change
the channel-opening constant. They will not, there-
fore, inhibit the receptor, but they will still displace
inhibitors. We could now test this prediction.
We confirmed w70x the predictions by using

combinatorial synthesisw75,76x and acetylcholine
receptor-rich membranes from theTorpedo califor-
nica electroplax. Two classes of RNA polymers
(aptamers) were isolated, Class I and Class
II, each with a different consensus sequence
(Table 3) w70x. We demonstrated that two
types of compound do exist, as predicted by the
mechanism, Class I aptamers bind with higher
affinity to the closed-channel form of the nAChR
in BC H1 cells and inhibit the receptorw70x. Class3

II aptamers bind with about equal affinity to the
closed- and open-channel forms and prevent recep-
tor inhibition w69x (Fig. 8).
Transient kinetic techniques have previously

made an enormous impact on our understanding
of biological reactions in solutionw5,6,9–11x. I
have described the rapid reaction techniques that
are now available to investigate reactions on cell
surfaces(reviewed in Hess and Grewerw4x and
Gee et al.w77x). I 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. I 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
receptors slowly (seconds time domain). The
application of these rapid chemical kinetic tech-
niques to investigations of membrane-bound pro-
teins such as the neurotransmitter receptors is in
its early stages. There exists a wealth of neuro-
transmitter receptors and their isoforms of
unknown chemical mechanismsw13x. Malfunction
of neurotransmitter receptor-mediated reactions are
implicated in many diseases of the nervous system
(e.g. Huntington’s disease, Parkinson’s disease,
epilepsy). Epilepsy alone affects approximately 42
million people worldwide w78x. Many clinically
important compounds(e.g. tranquilizers, antide-

pressants) and abused drugs(e.g. cocaine) affect
receptor functionw79x. The results obtained so far
suggest that the techniques and approaches
described are capable of providing essential infor-
mation about these reactions in the future.

Acknowledgments

I wish to acknowledge grants(NS08527 to
G.P.H., GM04843 to G.P.H., DA 11643A to R.E.
Oswald, and 1U54N539408 to V. Eterovic) from
the National Institutes of Health that made it
possible to do the research described here. I also
thank Kevin Hodgson of Triple C for preparing
the illustrations.

References

w1x E.J. Cohen, J.T. Edsall, Proteins, Amino Acids, and
Peptides, Reinhold Publishing Corp, New York, 1943.



504 G.P. Hess / Biophysical Chemistry 100 (2003) 493–506

w2x J.T. Edsall, The plasma proteins and their fractionation,
Adv. Protein Chem. 3(1947) 383.

w3x J.T. Edsall, J. Wyman, Biophysical Chemistry, Academ-
ic Press Inc, NY, 1958.

w4x G.P. Hess, C. Grewer, Development and application of
caged ligands for neurotransmitter receptors in transient
kinetic and neuronal circuit mapping studies, Methods
Enzymol. 291(1998) 443–473.

w5x H. Hartridge, F.J.W. Roughton, A method of measuring
the velocity of very rapid chemical reactions, Proc. R.
Soc.(Lond.) A 104 (1923) 376–394.

w6x M. Eigen, Nobel Lectures in Chemistry 1969–1970,
Elsevier Publishing Co, Amsterdam, 1967, pp. 170–203,
Immeasurably fast reactions.

w7x R.G.W. Norrish, Nobel Lectures in Chemistry 1963–
1970. Some Fast Reactions in Gases Studied by Flash
Photolysis and Kinetic Spectroscopy, Elsevier Publish-
ing Co, Amsterdam, 1972, pp. 206–238.

w8x G. Porter, Nobel Lectures in Chemistry 1969–1970.
Flash Photolysis and Some of Its Applications, Elsevier
Publishing Company, Amsterdam, 1972, pp. 241–263.

w9x H. Gutfreund, Kinetics for the Life Sciences, Cambridge
University Press, Cambridge, UK, 1995.

w10x A. Fersht, Structure and Mechanism in Protein Science:
A Guide to Enzyme Catalysis and Protein Folding, W.H.
Freeman and Co, New York, 1999.

w11x G.G. Hammes, Thermodynamics and Kinetics for the
Biological Sciences, John Wiley and Sons, New York,
2000.

w12x N. Unwin, Acetylcholine receptor channel imaged in
the open state, Nature 373(1995) 37–43.

w13x E.R. Kandel, J.H. Schwartz, T.M. Jessel, Principles of
Neural Sciences, 4th ed, McGraw Hill, New York, 2000.

w14x F.H.C. Crick, The Astonishing Hypothesis. The Scien-
tific Search for the Soul, Macmillan Publishing Co,
New Jersey, 1994.

w15x G.P. Hess, Determination of the chemical mechanism of
neurotransmitter receptor-mediated reactions by rapid
chemical kinetic techniques, Biochemistry 32(1993)
989–1000.

w16x B. Katz, S. Thesleff, A study of the ‘desensitization’
produced by acetylcholine at the motor end-plate, J.
Physiol. Lond. 138(1957) 63–80.

w17x G.P. Hess, D.J. Cash, H. Aoshima, G.P. Hess, Acetyl-
choline receptor controlled ion fluxes in membrane
vesicles investigated by fast reaction techniques, Nature
282 (1979) 329–331.

w18x T. Milburn, N. Matsubara, A.P. Billington, et al., Syn-
thesis, photochemistry, and biological activity of a caged
photolabile acetylcholine receptor ligand, Biochemistry
29 (1989) 49–55.

w19x N. Matsubara, A.P. Billington, G.P. Hess, How fast does
an acetylcholine receptor channel open? Laser-pulse
photolysis of an inactive precursor of carbamoylcholine
in the ms time region with BC H1 cells, Biochemistry3

31 (1992) 5507–5514.

w20x B. Katz, The Release of Neural Transmitter Substances,
Liverpool University Press, Liverpool, UK, 1969.

w21x B. Katz, Nobel Lectures Physiology and Medicine,
1963–1970. On the Quantal Mechanism of Neural
Transmitter Release, World Scientific, Singapore, 1999,
pp. 485–492.

w22x R.M. Stroud, J. Finer-Moore, Acetylcholine receptor,
structure, function, and evolution, Annu. Rev. Cell Biol.
1 (1985) 317–351.

w23x A. Brisson, P.N.T. Unwin, Quaternary structure of the
acetylcholine-receptor, Nature 315(1985) 474–477.

w24x N. Unwin, The nicotinic acetylcholine receptor at 9 A˚
resolution, J. Mol. Biol. 229(1993) 1101–1124.

w25x M. Planck, Ueber die Potentialdiferenz zwischen zweiv-
erdunnten Losungen binarer Electrolyte, Ann. Phys.
Chem. 40(1890) 561–576.

w26x W. Nernst, Z. Phys. Chem. 4(1889) 129–139.
w27x D.E. Goldman, Potential impedance and rectification in

membranes, J. Gen. Physiol. 27(1943) 37–60.
w28x A.L. Hodgkin, Nobel Lectures Physiology and Medi-

cine, 1963–1970. The Ionic Basis of Nervous Conduc-
tion, World Scientific, Singapore, 1999, pp. 32–48.

w29x A.F. Huxley, Nobel Lectures Physiology and Medicine,
1963–1970. The Quantitative Analysis of Excitation
and Conduction in Nerve, World Scientific, Singapore,
1999, pp. 52–69.

w30x B. Katz, R. Miledi, The statistical nature of the acetyl-
choline potential and its molecular components, J. Phy-
siol. (Lond.) 224 (1972) 665–669.

w31x P.R. Adams, Relaxation experiments using bath-applied
suberyldicholine, J. Physiol.(Lond.) 268 (1977)
271–289.

w32x P.R. Adams, Voltage jump analysis of procaine action
at frog endplate, J. Physiol.(Lond.) 268 (1977)
291–318.

w33x E. Neher, B. Sakmann, Single-channel currents recorded
from membrane of denervated frog muscle fibres, Nature
260 (1976) 779–802.

w34x S.H. Heinemann, in: B. Sakmann, E. Neher(Eds.),
Single-channel Recording, 2nd ed., 1995, pp. 53–91,
Guide to data acquisition and analysis.

w35x D. Colquhoun, F. Sigworth, in: B. Sakmann, E. Neher
(Eds.), Single-Channel Recording, 2nd ed, Plenum
Press, New York, 1995, pp. 483–587, Fitting and statis-
tical analysis of single-channel records..

w36x B. Sakmann, E. Neher(Eds.), Single-channel Record-
ing, 2nd ed, Plenum Press, New York, 1995.

w37x O. Hamill, A. Marty, E. Neher, B.C. Sakmann, F.J.
Sigworth, Improved patch clamp techniques for high-
resolution current recording from cells and cell-free
membrane patches, Pflugers Arch. 381(1981) 85–100.¨

w38x O.A. Krishtal, V.I. Pidoplichko, A receptor for protons
in the nerve cell membranes, Neurosci. Lett. 5(1980)
2325–2327.

w39x H. Li, L.M. Nowak, K.R. Gee, G.P. Hess, Mechanism
of glutamate receptor-channel function in rat hippocam-



505G.P. Hess / Biophysical Chemistry 100 (2003) 493–506

pal neurons investigated using the laser-pulse photolysis
(LaPP) technique, Biochemistry 41(2002) 4753–4759.

w40x P. De Mayo, Ultraviolet photochemistry of simple unsat-
urated systems, Adv. Org. Chem. 2(1960) 367–425.

w41x J.A. Barltrop, P.J. Plant, P.J. Schofield, Photosensitive
protecting group, Chem. Soc. Chem. Commun.(1966)
822–823.

w42x H.A. Morrison, in: H. Feuer(Ed.), The Chemistry of
the Nitro and Nitroso Group Part I, The Photochemistry
of the Nitro and Nitroso Groups, Wiley, New York,
1969, pp. 165–213.

w43x J.R. Knowles, Photogenerated reagents for biological
site receptor labeling, Acc. Chem. Res. 5(1972)
155–160.

w44x P. Patchornick, B. Amit, R.B. Woodward, Photosensitive
protecting groups, J. Am. Chem. Soc. 92(1970)
6333–6335.

w45x J.H. Kaplan, B. Forbush, J.F. Hoffman, Rapid photolytic
release of adenosine 599-triphosphate from a protected
analogue: utilization by the Na:K pump of human red
blood cell ghosts, Biochemistry 17(1978) 1929–1935.

w46x V.N.R. Pillai, Photoremovable protecting groups in
organic synthesis, Synthesis—Stuttgart 1(1980) 1–26.

w47x J.B. Udgaonkar, G.P. Hess, Chemical kinetic measure-
ments of a mammalian acetylcholine receptor using a
fast reaction technique, Proc.Nat. Acad. Sci. U.S.A. 84
(1987) 8758–8762.

w48x J.A. McCray, L. Herbette, T. Kihara, D.R. Trentham, A
new approach to time-resolved studies of ATP-requiring
biological systems: Laser flash photolysis of caged ATP,
Proc. Natl. Acad. Sci. U.S.A. 12(1980) 7237–7241.

w49x J.W. Walker, J.A. McCray, G.P. Hess, Photolabile pro-
tecting groups for an acetylcholine receptor ligand.
Synthesis and photochemistry of a new class ofo-
nitrobenzyl derivatives and their effects on receptor
function, Biochemistry 25(1986) 1799–1805.

w50x R. Wieboldt, K.R. Gee, L. Niu, D. Ramesh, B.K.
Carpenter, G.P. Hess, Photolabile precursors of gluta-
mate: synthesis, photochemical properties and activation
of glutamate receptors on a microsecond timescale, Proc.
Natl. Acad. Sci. U.S.A. 91(1994) 8752–8756.

w51x K.R. Gee, R. Wieboldt, G.P. Hess, Synthesis and pho-
tochemistry of a new photolabile derivative of GABA.
Neurotransmitter release and receptor activation in the
microsecond time region, J. Am. Chem. Soc. 116(1994)
8366–8367.

w52x L. Niu, K.R. Gee, K. Schaper, G.P. Hess, Synthesis and
photochemical properties of a kainate precursors, and
activation of kainate and AMPA receptor-channels on a
microsecond time scale, Biochemistry 35(1996)
2030–2036.

w53x H.-G. Breitinger, R. Wieboldt, D. Ramesh, B.K. Car-
penter, G.P. Hess, Synthesis and characterization of
photolabile derivatives of serotonin for chemical kinetic
investigations of the serotonin 5-HT receptor, Biochem-3

istry 39 (2000) 5500–5508.

w54x V. Jayaraman, S. Thiran, G.P. Hess, How fast does the
gamma-aminobutyric acid receptor channel open?
Kinetic investigations in the microsecond time region
using a laser-pulse photolysis technique, Biochemistry
38 (1999) 11372–11378.

w55x C. Grewer, J. Jager, B.K. Carpenter, G.P. Hess, A new¨
photolabile precursor of glycine with improved proper-
ties: a tool for chemical kinetic investigations of the
glycine receptor, Biochemistry 39(2000) 2063–2070.

w56x V.G. Landau, E.M. Lifshitz, Fluid Mechanics, Perga-
mon, Oxford, 1959.

w57x A.G. Levich, Physicochemical Hydrodynamics, Pren-
tice-Hall, Inglewood Cliffs, NJ, 1962.

w58x G.P. Hess, J.B. Udgaonkar, W.L. Olbricht, Chemical
kinetic measurements of transmembrane processes using
rapid reaction techniques: acetylcholine receptor, Ann.
Rev. Biophys. Biophys. Chem. 16(1987) 507–534.

w59x D.J. Maconochie, J.M. Zempel, J.H. Steinbach, How
quickly can GABA receptors open?, Neuron 12(1994)A

61–71.
w60x C. Grewer, Investigation of the alpha(1)-glycine recep-

tor channel-opening kinetics in the submillisecond time
domain, Biophy. J. 77(1999) 727–738.

w61x E.R. Neher, J.M. Steinbach, Local anesthetics transiently
block currents through single acetylcholine receptor
channels, J. Physiol.(Lond.) 277 (1978) 153–176.

w62x H.R. Arias, Role of local anesthetics on both cholinergic
and serotonergic ionotropic receptors, Neurosci. Biobeh.
Rev. 23(1999) 817–843.

w63x F.I. Carroll, L.L. Howell, M.J. Kuhar, Cocaine and(3b-
(4-chlorophenyl)tropane-2b-carboxylic acid ester and
amide analogues. New high-affinity and selective com-
pounds for the dopamine transporter, J. Med. Chem. 42
(1999) 2721–2736.

w64x Office of National Drug Control Policy, What American
Users Spend on Illegal Drugs Website:
www.whitehousedrugpolicy.gov, 1999.

w65x L. Niu, G.P. Hess, An acetylcholine receptor regulatory
site in BC H1 cells: characterized by laser-pulse pho-3

tolysis in the microsecond-to-millisecond time region,
Biochemistry 32(1993) 3831–3835.

w66x L. Niu, L.G. Abood, G.P. Hess, Cocaine: mechanism of
inhibition of a muscle acetylcholine receptor studied by
laser-pulse photolysis, Proc. Natl. Acad. Sci. U.S.A. 92
(1995) 12008–12012.

w67x C. Grewer, G.P. Hess, On the mechanism of inhibition
of a nicotinic acetylcholine receptor by the anticonvul-
sant MK-801 investigated by laser-pulse photolysis in
the microsecond-to-millisecond time region, Biochem-
istry 38 (1999) 7837–7846.

w68x V. Jayaraman, P.N.R. Usherwood, G.P. Hess, Inhibition
of nicotinic acetylcholine receptor by philanthotoxin-
343: kinetic investigations in the microsecond time
region using a laser-pulse photolysis technique, Bio-
chemistry 38(1999) 11406–11414.

w69x G.P. Hess, H. Ulrich, H.-G. Breitinger, et al., Mecha-
nism-based discovery of ligands that prevent inhibition



506 G.P. Hess / Biophysical Chemistry 100 (2003) 493–506

of the nicotinic acetylcholine receptor by cocaine and
MK-801, Proc. Natl. Acad. Sci. U.S.A. 97(2000)
13895–13900.

w70x H. Ulrich, J.E. Ippolito, O.R. Pagan, et al., In vitro
selection of RNA molecules that displace cocaine from
the membrane-bound nicotinic receptor, Proc. Natl.
Acad. Sci. U.S.A. 95(1998) 14051–14056.

w71x T.N. Tiedt, E.X. Albuquerque, N.N. Bakry, M.E. Elde-
frawi, A.T. Eldefrawi, Voltage-dependent and time-
dependent actions of piperocaine on the ion channel of
the aceytlcholine receptor, Mol. Pharmacol. 16(1979)
909–921.

w72x E. Neher, The charge carried by single-channel currents
of rat-cultured muscle cells in the presence of local
anesthetics, J. Physiol.(Lond.) 339 (1983) 663–678.

w73x P.W. Gage, R.E. Wachtel, Some effects of procaine at
the toad endplate are not consistent with a simple
channel-blocking model, J. Physiol.(Lond.) 346(1984)
331–339.

w74x R.L. Papke, R.E. Oswald, Mechanisms of noncompeti-
tive inhibition of the murine diazepam binding inhibitor,
J. Gen. Physiol. 93(1989) 785–811.

w75x C. Tuerk, L. Gold, Systematic evolution of ligands by
exponential enrichment: RNA ligands to bacteriophage
T4 DNA polymerase, Science 249(1990) 505–510.

w76x A.D. Ellington, J.W. Sjostak, In vitro selection of RNA
molecules that bind specific ligands, Nature 346(1990)
818–822.

w77x G.R. Gee, B.K. Carpenter, G.P. Hess, Synthesis, photo-
chemistry and biological characterization of photolabile
protecting groups for carboxylic acids and neurotrans-
mitters, Methods Enzymol. 291(1998) 30–50.

w78x W.A. Hauser, J.F. Annegers, L.T. Kurland, Incidence of
epilepsy and unprovoked seizures in Rochester, Minne-
sota 1935–1984, Epilepsia 34(1993) 453–468.

w79x J.G. Hardman, L.E. Limbird, P.B. Molinoff, R.W. Rud-
don, A.G. Gilman, Goodman and Gilman’s The Phar-
macological Basis of Therapeutics, 9th ed,
McGraw-Hill, New York, 1996.


	Rapid chemical reaction techniques developed for use in investigations of membrane-bound proteins ��(�neurotransmitter rec ...
	Historical perspective
	Reactions mediated by membrane-bound proteins
	Techniques in which ligands are applied slowly ��(�seconds��)� in investigations of receptor function
	Transient kinetic techniques developed for investigations of neurotransmitter receptor function
	Use of transient kinetic techniques to solve biological problems not soluble by techniques in which the application of liga ...
	Acknowledgements
	References


