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Capsaicin, protons and
heat: new excitement
about nociceptors
Michaela Kress and Hanns U. Zeilhofer

The past few years have witnessed a remarkable

progress in understanding the neurobiology of pain.

Important advances have been made particularly in the

field of peripheral signal transduction in nociceptors.

Membrane receptors have been identified for capsaicin,

a pungent ingredient of chilli peppers, protons (i.e. acidic

solutions) and for heat, three stimuli that specifically

excite nociceptors. Of particular interest appears to be

the first cloned capsaicin receptor, VR1, which has

been suggested to serve as an integrator of these three

nociceptive stimuli. These findings not only give new

insights into the molecular machinery of nociceptor

activation and sensitization, but can also provide a

rational basis for pharmacological research aiming for

a new class of peripherally acting analgesics, which

should selectively interfere with nociceptor activation.

Improving the treatment and the prevention of acute and
especially chronic pain is an intriguing challenge for
modern medicine. Most of the currently available anal-
gesics fall into two groups. They either belong to the
aspirin-like drugs, which mainly block prostaglandin pro-
duction by inhibiting the cyclooxygenases, or to the nar-
cotic analgesics, such as morphine, which activate opioid
receptors. Because prostaglandins and opioid receptors
are widely distributed in the body, these drugs can 
cause a number of serious side-effects. None of the cur-
rently available drugs is known to block nociceptor-
specific receptors or enzymes, although such com-
pounds might be well suited peripheral analgesics with
possibly less side-effects.

The term nociceptor was introduced by Sherrington,
who defined nociceptors  as those primary afferent neur-
ones that can be activated by harmful or potentially
harmful stimuli and then give rise to the sensation of
pain1. Among the many chemical and physical stimuli
that excite nociceptors, low extracellular pH, noxious
heat and capsaicin have attracted particular interest
owing to their specific and persistent activation of noci-
ceptors2,3. Putative receptors of these stimuli are there-
fore promising targets for new peripherally acting anal-
gesics. The molecular cloning of the capsaicin receptor
and of proton-gated ion channels has set a milestone in
the search for such compounds. The capsaicin receptor is
at present probably one of the most attractive targets for
such a new approach.
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Chemical names

CCD3693: 3a-hydroxy-3b-trifluoromethyl-19-nor-5b-
pregnan-20-one

Co21068: 3b-(4-acetylphenyl)ethynyl-3a,21-dihydroxy-
5b-20-one-21-hemisuccinate Na

Co26749: 3a,21-dihydroxy-3b-trifluoromethyl-19-
nor-5b-pregnan-20-one

Co30593: 3b-ethenyl-3a-hydroxy-5a-pregnan-20-one

Co60549: 3a,21-dihydroxy-3b-trifluoromethyl-
19-nor-5b-pregnan-20-one, 21-hemisuccinate

Co87071: 3a,21-dihydroxy-3b-trifluoromethyl-5b-
pregnan-20-one,21-hemisuccinate

ORG20599: 21-chloro-3a-hydroxy-2b-(4-morpholinyl)-
5a-pregnan-20-one methanesulphonate

ORG21465: 3a-hydroxy-2b-(2,2-dimethylmorpholin-4-
yl)-5a-pregnane-11,20-dione
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Capsaicin receptors
For more than 20 years capsaicin has been well known

as a very selective activator of  thinly or unmyelinated noci-
ceptive afferents4. Within the past few years it has been
revealed that capsaicin directly opens a cation channel in
the plasma membrane of nociceptive nerve fibres5,6. The
current generated by this channel can be studied in the
small, presumed nociceptive, dorsal root ganglion (DRG)

or trigeminal ganglion neurones5–8, which probably 
represent the cell bodies of these nerves9. An example of
such a current response is shown in Fig. 1a and important
characteristics are summarized in Table 1 (Refs 5, 8,  10–18).
The selectivity of capsaicin is also reflected in the tissue
distribution of its receptors, which has been assessed
using the naturally occurring irritant tricyclic diterpene
resiniferatoxin (RTX), another extremely potent activator
of these receptors19. RTX and capsaicin are structurally
quite different molecules but share a common vanilloid
moiety and the capsaicin receptor has therefore also been
termed the vanilloid receptor20. Binding studies using
radioactively labelled RTX revealed that expression of
capsaicin receptors in the rat nervous system is very spe-
cific and limited to the membranes of both somatic and vis-
ceral primary sensory neurones (for details see Table 1)10.

There is much evidence to indicate that both capsaicin
and RTX are specific activators of nociceptors and can
cause pain under experimental conditions, but neither of
them occurs endogenously in vertebrates. The nature of
the physiological activator(s) of capsaicin receptors has
therefore been a long-standing issue and only recently
results have been obtained providing sufficient infor-
mation allowing speculation about which pain states
involve the activation of capsaicin receptors or, in other
words, what types of pain could be treated with cap-
saicin receptor antagonists or channel blockers.

Physiologcial activators of capsaicin receptors
Of the many stimuli that activate cation currents in 

primary sensory neurones, low extracellular pH and
noxious heat have been proposed as physiological acti-
vators of capsaicin receptors. Currents activated by these
stimuli (for examples see Fig. 1) are co-expressed with
capsaicin sensitivity2 and, as shown in Tables 1 and 2,
share many properties.

Local tissue acidosis (i.e. low extracellular pH) frequently
occurs under inflammatory or ischaemic conditions 
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Table 1. Electrophysiological and pharmacological properties of native ion channels activated by capsaicin or noxious heat and of VR-1

Native capsaicin receptors Refs Heat-activated cation currents Refs VR-1 (Ref. 26)

Tissue distribution DRG, trigeminal and nodose ganglia; 5, 8, 10–12 Small DRG neurones 15–17 Small DRG and trigeminal 
nucleus of the solitary tract, spinal neurones (VR-1 mRNA) 
sensory nucleus of the trigeminal 
nerve; spinal cord dorsal horn 
(RTX-binding), small DRG and 
trigeminal neurones (capsaicin-
induced currents)

Activators Capsaicin (EC50 =1.1 mM), 5 Heat (≥42°C) 15, 16 Capsaicin (EC50 = 712 nM),
RTX (EC50 = 2–10 nM) RTX (EC50 = 39 nM), heat (≥45°C)

Blockers Capsazepine (IC50 = 148 nM), 13, 14 Extracellular mM Cs+, capsazepine 18a Capsazepine (IC50 = 238.5 nM), 
ruthenium red and ruthenium red ruthenium red

Single-channel 45.3 pS (at negative potentials), 5 34.8 pS (at –60 mV) 15 35.4 pS (at negative potentials), 
conductance 80.0 pS (at positive potentials) 76.7 pS (at positive potentials)

Ionic selectivity Nonselective cation channel 5, 8 Nonselective cation channel 16 Nonselective cation channel 
PCa/PNa = 1.48 PCa/PNa = 1.28 PCa/PNa = 9.6

aBut see Ref. 16. DRG, dorsal root ganglion; RTX, resiniferatoxin.

c
pH 6.6

500 pA
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100 pA

5 s

pH 5.1

ba
caps

5 s
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d

heat (55°C)

Fig. 1. Whole-cell patch-clamp recordings from acutely isolated adult
rat dorsal root ganglion neurones held at a membrane potential of 280
mV. Cation membrane currents were activated by capsaicin, noxious
heat and acidic solutions; agonists and hot saline were applied via a fast
local perfusion system. a: Capsaicin [caps; 3 mM] elicits a slowly acti-
vating and inactivating current response. b: Current evoked by an
increase in temperature from room temperature to 55°C. c: Sustained
proton-activated current response. The pH was reduced from a resting
pH of 7.3 to a test pH of 5.1. At pH 7.3, transient current responses are
completely inactivated8. d: Transient proton-activated current response.
pH dropped from a resting pH of 7.5 to 6.6.
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and is often accompanied by pain3. Although, in general,
a decrease in the extracellular pH reduces neuronal
excitability21, nociceptors represent an exception as they
usually show ongoing spike activity when exposed to an
acidic environment22. The membrane current underlying
this excitation was first described by Bevan and Yeats23.
It exhibits slow activation and inactivation upon extra-
cellular acidification to pH ,6.3 and is nonselective for
cations. It has therefore been termed ‘sustained proton-
activated current’ to distinguish it from the more widely
expressed transient proton-activated current (see be-
low). There is considerable evidence suggesting that the
sustained current plays an important role in nociceptive
signal transduction. It probably mediates the persistent
pain sensation during tissue acidification. Similarities of
capsaicin- and sustained proton-activated currents have
led to the suggestion that low extracellular pH might
function as one endogenous activator of capsaicin-
sensitive ion channels2,24.

A second ‘hot’ candidate is noxious heat, which has
only recently been discovered as an activator of cation
currents in DRG neurones15–18. About half of the small-
but not the large-diameter DRG neurones respond to
temperatures above <42°C with the specific activation of
a cationic membrane conductance, probably due to the
opening of ion channels15. The threshold of activation is
similar to that of heat-sensitive C-fibres, which become
activated at temperatures beyond 42°C (e.g. Ref. 25). It
appears likely that the channel underlying the current is
at least one important signal transduction mechanism of
heat sensation.

A major breakthrough in understanding the molecular
mode of action of capsaicin and in the search for its physio-
logical activators has come from Julius and colleagues26,27.

Using an expression cloning assay, which took advan-
tage of the high calcium permeability of the capsaicin
receptor channels, this group has cloned an ion channel
protein that binds capsaicin and RTX. This clone has
been termed VR-1 (for vanilloid receptor 1). When arti-
ficially expressed in HEK293 cells or Xenopus oocytes,
VR-1 responds to capsaicin with a cation current very
similar to that of native capsaicin receptors. The tissue
distribution of VR-1 as well as its electrophysiological
and pharmacological properties leave little doubt 
that VR-1 corresponds to the native capsaicin receptors
expressed in DRG neurones (Table 1). However, the 
existence of different subtypes of capsaicin receptors 
has been proposed on the basis of pharmacological bind-
ing studies. A C-type receptor expressed in DRG neur-
ones and possibly also in mast cell lines28 has been 
suggested to be coupled to 45Ca21 uptake through cap-
saicin-activated ion channels and an R-type receptor 
was detectable by RTX binding11,29. Although these find-
ings and also some electrophysiologcial studies12,30,31

suggest the existence of more than one capsaicin re-
ceptor, the exact nature of those findings has yet to be 
investigated.

VR-1-transfected Xenopus oocytes and HEK293 cells
have been used to screen for possible physiological acti-
vators. In these cells membrane currents could not only
be elicited by capsaicin, but also by noxious heat
(.40°C)26 and low extracellular pH (Ref. 27), while other
algogenic stimuli including ATP, 5-HT, acetylcholine,
bradykinin, substance P, histamine and glutamate were
ineffective26. These findings suggest a common signal-
transduction mechanism for capsaicin-, acidosis- and
heat-sensation. This hypothesis fits the experience that
exposure to heat, acids or capsaicin leads to a burning

Table 2. Electrophysiological and pharmacological properties of native and artificially expressed proton-activated ion channels

Sustained proton- Transient proton- ASIC (Ref. 40) ASIC/MDEG1 DRASIC DRASIC/MDEG2
activated current8,23 activated current8,37,38,42 (Ref. 43) (Ref. 41) (Ref. 44)

Tissue distribution Rat DRG neurones DRG and trigeminal DRG neurones, Wide expression DRG neurones, DRG neurones
neurones wide expression in the brain absent in the

in the brain brain
Activators pH ≤6.2 pH ≤7.0 pH <6.9; half pH ≤6.0; half Sustained current: Sustained current:

maximal at maximal at pH ≤4.0; transient pH ≤5.0; transient
pH 6.2 pH 4.8 current: pH ≤7.0 current: pH ≤7.0

Single-channel n.d. 25 pS 14.3 pS 10 pS 12.6 pS n.d.
conductance

Ionic selectivity Nonselective cation Na1 channel Na1 channel Na1 channel Na1 channel Transient phase: 
channel PCa/PNa <0.13; PCa/PNa = 0.4 Na1≈ Li1.K1.Ca2+ PNa/PK = 11.5 Na+ channel; 

PCa/PNa = 0.55 PCa/PNa = 0.31 PNa/PK = 13 PCa/PNa = 0.03 sustained phase: 
nonselective 
cation channel 
PCa/PNa not 
known

Kinetics Slow activation and Fast activation and Fast activation Intermediate Two phases, Two phases, 
inactivation inactivation and inactivation (tinact ≈ 1 s) transient and transient and 

sustained sustained

DRG, dorsal root ganglion; n.d., not determined.
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(‘hot’) sensation. Interestingly, low extracellular pH sensi-
tized the VR-1 receptor not only to capsaicin, a phenom-
enon well known from native capsaicin receptors in DRG
neurones32,33, but also to heat27. At a pH of 6.3, significant
current activation could be detected at temperatures as
low as 35°C (Ref. 27). Thus, low extracellular pH and
increased temperature, two conditions frequently found

in inflamed tissue, appear to induce a mutual sensitiz-
ation and thereby favour the activation of capsaicin
receptors27. This further supports the idea that capsaicin
receptors are permanently activated in inflamed tissue
and provides a rational basis for the observation that
inflammatory pain is significantly relieved by moderate
local cooling34.

R E V I E W

VR-1 c-DNA encodes for a protein of 838 amino acids
with six proposed transmembrane regions (Fig. I)1.
Analysis of the relationship of VR-1 to other cloned
receptor channels has revealed that VR-1 is quite 
unrelated to other ligand-gated channels. The most
closely related channel proteins belong to the only
recently identified class of store-operated ion chan-
nels2, which permit the so called Ca2+ release activated
Ca2+ current (ICRAC). Despite the structural homology
of VR-1 and store-operated channels, VR-1 is not acti-
vated by store depletion.

ASIC (Ref. 3) c-DNA codes for a protein of 526 amino
acids, which forms a proton-gated ion channel when
expressed in Xenopus oocytes. ASIC and DRASIC4, a
related protein, belong to the family of amiloride-
sensitive Na1 channels/degenerins. The term degen-
erin refers to the fact that in Caenorhabditis elegans
members of this ion channel family cause neurodegen-
eration when a certain amino acid [e.g. Ala704 in MEC-
4 (Ref. 5)] is mutated. The physiological role of this
protein is not yet entirely clear, but the non-mutated
proteins may be part of a mechanosensor in C. elegans6.
Several human analogues of these ion channels have
been cloned recently7,8. Hydrophobicity plots suggest
that ASIC and DRASIC contain two transmembrane
domains. This topology has been experimentally
proven for MEC-4 (Ref. 9), a degenerin in C. elegans,
and for a-NaCh (Ref. 10), an amiloride-sensitive ion
channel, which are both closely related to ASIC and
DRASIC. MDEG1 (Ref. 11) and MDEG2, a splice vari-
ant of MDEG1, are other mammalian analogues of C.
elegans neurodegenerines. Like ASIC, MDEG1 forms a
proton-activated cation channel, and like the neurode-
generines in C. elegans, MDEG1 becomes constitutively
active when a certain amino acid is mutated. Its splice
variant MDEG2 (Ref. 12) is not activated by protons
but might play an important role as an accessory sub-
unit of ion channels containing DRASIC or MDEG1
(Ref. 12).
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Box 1. Structure of the capsaicin receptor VR-1 and of proton-gated 
ion channels

VR-1

o

i

N
C
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o

i
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N

Fig. I. Proposed transmembrane topology of the VR-1 (capsaicin) receptor
and of ASIC, a proton-gated ion channel. VR-1 encodes for a protein with
seven putative transmembrane domains (TMs), whereas members of the
proton-gated ion channel family possess only two TMs (Refs 13, 14). Open
circles indicate the conserved site for protein kinase A-dependent phospho-
rylation of VR-1. Filled ovals indicate ankyrin repeat domains. Inner and
outer membrane leaflets are depicted by i and o, respectively. ASIC, acid-
sensing ion channel; DRASIC, dorsal-root-specific acid-sensing ion channel;
MDEG, mammalian degenerin.
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Blockers of capsaicin receptors and potential 
indications

The idea that the capsaicin receptor functions as an
‘integrator of multiple pain-producing stimuli’27 implies
that capsaicin receptor antagonists or channel blockers
should have profound antinociceptive effects, especially
in inflammatory pain models. To date, however, only very
few such compounds are available. Capsaicin-activated
membrane currents are inhibited by the rather non-
specific cation-channel blocker ruthenium red35 and by the
competitive capsaicin receptor antagonist capsazepine13.
Both compounds exerted antinociceptive effects in a
behavioural study36, but convincing data on analgesic
actions is still lacking. Because capsazepine is a competi-
tive antagonist at the capsaicin binding site13, it does not
necessarily interfere with physiological receptor acti-
vation. Assuming that VR-1 in vivo serves the transduction
of noxious heat and tissue acidosis, potential new antag-
onists should rather inhibit receptor activation by heat or
protons than compete for the capsaicin binding site.

Proton-activated ion channels
There is now considerable evidence that protons are

activators of both native and artificially expressed cap-
saicin receptors, but these receptors are certainly not the
only ion channels activated by protons. Ionic currents
activated by acidic solutions have been described in a
variety of central and peripheral neurones21. In rat DRG
neurones, protons activate at least two current types

with different kinetics, pH dependence of activation and
inactivation, and ionic selectivities8,23. The first (tran-
sient) type is a rather Na1-selective ion channel that
exhibits fast activation and inactivation upon acidifi-
cation to pH ,7.0 and is widely expressed throughout
the rat nervous system37,38. The physiological function of
the transient proton-activated current is not yet known.
The other (sustained) type is selectively expressed in
nociceptive neurones and often co-expressed with cap-
saicin sensitivity2,23. This current type is in many respects
similar to the current activated by capsaicin (see above)
and many groups favour the idea that this current medi-
ates the sustained pain sensation during tissue acidi-
fication2,22,23,39. As outlined above, recent results indicate
that capsaicin receptor channels can generate sustained
proton-induced currents27, but there is also considerable
evidence suggesting that other ion channels contribute.
Currents elicited by the two activators differ signifi-
cantly in their Ca2+ ion conductance8. In single-channel
recordings, acidic solutions failed to activate single-
channel activity in membrane patches which clearly
responded to capsaicin5. In single-fibre recording experi-
ments, similar percentages of nociceptive nerve fibres
are activated by capsaicin and protons, but some fibres
are activated only by one agent22.

Molecular cloning of proton-activated ion 
channels

Recently, Michel Lazdunski and colleagues have iden-
tified several genes encoding for ion channels which can
be activated by a drop in extracellular pH. ASIC (Ref. 40)
(for acid sensing ion channel) and DRASIC (Ref. 41) (for
dorsal root specific acid sensing ion channel) were the
first such ion channel proteins to be discovered (see Box
and Table 2; Refs 8, 23, 37, 38, 40–44). Meanwhile, a great
variety of related subunits and splice variants has been
identified, which differ in their tissue distribution and 
in the properties of the ionic currents they generate. 
In addition, co-expression of these different subunits
results in an even greater variety of currents45. Of those,
ASIC appears to correspond to the transient proton-
activated current, which is unlikely to mediate sustained
nociceptor activation. Ion channel heteromers contain-
ing DRASIC and MDEG2 (Ref. 43) (see Box 1) are a closer
fit to the proton-induced sustained currents in noci-
ceptive DRG neurones (Table 2). However, none of the
subunit combinations characterized so far matches the
properties of native proton-activated currents exactly.

Blockers of proton-activated currents
Although all these channels are structurally related 

to amiloride-sensitive ion channels45, amiloride neither
blocks the sustained current component through 
DRASIC channels41 nor does it inhibit proton-induced
nociceptor discharges39. It is therefore not surprising that
amiloride has not been reported to exert analgesic
effects. At present, no single specific antagonist of proton-
activated currents is available and functional expression
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Fig. 2. Schematic diagram of possible modulatory pathways affecting heat sensation. Inflam-
matory mediators interact with receptors coupled to G proteins and activation of phospholipase
C (PLC) or adenylate cyclase (AC). Activation of these receptors is followed by the formation of
the second messengers diacyl glycerol (DAG) or cAMP. These activate protein kinase A (PKA) or
protein kinase C (PKC) which may phosphorylate capsaicin- or heat-activated ion channels to
increase their conductance or open probability. Both pathways can alternatively be activated by
increases in intracellular Ca21, resulting either from Ca21 influx or release. Ca21 ions activate
the phosphatase calcineurin, which can dephosphorylate and desensitize the channel. Whether
facilitatory or inhibitory actions predominate could depend on the magnitude and the local dis-
tribution of intracellular Ca21 signals.
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of these channels in DRG neurones remains to be
demonstrated. However, if it turns out that heteromeric
channels containing members of this family of ion chan-
nels are sensors of noxious tissue acidosis, blockers
might have similar potential indications as capsaicin
receptor antagonists or channnel blockers for the treat-
ment of inflammatory pain.

Sensitization of nociceptors
The treatment and prevention of chronic pain syn-

dromes where pain often persists despite the fact that the
excitatory stimulus has long disappeared, is an even
greater challenge than treating acute pain. Chronic pain
syndromes are often caused by increases in the sensi-
tivity to painful stimuli. They can occur as a consequence
of ongoing nociceptor activation, for example, during
inflammatory diseases, which are often accompanied by
profound mechanical and heat hyperalgesia3. Mechani-
cal hyperalgesia is commonly accepted to occur as a 
consequence of activity-dependent facilitation at central
synapses. Prevention of central plastic changes in the noci-
ceptive system has attracted much interest and created
the idea of preemptive analgesia46, but there is also grow-
ing evidence for similar processes in the peripheral noci-
ceptive system. For example, sensitization to heat is pre-
served in isolated organs, e.g. skin–nerve preparations47,
where the nociceptive afferent is disconnected from the
CNS. Prevention of such a sensitization might be another
potential approach to pain therapy.

Like most neuronal receptors and ion channels, the
nociceptor-specific receptors not only mediate excitation
and acute pain, but appear also be subject to modulatory
processes, which could underlie activity-dependent
increases in the sensitivity to painful stimuli and chronic
pain. Of the many possible intracellular signalling cas-
cades involved in sensitization of nociceptors, most sup-
port is currently available for the cAMP/protein kinase
A (PKA) system. The amino acid sequence of VR-1,
which probably serves as a heat and acid sensor in noci-
ceptors, contains three conserved sites for PKA-depend-
ent phosphorylation (Fig. 2)26. Several lines of evidence
support the idea of PKA-mediated facilitation of noci-
ceptor responses to heat. (1) Mice carrying a null mutation
for the neurone-specific isoform of the type I regulatory
subunit (RIb) of PKA show an unaltered acute pain pro-
cessing, but clearly reduced PGE2-induced heat hyper-
algesia, which is regularly observed in wild-type mice48.
(2) Exposure to membrane permeant and stable analogues
of cAMP induces heat sensitization in nociceptors49–51. (3)
Forskolin-induced heat sensitization can be prevented
using non-selective PKA inhibitors52. A similar role of the
cAMP/PKA cascade has been proposed for the PGE2-
induced enhancement of capsaicin-induced membrane
currents53,54, which fits nicely the hypothesis that VR-1
mediates both capsaicin and heat sensitivity. Besides PKA,
there is also evidence for a role of PKC in facilitation of
heat responses. In several studies, bradykinin has in-
duced strong heat sensitization15,47,55 via B2 receptors, a

phenomenon which can be attributed to PKC acti-
vation15. The involvement of phosphorylation in the sen-
sitization process to heat and capsaicin is further sup-
ported by the observation that the calcium-dependent
phosphatase calcineurin mediates desensitization of 
capsaicin-activated currents56,57. This desensitization is
prevented when calcineurin is blocked by a complex of
cyclosporin A and cyclophillin56. Together, these findings
suggest that the phosphorylation status regulates the
open probability of capsaicin receptor/VR-1 channels.

Another intriguing aspect of intracellular signalling is
that multiple pain producing extracellular stimuli might
converge onto only a few intracellular signalling cas-
cades. Inhibitors of such processes might therefore cover a
relatively wide range of pain conditions of different origin.
Compared to the membrane receptors our knowledge of
the intracellular signal transduction pathways that lead
to hyperalgesia is rather limited. However, these intra-
cellular cascades may in the future become promising
targets for pain therapy provided that nociceptor-
specific isoforms of the enzymes exist and that chemical
agents selectively affecting these enzymes are found.

Concluding remarks
The molecular cloning of membrane receptors for cap-

saicin, protons and heat has already greatly advanced
our knowledge of nociceptive signal transduction that is
at the very beginning of a sequence of events that finally
initiate pain sensation. It is clear that these findings will
have great impact on the search for new analgesic drugs
with an entirely new mode of action and an unprec-
edented selectivity for nociceptors. Pain, however, is a
heterogeneous clinical condition and it is at present not
entirely clear which forms of pain can be treated with
such compounds, or, whether the block of a single recep-
tor or enzyme is sufficient to treat complex pain states.
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Chimaeric Ga proteins:
their potential use in drug
discovery
Graeme Milligan and Stephen Rees

Approaches that allow ligand occupancy of a wide
range of G protein-coupled receptors to be converted
into robust assays amenable to relatively high-
throughput analysis are ideal for screening for novel
ligands at this class of receptor. Many attempts have
been made to design universal ligand-screening
systems such that any GPCR can be screened using a
common assay end-point. Manipulation of the G protein
within the assay system offers the possibility of
achieving this. To better understand the domains
involved in the interactions between G protein-coupled
receptors, G proteins and effector polypeptides and the
fine details of these contacts, a wide range of
chimaeric G protein a subunits have been produced.
Graeme Milligan and Stephen Rees discuss the
information generated by such studies and the ways in
which such chimaeric G proteins can be integrated into
assay systems for drug discovery.

The heterotrimeric G proteins transduce information from
the family of seven-transmembrane-domain G protein-

coupled receptors (GPCRs) to effector polypeptides;
these are either ion channels or enzymes that function to
regulate levels of intracellular second messengers1–3.
Knowledge of the GPCR family continues to grow as novel
family members are regularly identified by the exami-
nation of DNA and expressed sequence tag (EST) 
databases for their characteristic sequence and structural
features (see http://www.gcrdb.uthscsa.edu/ and re-
lated links for information). It is likely that more than
1000 distinct GPCR genes will be encoded by the human
genome.

Historically, GPCRs have represented the most im-
portant family of target proteins for therapeutic inter-
vention in disease processes with estimates that 30% 
of clinically prescribed drugs function as either agonists
or antagonists at GPCRs (Ref. 4). Because of the bur-
geoning size of the family, the fact that the natural 
ligands for many GPCRs remain unknown, and that 
ligands for GPCRs do not have to enter the cell to func-
tion, it is an inescapable fact that the GPCRs will remain
major targets for drug discovery for the foreseeable
future4.

G proteins
The family of heterotrimeric G proteins is potentially

large. At least 16 distinct genes encode G protein a sub-
units in mammalian systems with splice variation from
at least two genes, which further increases the range 
of mature proteins. Five distinct b-subunit genes and 
12 g-subunit genes have also been identified5,6. As b and
g polypeptides form high-affinity non-dissociating com-
plexes, many (but not all) combinations of which are
allowed, there is, at least in theory, a large number of dis-
tinct bg combinations that can be formed5,6. Both G pro-
tein a subunit and bg complexes have the capacity to
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