
J. Membrane Biol. 117, 201-221 (1990) The douma{ o~ 

Membrane Biology 
�9 Springer-Verlag New York Inc. 1990 

Topical Review 

Use of Xenopus Oocytes for the Functional Expression of Plasma Membrane Proteins 

Erwin Sigel 
Pharmakologisches Institut der Universitfit Bern, CH-3010 Bern, Switzerland 

Introduction 

MEMBRANE TRANSPORT AND SIGNALLING 

The phospholipid bilayer of the plasma membrane 
of the eucaryotic cell acts as a permeability barrier 
to many metabolic substrates and ions, whose trans- 
membrane movement is catalyzed by selective mem- 
brane transport proteins. Control of cytosolic ion 
concentrations is achieved by the concerted action 
of numerous proteins working in the plasma mem- 
brane and the membranes of intracellular organelles: 
active pumps driven by ATP, carriers catalyzing co- 
or countertransport and ion channels. 

A second important function of plasma mem- 
brane proteins is the reception of signals from the 
extracellular milieu, and the transmission of these 
signals either along the membrane, or across it, to 
the cytoplasmic side. The extracellular signals in- 
clude such diverse entities as fast neurotransmitters, 
modulatory peptides, hormones, substrate-cell and 
cell-cell contacts. 

Many methods are now available for the study 
of mechanisms underlying membrane transport and 
signalling. Biochemical isolation and purification to 
homogeneity, reconstitution into artificial bilayer 
membranes, functional studies in these model sys- 
tems, chemical modification, immunochemical and 
electrophysiological methods have helped to eluci- 
date many features of membrane protein function. 
But, it should be emphasized here, that to date no 
protein catalyzed transmembrane transport mecha- 
nism is fully understood at the molecular level. The 
powerful tools recently developed by molecular biol- 
ogists have raised new hopes for such an understand- 
ing. The availability of a quickly growing number of 
cDNA sequences coding for membrane transport 
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proteins and receptors has provided a wealth of 
structural information, and insight into the evolu- 
tionary relationship between these proteins. In order 
to understand the functional implications of these 
structures, the proteins encoded must be function- 
ally expressed and characterized. 

FUNCTIONAL EXPRESSION OF 

MEMBRANE PROTEINS 

Biosynthesis of membrane proteins requires at least 
partial translocation of the nascent polypeptide 
chain(s) into the endoplasmic reticulum, proper fold- 
ing in the membrane, often assembly of multiple 
subunits, post-translational modification in the Golgi 
apparatus, and, in some cases, sorting of the newly 
formed protein to defined surface membrane do- 
mains. Due to this complexity, it is difficult to 
achieve synthesis of functional eucaryotic mem- 
brane proteins in vitro or in procaryotic expression 
systems, such as Escherichia coli. Thus, functional 
expression of eucaryotic membrane proteins usually 
requires use of a eucaryotic host cell. 

cDNA may be expressed in eucaryotic cells, 
either by using transient or stable transfection, or by 
using microinjection into the nucleus. Alternatively, 
the cDNA may be transcribed in vitro, capped, poly- 
adenylated and the resulting mRNA transferred into 
the cytoplasm. Functional expression helps to con- 
firm the identity of cloned DNA sequences and to 
investigate the functional properties of the encoded 
proteins. As the cDNA sequences can be altered, 
e.g., by site-directed mutagenesis, the perturbation 
of function in the expressed mutant protein contri- 
butes to the understanding of the functional architec- 
ture of these membrane proteins. 

Functional expression of proteins can also be 
achieved by introduction of crude tissue mRNA into 
a foreign cell. This allows: 
--characterization and partial purification of 

mRNA(s) coding for these functions; 
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- - a  direct approach to the cDNA solely based on 
function (functional expression cloning); 

--observation of a membrane protein in a foreign 
host cell, where it may be more accessible than in 
situ to studies of its biosynthesis and modulation 
by second messengers or drugs; and 

--comparison of membrane proteins originating 
from different tissues and stages of ontogeny of 
the same species or from different species in a 
standardized environment. 

For reasons discussed in this review, the most fre- 
quently used cell for the functional expression of 
plasma membrane proteins from mRNA is the Xeno- 
pus oocyte, but similar experiments have been per- 
formed with oocytes from other species and with 
somatic cells. For example, the oocytes of the newt 
Cynops pyrrhogaster have been shown to express 
eel electroplax acetylcholine receptor [6, 108], and 
Dahl et al. [37, 38] demonstrated functional expres- 
sion of gap junctions in a tumorigenic mouse cell line 
after fusion of the cells with liposomes containing 
total rat myometrium mRNA. 

The aim of this review is to provide a survey 
of the use of the oocyte of the South African frog 
Xenopus laevis as a functional expression system 
for plasma membrane proteins. Limitations of each 
application will also be discussed. 

Experimental Approaches 

HISTORICAL ASPECTS 

Expression of foreign proteins in the Xenopus oo- 
cyte, either following microinjection with mRNA 
into the cytoplasm [74] or of cDNA into the nucleus 
[144] has been pioneered by Gordon and collabora- 
tors. The oocyte efficiently transcribes and trans- 
lates injected genetic information, performs assem- 
bly of the protein products, correctly processes the 
nascent polypeptides, and targets them to the proper 
subcellular compartment. It quickly became a stan- 
dard in vivo expression system [for reviews see 35, 
73, 75, 112, 120,209]. But only in 1981, theXenopus 
oocyte was "discovered" for the expression of 
plasma membrane proteins. Sumikawa et al. [216] 
demonstrated the presence of specific J25I-o~-bungar- 
otoxin binding sites newly expressed in tbe oocyte 
surface membrane, following microinjection of the 
cells with crude mRNA, isolated from the electric 
organ of Torpedo marmorata. One year later, the 
same authors showed, in collaboration with Miledi 
[16], that this protein truly represented a functional 
ion channel gated by acetylcholine. Thus, it was 
recognized that the oocyte is also able to properly 

assemble foreign multi-subunit proteins and to incor- 
porate them in a functional form into its surface 
membrane. Following this discovery, the technique 
was rapidly applied to other ion channels [69, 88, 
151, 152] and later to many other membrane pro- 
teins. Tables 1 and 2 summarize plasma membrane 
proteins that have so far been functionally expressed 
in the Xenopus oocyte, either using crude mRNA 
isolated from various tissues (Table 1), or starting 
from cDNA (Table 2). Both tables list selected refer- 
ences only, for each protein. The literature review 
was completed at the end of 1989. 

COMPARISON OF THE OOCYTE EXPRESSION 
SYSTEM WITH FUNCTIONAL EXPRESSION IN 
SOMATIC CELLS 

The major advantage of the oocyte is the experimen- 
tal ease with which expression of mRNA can be 
achieved. Due to the difficulties of efficiently trans- 
ferring mRNA into small cells, handling and recog- 
nizing individual cells, and performing experiments, 
somatic cells have largely been abandoned as mRNA 
expression sytems. A valuable alternative exists for 
the expression of cDNA, namely transfection of 
cDNA into a suitable cell line. Advantages for the 
expression of cDNA in the oocyte versus transfec- 
tion in somatic cells, especially for the purpose of 
electrophysiological experiments, are: 
--simple handling of single identified cells after 

transfer of genetic information, using a pasteur 
pipette; 

- - the  high proportion (>98%) of cells that express 
the genetic information after the transfer; 

- - the  possibility of controlling the environment of 
the oocytes by simple bath perfusion; 

--simple control of the membrane potential. 
Drawbacks of the oocyte include: 
- - the  seasonal variation of the oocyte quality, that 

is observed in some laboratories; 
- - the  short expression period, which lasts usually 

not longer than fourteen days, compared to stable 
transfection; 

- - the  relatively small number of cells that can be 
handled in a single experiment; and 

- - cDNA that has to be transcribed, capped and 
polyadenylated in vitro, unless it is directly in- 
jected into the nucleus of the oocytes. 

Thus, the choice of an expression system will de- 
pend on the type of experiments to be done. 

OOCYTES ARE EASILY HANDLED IN CULTURE 

The morphology and development of this polarized 
cell have been described [47]. The fully grown oo- 
cyte from X. laevis is an extraordinarily large cell 
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Table l .  Plasma membrane proteins that have been expressed in the Xenopus oocyte after injection with crude mRNA 

Protein function References 
Agonist or substrate (type) 

Ion channels 
Na ~ 
Ca 2+ 
K" 
C1- 
K + (ATP-regulated) 
Na + (amiloride-sensitive) 
GABA receptor channel 
Glycine receptor channel 
Acetylcholine receptor channel 
Glutamate receptor channel 

(kainate or quisqualate) 
Glutamate receptor channel (NMDA) 

Carriers 
Na+-Ca 2" [130, 2041 
Na+-glucose [7, 821 
Na'-iodide [2471 
Na +-neurotransmitters 122, 193] 
Na+-amino acid [81 
Amino acid (Na+-independent) 18,232] 
Anion-exchanger (band 3) [64, 76, 1581 

Receptors acting via IP~ 
Serotonin (5HTIc, 5HT~) 
Angiotensin (type ll) 
Neurotensin 
Substance P 
Substance K 
Neurokinin (type A) 
Quisqualate 
Vasopressin (V I, V2) 
Acetylcholine (M 1, M3) 
Cholecystokinin 
Bombesin 
Gastrin-releasing peptide 
Gonadotrophin-releasing hormone 
Thyrotropin-releasing hormone 
Noradrenaline 
Dopamine 

Other proteins 
Light (rhodopsin) I105] 
Odorant mixture {61 l 
Adrenergic receptors (/31, ,82) [131 
Fc receptors [1851 
Interferon (~,) I117] 
lgE receptor [127] 
G-proteins (G;, G,,) [99] 
Cyclase (cAMP) 12(181 
Gap junction [2511 
Semliki Forest virus envelope protein 1891 

[63, 67, 69, 86, l t l ,  132, 145, 176, 198, 199,202, 221, 223,224, 233, 238] 
[43, 52, 72, 100, 121, 131, 202, 206, 240] 
124, 25, 53, 68, 132, 188, 221,223, 230,259] 
[62, 2201 
[lO] 
[60, 83, 113] 
[9, 30, 88, 152, 174, 175,200, 201,202, 2O7, 221,223, 243, 2551 
[1, 2, 9, 30, 71, 88, 1771 
[16, 26, 145, 151, 153, 176, 216, 220] 
[51, 69, 70, 85, 87, 88, 124, 173, 177, 186, 189,215,221,241,244, 246] 

I51, 59, 70, 107, 118, 123, 124, 141,244-2461 

15, 42, 66, 69, 134, 167, 190, 228, 2371 
[36, 142, 147, 192, 254] 
[84, 178] 
{5, 78, 178, 2581 
11391 
[781 
[51, 70, 85,214, 2151 
1142, 147, 159, 2541 
15, 42, 84, 101, 167, 1691 
[159, 161, 2541 
II46, 161,254] 
[146] 
1501 
[142, 147, 169-171] 
[2221 
12221 

with a diameter of I-1.2 mm which is surrounded by 
the noncellular, fibrous vitellin layer and by several 
layers of follicular cells [46]. The latter may be re- 
moved, either mechanically or by enzymatic proce- 
dures, to give "naked,"  "denuded" or defollicu- 
lated oocytes. Most experiments are carried out 

using naked oocytes that are still surrounded by the 
vitellin layer, which provides mechanical stability to 
the oocyte. For the recording of single ion channel 
currents using the patch-clamp technique, it is also 
necessary to remove the vitellin layer [145], or to 
rupture it locally [ 198], in order to expose the plasma 
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Table 2. Cloned plasma membrane proteins that have been expressed in the Xenopus oocyte 

Protein function References 
Ligand or substrate (type) 

Channels 
Na + channel 
K + channel 
K* channel (A-type) 
Ca 2+ channel (L-type) 
Acetylchotine receptor channel 

(skeletal muscle, electroplax) 
(brain) 

GABA receptor channel 
Glycine receptor channel 
Kainate receptor channel 
Connexins (gap junctions) 

Transport proteins 
Na,K-ATPase 
Na+-glucose cotransport 
Glucose carrier 
Anion-exchanger (band 3) 

Receptors 
Substance K receptor 
Substance P receptor 
Adrenergic receptors (c~2, BI,/32) 
Muscarinic receptors (I,II,III,IV) 
Thyroid-stimulating hormone 
Serotonin (5HT~) 
Serotonin (5HT2) 
Mas-oncogene (angiotensin) 
NGF receptors 
Low density lipoprotein receptor 
Rhodopsin 
Atrial natriuretic peptide clearance receptor 

[11, 145, 163,210, 211, 225, 239] 
[32, 53, 162, 212, 213, 230] 
[94, 136, 234, 235, 261,262] 
[148] 
[91,92, 116, 122, 140, 145, 154-156, 182, 191,217-219,227,236, 
252, 253,260] 
[14, 23, 48, 172, 248] 
[21, 106, 125, 126, 128, 129, 137, 138, 184, 195, 203,256, 257] 
[194] 
[87] 
[39, 49~ 226, 250] 

[77, 164, 165, 196, 229] 
[81, 90, 242] 
[20, 103, 181] 
[18, 27] 

[1391 
[258] 
[54, 55, 109, 110] 
[3, 28, 56, 114, 115] 
[179] 
[97] 
[~83] 
[95] 
[197] 
[18o] 
[105] 
[57] 

membrane and to allow sealing between glass pipette 
and membrane. 

Expert advice on the practical aspects of the 
oocyte expression system is available, including 
handling of the frogs, isolation of follicles, removal 
of follicle cells, maintenance of follicles and oocytes 
in culture, and microinjection of cDNA into the nu- 
cleus or mRNA into the cytoplasm [35, 73, 75, 112]. 
Information on the fate of injected mRNA in the 
oocyte [120, 209] and on the electrophysiological 
properties of the native follicles and oocytes [40] 
have been expertly reviewed. The latter review also 
contains a valuable discussion of the use of the oo- 
cyte as an expression system for ion channels. 

The experimental procedures involved in the 
functional expression of membrane proteins in the 
Xenopus oocyte are illustrated in Fig. 1. Total RNA 
is extracted from cell cultures or from whole tissues. 
In many cases crude total RNA is sufficient for ob- 
taining a functional signal from the expressed pro- 
teins. However,  the amount of mRNA thereby en- 
tering the cell wilt be very small. This is due to the 

Xenopus oocyte  

cDNA 

11 in vitro 
transcription 

2) p01yadenylati0n 
3) cappi,q 

poly ( A + ) -RNA 

1) extraction 
2) affinity 

chromatography 

tissue 

licroinjecti 

mRNA 
microinjection l . 

] I I  translation / 
\ [ 21 ~iC~ti0n / 

functional protein 

Fig. 1. Scheme illustrating functional plasma membrane protein 
expression in the Xenopus oocyte 
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small percentage of mRNA in total RNA and due to 
the limited concentration of RNA that can be han- 
dled with a microinjection pipette. At concentrations 
exceeding 2 mg/ml, the viscosity of the solution 
makes precise delivery into the oocytes impossible. 
Better expression is usually possible by using puri- 
fied poly(A+)-RNA, obtained from total RNA by 
affinity chromatography (e.g. 12). If cDNA coding 
for a protein is available, it is transcribed in vitro, to 
obtain the corresponding RNA. Capping and polya- 
denylation may contribute to the stability of the mes- 
sage in the oocyte [45]. Approximately 50 nl of a 
RNA solution is microinjected into the cytoplasm at 
the vegetal pole of either intact follicles of naked 
oocytes. Alternatively, cDNA (I0 nl) is microin- 
jected directly into the nucleus [34, 112]. 

While injection of cDNA or of pure mRNA de- 
rived from cDNA will often result in detectable ac- 
tivity of the expressed protein within hours, mix- 
tures of mRNA from crude sources may require 
culturing of the injected oocytes for several days, 
depending on the sensitivity of the assay (see below). 

It may be added here that many laboratories 
have experienced problems in securing a steady sup- 
ply of morphologically intact, healthy oocytes, char- 
acterized by a dark brown to black pigmented, ani- 
mal hemisphere and a yellowish, vegetal 
hemisphere. In fact, upon first examination, many 
female frogs have either few mature oocytes or cells 
displaying "bold"  patches on the animal hemi- 
sphere. Morphologically altered cells are usually not 
stable in culture and cannot be used in expression 
experiments. Often the same donor animal, two 
weeks after the first surgery, delivers morphologi- 
cally intact oocytes (E. Sigel, unpublished observa- 
tions). Removal of part of the ovary appears to stim- 
ulate maturation of new oocytes. Reusing the same 
animals for up to 15 oocyte donations, therefore, 
not only helps to keep the number of experimefital 
animals low, but also secures a supply of good qual- 
ity oocytes. 

NOTES OF CAUTION 

If a new membrane protein is to be expressed, the 
oocyte should be checked for the presence of any 
endogenous protein, which could mask the newly 
expressed function. For example, microinjection of 
cDNA derived pure mRNAs coding for the two sub- 
units of the Na-K-ATPase from Torpedo calfornica 
resulted in a functional signal only two- to sevenfold 
higher than in noninjected oocytes, due to the high 
endogenous Na-K-ATPase activity [164, 196]. 

Control experiments carried out in the presence 
of inhibitors of transcription, usually actinomycin 

D, may help to exclude the possibility of activation 
of an endogenous Xenopus gene by the introduction 
of mRNA into the oocyte. It should be noted here 
that the oocyte also contains a large endogenous 
pool of nontranslated mRNA [4], and no control 
experiments are available to exclude, a priori, acti- 
vation of such an endogenous species of mRNA, or 
the contribution by the oocyte of one or several 
protein subunits to form a functional multisubunit 
protein. While the latter possibility is difficult to 
exclude, circumstantial evidence is available from a 
large number of experiments to render the former 
possibility unlikely: 
--Membrane proteins expressed from crude 

mRNA(s) are always present in the tissue of origin 
of the mRNA(s). Expression is usually only ob- 
served if the tissue of origin is a rich source for 
the particular mRNA(s). 

- -The  properties of the newly expressed proteins 
are similar to those found in the tissue of origin; 
e.g. oocytes injected with cDNA derived mRNAs 
coding for Torpedo electroplax and bovine skele- 
tal muscle acetylcholine receptors, express ion 
channels whose single channel kinetic properties 
are reminiscent of those in the native tissues 
([191], further discussed below). 

- - In  many cases where cDNA coding for functional 
proteins was altered by using in vitro mutagenesis, 
the consequent functional alterations were always 
in line with faithful expression. 

In spite of all the circumstantial evidence avail- 
able, any result obtained with the oocyte system 
should be critically evaluated for the possibility of 
the activation of endogenous mRNA, or for the con- 
tribution by the oocyte itself of a subunit to an ex- 
pressed functional protein. 

Post-translational processing and proper posi- 
tioning of the membrane proteins are often faithfully 
carried out by the oocyte. Thus, secretory proteins 
are usually secreted, and other proteins are targeted 
to the correct intracellular location [209]. However,  
it should be noted that in some cases proteins have 
been shown to differ in the extent of glycosylation 
[209]. In an interesting study, glycosylation of the 
~-subunit of the Electrophorus electrocyte sodium 
channel in the native tissue and in the mRNA-in- 
jected oocyte were compared [233]. In this case, 
the ~-subunit was only partially glycosylated in the 
oocyte. The functional implications of this observa- 
tion are not clear. 

While the molecular properties of membrane 
proteins are often reproduced precisely after expres- 
sion in the oocyte, the expressed protein may inter- 
act with protein partners different from those in situ. 
This is illustrated by the finding that the liver vaso- 
pressin receptor interacts with pertussis-toxin sensi- 
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tive G-proteins in s i tu,  but with pertussis-toxin in- 
sensitive G-proteins after expression in the oocyte 
[159]. Alternatively, an important interaction part- 
ner may lack in the oocyte, for example, a G-protein 
for a receptor. 

The host environment may also have a specific 
influence on the newly expressed protein, e.g., re- 
sulting from the phospholipid composition of the 
plasma membrane or from the activity of regulatory 
enzymes, that may both differ between oocyte and 
tissue of origin. These parameters may also differ 
between different batches of oocytes. Thus, the 
steady-state activity of protein kinase C in different 
batches has been found to be variable [202]. It is 
also known (for review see  Dascal [40]), that certain 
endogenous receptors are only present in oocytes 
of some individual donor animals, and, in addition, 
underlie seasonal variation. 

NEWLY EXPRESSED PROTEINS CAN BE DETECTED 
STRUCTURALLY OR FUNCTIONALLY 

A factor that facilitates detection of newly expressed 
membrane proteins is the relatively low abundance 
in the oocyte plasma membrane of channels, trans- 
port systems and receptors. Follicles show physio- 
logical responses to many agents, e.g. adrenaline, 
serotonin, dopamine, purines, muscarinic agonists 
(for review s e e  [40]), and peptide hormones such as 
corticotropin-releasing factor, arginine-vasopressin 
and cholecystokinine [160] but, upon removal of the 
follicular cell layers, most of these responses are 
lost. The denuded oocyte only responds to cholecys- 
tokinine [160], while the other receptors seem to 
reside on the follicular cells, which are electrically 
coupled to the oocyte. The plasma membrane has 
also a Na-K-ATPase [119], sodium-dependent 
amino acid carriers [98], sodium-dependent and so- 
dium-independent glucose carriers [249], a glucose 
uptake system, which can be activated by insulin- 
like growth factor I [96], a small endogenous calcium 
conductance [43], a voltage- and calcium-dependent 
chloride conductance [15, 149], and other voltage- 
dependent conductances, displaying rather unusual 
activation properties (reviewed in [40]). A further 
ion channel is evident from single channel record- 
ings: stretch-activated channels similar to the ones 
described in cultured chick skeletal muscle cells 
[65]. This nonselective cation channel in the oocyte 
shows some spontaneous activity and is further acti- 
vated by applying negative pressure to the patch 
[145]. Overlap of the spontaneous activity of this 
channel with the activity of newly expressed chan- 
nels causes some problems in single channel record- 
ings, and care should be taken not to confuse channel 

opening of stretch-activated channels with newly 
expressed ion channels. 

The amount of newly expressed membrane pro- 
tein after injection with crude mRNA varies, de- 
pending on the expressed protein, and is also related 
to the abundance of the specific mRNA in the tissue 
of origin and to the degree of integrity of the mRNA 
preserved during the isolation procedure. The rela- 
tive expression of different membrane proteins has 
also been reported to depend on the handling of the 
isolated mRNA. Repetitive freezing and thawing, 
e.g. of total chick forebrain mRNA dissolved in a 
buffered solution, resulted in a gradual loss of so- 
dium channel expression, while the expression of 
the GABA receptor channel remained unaffected by 
this treatment [198]. 

In the absence of an endogenous oocyte protein 
with the same function expression of a surrogate 
protein often exceeds the limit of detection by a large 
factor. Surprisingly, pure mRNA(s) frequently do 
not result in much higher functional signals than 
those obtained with qualitatively optimal prepara- 
tions of crude total tissue mRNA, which may contain 
thousands of different mRNA species. The reason 
for this is not clear. Even expression of some cloned 
species of cDNA, may only result in very small 
signals. For example, of the three different sodium 
channel o~-subunits that have been cloned from rat 
brain, only type II [11, 163] and type III [225] are 
efficiently expressed in the oocyte and result in sub- 
stantial ion currents, whereas less than 1% of that 
current was observed after expression of the type I 
sodium channel [163]. In this case additional sub- 
units may be needed for efficient expression. 

Copy numbers -of newly expressed proteins ex- 
ceeding 10 ~~ in a single oocyte have recently been 
reported for the case of the cloned intestinal sodium- 
glucose cotransporter [242]. But, usually, not more 
than 5 x 108 membrane protein molecules are ex- 
pressed, after injection with pure nucleic acids. If 
injected with crude mRNA, a maximum of l07 copies 
per cell is usually not exceeded. Hence, these num- 
bers restrict structural and functional detection. 

Structural confirmation of expression of new 
membrane proteins has usually relied on identifica- 
tion of biosynthetically labeled proteins, either by 
immunoprecipitation[e.g., 35] or after affinity puri- 
fication [e.g., 216]. IgE-receptors have been visual- 
ized by binding of IgE-coated, fluorescent micro- 
spheres [127]. Evidence for the presence of newly 
expressed proteins has also been obtained by mea- 
suring specific binding of a ligand of high specific 
radioactivity (e.g., 216). 

Functional detection of newly expressed recep- 
tors coupled to the production of second messengers 
has the advantage in that the signal is amplified, but 
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relies on the presence in the oocyte, either by co- 
expression or by endogenous availability, of the sig- 
nalling chain distal to the receptor. Thus receptors 
expressed from cDNA coding for human adrenergic 
/31 and t32 receptors interacting with endogenous G,- 
proteins have been functionally detected by measur- 
ing agonist-induced adenylate cyclase activation [54, 
109]. The oocyte has proven particularly suitable 
for the detection of newly expressed receptors that 
activate the IP3/calcium second messenger pathway, 
making use of an amplified reporting system, endog- 
enous to the oocyte. All these newly expressed re- 
ceptors (Table 1) elicit upon activation, after a lag 
time of several seconds, an oscillatory current re- 
sponse, similar to that of the endogenous muscarinic 
acetylcholine receptor (reviewed in detail in [40]). 
Comparable responses are obtained after microin- 
jection of calcium [41, 150] or IP3 [168] into the 
oocyte. The responses are inhibited by previous in- 
jection of EGTA into the cells [41, 173]. Thus, all 
available evidence is in line with a signalling chain: 
receptor--G-protein--phospholipase C--IP3--cal- 
cium-release from endogenous compartments. The 
released calcium activates endogenous chloride cur- 
rents [15,150], which can be monitored electrophys- 
iologically. Changes in cytosolic calcium concentra- 
tions have also been measured as fura-2 signals 
[228], as light emission from aequorin-injected cells 
[I92], or as increased radioactive calcium efflux 
[254]. Ligand-induced IP 3 production has been mea- 
sured directly from small pools of oocytes [142,167]. 
All functions in the signalling chain distal to the 
receptor also occur endogenously in the oocyte, as 
activation of receptors, expressed after injection 
with a cDNA-derived, pure mRNA coding for the 
substance K receptor [139], or the serotonin lc re- 
ceptor [97], is sufficient to generate ligand-induced 
chloride currents. Use of this reporting system has 
led to the discovery of a new brain receptor acting 
via the IP3/calcium pathway. Expression of whole 
rat brain mRNA has shown that quisqualate cannot 
only open a subtype of glutamate receptor channels, 
but also activates a receptor interacting with the 
above signalling chain [173,214,215]. 

Newly expressed ion channel currents can be 
recorded using the conventional whole cell voltage- 
clamp technique or at the single channel level by 
the patch-clamp technique [145]. The first method is 
particularly sensitive. It may be estimated that about 
5,000 expressed ion channels are sufficient to create 
a significant current signal, assuming a single chan- 
nel current amplitude of 1 pA, and an open probabil- 
ity close to 1.0. In contrast, single channel recording 
requires a much higher level of expression. This is 
due to the necessity of finding single channel mole- 
cules, using a pipette with a tip opening area of about 

4/xm 2 on an oocyte surface measuring about 2 • 10 v 
/xm 2 [145]. Therefore, assuming random distribution 
in the surface membrane, patch clamping may be 
applied conveniently only to oocytes expressing at 
least 106 channels. Alternatively, ion fluxes through 
channels have been measured using flame emission 
spectroscopy [6], or by radioactive tracer flux [33]. 

Radioactive tracer flux studies have been under- 
taken in order to probe newly expressed membrane 
transport proteins (see Table 1). The presence of 
electrogenic carriers in the surface membrane of the 
oocyte has been confirmed by electrophysical tech- 
niques, either measuring substrate-induced ion cur- 
rents [2421 or membrane potential changes [8]. 

Applications of the Expression System 

EXPRESSION OF CRUDE, TISSUE-DERIVED m R N A  

Crude mRNA-induced expression has opened a val- 
uable approach to the study of the types of questions 
reviewed in this section. In addition, many studies 
on the biogenesis, role of post-translational modifi- 
cations, targeting and regulation of membrane pro- 
teins (reviewed in later sections) have been per- 
formed using crude mRNA expressed in a simple, 
foreign environment, where many experimental fac- 
tors can be better controlled than in situ. 

Functional Expression Yields Information on Size 
and Abundance of  the Coding mRNA 

If a functional protein can be detected after injection 
of crude, total mRNA isolated from a tissue, the 
mRNA may then be fractionated using sucrose den- 
sity gradient centrifugation or agarose gel electro- 
phoresis, to obtain mRNA of defined size [e.g., 80, 
220, 221]. Size-selected subfractions represent the 
starting point for expression cloning (see below). It 
should be borne in mind that this holds true only for 
single subunit proteins or proteins whose subunits 
are coded for by mRNAs of very similar size. In 
the worst case, a size fractionation of mRNA could 
result in the complete loss of expression of the func- 
tion, if a small molecular weight mRNA is essential 
to complement a large component mRNA during 
functional expression. Consequently, after separa- 
tion steps of low resolution, as sucrose density gradi- 
ent centrifugation, a peak broadening for multi-sub- 
unit proteins is observed, compared to single subunit 
proteins. 

Size fractionation cannot only help to establish 
the molecular size of the mRNA coding for a defined 
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functional protein, but has also been used to obtain 
evidence for the existence of multiple isoform 
mRNAs coding for such a function. Thus, expres- 
sion of crude, size fractionated mRNA from neona- 
tal and adult rat spinal cord, and cerebral cortex, 
indicated existence of two different forms of the 
glycine receptor, that differ in their functional prop- 
erties [1]. While the adult cerebral cortex form was 
found to be predominantly coded by 18S mRNA, a 
very high molecular weight fraction was found to 
code for most of the adult spinal cord receptor [1]. 
Similar observations were made for the rat brain A- 
type potassium channel [188]. Information on the 
role of the small molecular weight component(s) 
known to be tightly associated with the large o~- 
subunit o f  the voltage-dependent sodium channel 
[31] has been obtained from fractionation experi- 
ments. Sumikawa et al. [22] found that large molecu- 
lar weight mRNA was sufficient to drive synthesis 
of voltage-dependent sodium channels. However, 
size fractionation of the mRNA of rat and rabbit 
brain and subsequent injection of a high molecular 
weight fraction into oocytes resulted in the expres- 
sion of a sodium current with threefold slower inacti- 
vation than that observed after injection with total 
mRNA [111]. This fast inactivation could be restored 
by co-injection of a small molecular weight fraction 
mRNA [11 I]. Similar findings were made when the 
cloned rat brain a-subunit was supplemented with 
crude small molecular weight mRNA [11]. These 
observations are further discussed in a later section. 

The size of the functional signal obtained by 
mRNA-induced expression is dependent on the 
amount of specific mRNA injected. This has been 
used to quantify relative amounts of mRNA in differ- 
ent tissues coding for this function. Thus, informa- 
tion on the ontogeny in rat brain [30] and on the 
distribution in mouse brain [9] of the ligand-gated 
GABA and glycine channels has been obtained. 
Changes in mRNA levels coding for the nicotinic 
acetylcholine receptor and for the sodium channel 
have been found after denervation of cat skeletal 
muscle [176]. Quantitation of mRNA also helped to 
elucidate the mechanism of homologous desensitiza- 
tion of the receptor for thyrotropin-releasing hor- 
mone [171]. Exposure of GH3 cells to the agonist 
led to a rapid decrease in mRNA coding for the 
receptor, as shown by quantitation of expression in 
oocytes after isolation of mRNA from untreated and 
hormone-treated cells [171]. Similarly, it has been 
shown that the mRNA coding for rat myometrium 
potassium channel is induced by estrogen treatment 
and regulated throughout the estrous cycle and dur- 
ing pregnancy [25]. The use of functional expression 
for the quantitation of a given mRNA species may 

Table 3. Plasma membrane proteins cloned with the help of the 
functional assay in the Xenopus oocyte (functional expression 
cloning) 

Membrane protein References 

Na+-glucose cotransporter 
Serotonin receptor (5HTlc) 
Substance K receptor 
Substance P receptor 
K + channel (kidney) 
K + channel (brain delayed rectifier) 
Kainate receptor channel 

[81] 
[97] 
[139] 
[258] 
[230] 
[53] 
[871 

be useful in cases where the cDNA is not yet avail- 
able. But this approach suffers from some shortcom- 
ings: isolation of mRNA, even from aliquots of the 
same tissue, may be variable in quality, protein iso- 
forms cannot be differentiated, and the cellular ori- 
gin of the mRNA is not known. At least for those 
membrane proteins that have been cloned, in situ 
hybridization and, to some extent, Northern blot 
analysis promise much higher specificity and resolu- 
tion for the quantitation and localization of specific 
mRNA. 

Functional Expression Cloning Using a 
Direct Approach 

Many membrane proteins, especially receptors and 
ion channels in the central nervous system, only 
represent a tiny fraction of the total membrane pro- 
tein. This makes isolation by biochemical methods 
and, therefore, a conventional cloning approach dif- 
ficult. The latter depends on the availability of pri- 
mary protein sequence information or of highly spe- 
cific antibodies. Cloning with the help of a functional 
assay in the Xenopus oocyte was pioneered by 
Noma et al. [166]. Supernatant of crude mRNA- 
injected oocytes was used for the detection in a 
bioassay of the activity of newly synthesized and 
secreted IgG1 induction factor. This cloning ap- 
proach is now called functional expression cloning 
and has been rapidly applied to the cloning of several 
plasma membrane proteins (Table 3). The strategy 
of functional expression cloning is illustrated in Fig. 
2. Functional expression obtained with total mRNA 
from a given source confirms the presence of mRNA 
coding for the protein in question, mRNA can then 
be fractionated according to size, the active fraction 
identified, and, after reverse transcription, used for 
the generation of a cDNA library. This library is then 
transcribed into polyadenylated mRNA, capped and 
expressed in the oocyte. Subsequent appearance of 
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tissue 

i i) extraction 
2) affinity chromatography 

poly(A +I-RNA 

I size fractionation 

poly(A +)-RNA fraction 
~icroinjection 

transcription 2) addition of linkers 
2) polyadenylation 3) insertion into 
3) capping expression vector 

cDNA library 

sensitive 
functional assay 

D 

Xenopus oocyte 

Fig. 2. Scheme illustrating functional expression cloning. For 
further explanation see  text. Once the cDNA library results in a 
positive response in the functional assay, the clone is identified by 
progressive subdivision of the library, d s c D N A :  double stranded 
cDNA 

the function in the oocyte confirms the presence of 
a full length clone in the library. The clone coding for 
the function may then be identified by progressive 
subdivision of the library. 

Several technical features have been exploited 
in order to enhance the probability of functional 
detection of a signal from cDNA library derived 
mRNA. For the expression cloning of the sodium- 
glucose transporter the total tissue mRNA was size 
fractionated using a preparative electrophoresis 
technique [80], resulting in a considerably enriched 
fraction of mRNA, which was used as starting mate- 
rial for the generation of the library [81]. Unidirec- 
tional cloning was used in conjunction with sensi- 
tive, direct electrophysiological detection in the case 
of the rat brain delayed rectifier potassium channel 
[53], and the kainate receptor channel [87]. Several 
groups [97, 133, 139,258] made use of an amplified 
signal in the form of an ionic current that is provided 
by the oocyte for functional detection of receptors 
linked to IP 3 production (see above). 

Direct functional expression cloning has the ad- 
vantage over classical strategies in that the danger 
of sequencing "false positive" clones, due to cross- 
reactivity of antibodies or nucleotide probes, can be 
avoided. Furthermore, full-length clones will di- 
rectly be obtained. However, it should be pointed 
out that functional expression cloning, using the di- 
rect, straightforward approach, is restricted to the 
cloning of single subunit proteins. As discussed 
above, multisubunit proteins may not be expressed 
in a functional form, after fractionation of the nucleic 
acids coding for the different subunits. Unless single 
subunits of a multisubunit protein produce an assay- 
able function, more complex strategies have to be 

used for functional expression cloning of these pro- 
teins. 

Functional Expression Cloning Using an 
Indirect Approach 

The indirect approach to functional expression clon- 
ing makes use of antisense nucleotide inhibition of 
expression (see below). This strategy has first been 
chosen by Liibbert et el. [133] in an attempt to clone 
the 5HTlc receptor. Size-selected mouse brain 
mRNA, capable of directing synthesis of this recep- 
tor in the oocyte, was used to generate an antisense 
cDNA library by directional cloning. Single-strand 
antisense cDNA of portions of the library were then 
hybridized with the starting mRNA and separated 
on a sucrose density gradient, and the unhybridized 
mRNA was screened for a depletion in the ability 
to direct expression of the receptor in the oocyte, 
indicating the presence of antisense cDNA in the 
corresponding portion of the library. It was also 
shown that the mRNA isolated fi-om the positive 
hybrid portion was able to direct functional expres- 
sion of the receptor. The drawback of this indirect 
approach is illustrated by the fact that these attempts 
resulted in the isolation of a partial length clone only 
[133], whereas the direct positive approach to the 
same receptor led to the isolation of a full-length 
clone coding for this single subunit protein [97]. 
However, for multi-subunit proteins and for single 
subunit proteins coded for by mRNA longer than 
about 6 kB, for which generation of a full length 
cDNA library is difficult, this may be the strategy of 
choice. 

Functional expression cloning has provided an 
unexpected approach that holds a lot of promise, but 
only the future will tell how generally this approach 
can be applied to the cloning of those proteins that 
at present cannot be cloned using conventional tech- 
niques. 

Oocyte Expression Can Be Inhibited by 
Antisense Nucleotides 

Translation of mRNA in Xenopus oocytes has been 
shown to be inhibited by complementary, antisense 
RNA [79, 143] or DNA [102]. Prehybridization of 
crude mRNA with antisense RNA or cDNA against 
part of the coding mRNA, prior to injection into the 
oocyte is sufficient to inhibit expression. This has 
been documented by many groups. For instance, it 
has been shown that an oligonucleotide complemen- 
tary to the coding sequence for amino acid residues 
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4-10 of the c~-subunit of the nicotinic acetylcholine 
receptor channel is sufficient to suppress expression 
of this multi-subunit protein complex [217]. Anti- 
sense RNA directed against either of the four differ- 
ent subunits inhibited functional expression [217]. 
Antisense oligodeoxynucleotides of 60 to 80 bases 
length induced arrest of translation of sodium chan- 
nels [132]. Similar experiments have been used to 
show the close relationship of the dihydropyridine 
receptor cloned from rat skeletal muscle, which can- 
not be functionally expressed in the oocyte [231], 
with a dihydropyridine-sensitive heart calcium chan- 
nel. It has been demonstrated that mRNA-induced 
expression of rabbit and rat heart calcium channels, 
but not dihydropyridine-insensitive calcium chan- 
nels, may be suppressed by complementary oligonu- 
cleotide probes to cDNA sequences coding for the 
rat skeletal muscle dihydropyridine receptor [131]. 
Antisense oligodeoxynucleotides directed against 
the mRNA coding for the cloned strychnine binding 
subunit of the glycine receptor [194] inhibit expres- 
sion of glycine receptor channels by adult but not by 
neonatal spinal cord mRNA [2], confirming earlier 
observations of a heterogeneity of glycine receptor 
channels [1]. 

Limitations of the Approach 

In addition to the problems inherent to oocyte ex- 
pression experiments, expression of total mRNA 
isolated from a tissue of choice has additional limita- 
tions: 
- - A  membrane protein of interest may not be 

expressed in functionally detectable amounts, 
perhaps due to low abundance of the specific 
mRNA(s) in the source tissue. Often the relative 
extent of expression of two proteins in the native 
tissue is comparable, but only functional expres- 
sion of one of them may be achieved. The reason 
for this is far from clear. Stability of the mRNA 
during isolation, storage and after injection into 
the oocyte cytoplasm, and translational efficiency 
may differ for the respective mRNAs. Some poly- 
peptides may be improperly modified, folded or 
assembled, and therefore not reach the plasma 
membrane. 

- -When functional expression is obtained, it is often 
not clear what the cellular origin of the protein is, 
because every tissue is made up of a number of 
different cell types. 

--Several  newly expressed proteins may interact in 
a way that is not typical for the native tissue, 
because the proteins may originate from different 
cells or are localized differently in the same cell 
type. 

Some of these shortcomings can be circum- 
vented when pure mRNA coding for a defined pro- 
tein is available. 

EXPRESSION OF cDNA OR cDNA DERIVED mRNA 

Identity of cDNA Clones Can Be Confirmed by 
Expressing the Encoded Function 

Conventional cloning using antibodies or partial pri- 
mary sequence information of the protein to be 
cloned is subject to many pitfalls that result in 
"wrong clones." Confirmation of the identity of the 
coded protein, if possible with a functional assay, is 
therefore a primary goal after establishing a cDNA 
sequence. The Xenopus oocyte has served as a test 
tube for a large number of cloned plasma membrane 
proteins (see Table 2). In most cases the cDNA was 
transcribed in vitro, the RNA capped, poly(A+) - 
tailed and microinjected into the cytoplasm of the 
oocyte. Ballivet et al. [141 used instead direct nuclear 
injection of cDNAs coding for the chick neuronal 
acetylcholine receptor subunits, cDNAs were linked 
to a heat shock promotor and the oocytes exposed 
to high temperature after nuclear injection, in order 
to initiate transcription. This procedure circumvents 
in vitro preparation of RNA. Ymer et al. [257] used 
cytomegalovirus promoter, thereby omitting the 
need to expose the oocytes to elevated temperature. 

The minimal structure needed to carry out a 
partial function can only be investigated in func- 
tional expression experiments. This is illustrated 
here for the voltage-dependent sodium channel for 
which biochemical work has demonstrated tight in- 
teraction of the large molecular weight rat brain c~- 
subunit with one or two smaller subunits [31] al- 
though the functional role of these additional sub- 
units remains unclear. Functional expression of the 
cloned c~-subunit of type lI rat brain sodium channel, 
and subsequent functional characterization [163, 
210, 211] indicates that biosynthesis and targeting to 
the surface membrane are successfully carried out 
by the oocyte. Furthermore, membrane potential- 
dependent gating of the induced channel differs only 
slightly in the steady-state inactivation from previ- 
ous measurements on rat peripheral nerve and rat 
twitch muscle [211]. The conclusion that expression 
of the o~-subunit is sufficient to form a voltage-acti- 
vated channel was also reached by hybridization 
selection of specific mRNA from crude rat brain 
mRNA, using a partial length cDNA clone selected 
by immunoscreening from a rat brain cDNA library 
[63]. However, time-dependent inactivation of the 
current expressed from the cDNA coding for a rat 
brain type IIa ~-subunit, which differs from the type 
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II o~-subunit in only six amino acid positions, is three- 
fold slower than observed after expression of total 
rat brain mRNA [11]. Normal inactivation behavior 
could be restored by co-injection of crude, small 
molecular weight mRNA from rat brain [11]. This 
confirms observations discussed in a previous sec- 
tion, obtained with mRNA fractionation experi- 
ments. However,  it is not clear from both of these 
experiments, whether the small molecular weight 
fraction contributes really a protein subunit essential 
for the functional expression of the native kinetic 
properties of the channel, or whether it codes for a 
factor necessary for the proper biosynthesis of the 
sodium channel. In the case of the rabbit heart dihy- 
dropyridine-sensitive calcium channel there is also 
evidence that the c~l-subunit alone is sufficient for 
the expression of dihydropyridine-sensitive barium 
currents through calcium channels in the oocyte 
[148]. Biochemical evidence had previously indi- 
cated the presence of an additional large and several 
small subunits [31]. Co-expression of the heart c~l- 
subunit with the o~2-subunit cloned from rabbit skele- 
tal muscle led to a threefold enhancement of the ion 
current detectable in the oocyte surface membrane 
[148]; however, the mechanism of this stimulation 
of expression is not clear. The oocytes also display 
a small endogenous current component [43], and it 
is difficult to exclude the possibility that endogenous 
peptides associate with the newly expressed large 
subunits. It is hoped that in the future, after cloning 
of the DNA coding for the small subunits of the 
sodium and calcium channels and co-expression 
with the large ones, the role of the small subunits 
will be clarified. 

Expression experiments of the cloned cDNAs 
coding for the bovine skeletal muscle nicotinic ace- 
tylcholine receptor have led to the clarification of a 
long-standing problem in developmental biology. It 
has been known for some time that embryonic mus- 
cle contains a type of nicotinic channel that differs 
in single channel kinetics and amplitude from the 
adult form. After cloning of different isoforms of 
the subunits coding for this channel, expression of 
different combinations, namely of o~/37~ and o~/3~e, 
resulted in the functional expression of channels 
with single channel properties reminiscent of adult 
and embryonic forms of the channel [155]. In situ 
hybridization confirmed that the switch from the 
embryonic (extrajunctional) to adult (junctional) 
form is most likely due to a switch from the 7-subunit 
to the e-subunit. Thus, change in a single subunit of 
a pentameric channel composed of four different 
subunits is sufficient to create an altered function. 

t t shou ld  be borne in mind that functional ex- 
4 !  

presslon does not necessarily give information on 
the subunit composition of a functional membrane 

protein in situ. This is illustrated here for the case of 
the cloned GABA A receptor, of which many subunit 
isoforms have been cloned so far. However, it is not 
known what subunit isoforms must be combined 
in order to obtain a functional channel exhibiting 
properties as observed in cultured neurones and 
faithfully expressed in the Xenopus oocytes after 
injection with crude brain mRNA (see Table 1). Sin- 
gle cloned subunit isoforms express very little [21, 
203] current, with the exception of the rat/31-subunit 
[203]. The latter results in the formation of an anion- 
selective conductance, which is blocked by picro- 
toxin, a well-known GABA channel blocker. How- 
ever, this channel is not gated by GABA, but opens 
spontaneously in its absence [203]. Formation of 
such an abnormal, nongated channel is suppressed 
by co-expression of an ~-subunit isoform. Combina- 
tions of c~- together with/3-isoforms express large 
GABA-gated chloride currents [125,126, 128, 195], 
but the Hill coefficient for GABA gating indicates, 
that only one, as compared to normally two, GABA 
molecules are needed to open the channel [125,126]. 
Furthermore, in these cloned and expressed GABA 
channels the barbiturate pentobarbital is able to 
elicit current amplitudes similar to those of GABA 
alone [137; E. Sigel, P. Malherbe, and H. M6hler, 
in preparation). This is in contrast to the channel 
properties obtained from crude brain mRNA, where 
only a small pentobarbital current is observed [175]. 
Combined expression in 293-cells of the human o~1-, 
t31- with a y2-subunit restores the effects of allosteric 
modulatory drugs that act at the benzodiazepine 
binding site [184], which cannot be observed in cur- 
rents expressed with combinations of o~- and/3-sub- 
units. In the case of the cloned rat subunits ex- 
pressed in oocytes, co-expressi0n of the 72-subunit 
only partially restores the benzodiazepine effects 
[138] and for a full recovery replacement of/31- by 
the /32-subunit is essential (E.S., P.M., H.M., in 
preparation). Furthermore, no ~-subunit is needed 
for a full benzodiazepine responsiveness (E.S., 
P.M., H.M., in preparation). However, the above 
a-/3-y-subunit combinations also result in channels 
that show a Hill coefficient of one for the GABA 
gating. In summary, expression experiments need 
to be combined with additional methodological ap- 
proaches, to get information on the true in situ com- 
position of the various isoforms of the GABA recep- 
tor channel. Nevertheless, expression of subunit 
isoform combinations help to establish minimal 
structural requirements for a given functional 
property. 

It is often possible in the oocyte expression sys- 
tem to study functions that are much more complex 
than those encoded by the introduced, cDNA-de- 
rived genetic information. The newly expressed pro- 
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tein may interact in a meaningful way with compo- 
nents endogenous to the oocyte. The case of 
receptors activating the I P  3 cascade has been dis- 
cussed in detail in earlier sections. Functional cou- 
pling of newly expressed adrenergic receptors to 
adenylate cyclase endogenous to the oocyte has also 
been shown [109]. Interestingly, the expressed hu- 
man/32-adrenergic receptor retains agonist-induced 
desensitization [109]. Newly expressed receptors 
may not only interact with oocyte G-proteins, but 
also with the machinery controlling receptor inter- 
nalization. For example, when cloned human LDL- 
receptor is expressed in oocytes it is rapidly internal- 
ized following exposure to the ligand [180]. 

Structure-Function Relationships Can Be Studied 
by Expression of Species Hybrids 

The most simple form of genetic manipulation that 
does not require cDNA alteration is the expression 
of species hybrid forms of multi-subunit proteins. 
This approach has been used to show that the 3- 
subunit from mouse BC3H-1 cell line could replace 
the 8-subunit, but not any of the other subunits of 
the nicotinic acetylcholine receptor from Torpedo 
californica electroplax [253]. Later all 16 possible 
species hybrids have been expressed and investi- 
gated for efficiency of expression and voltage depen- 
dence [140, 260]. This approach is particularly at- 
tractive when two species express multi-subunit 
proteins that differ in their functional properties. In 
this case it is possible to identify the subunit that 
confers this difference to the protein complex. Thus, 
Torpedo and bovine acetylcholine receptors display 
different single channel kinetics, the opening times 
being short in the former and long in the latter. Ex- 
pression of different hybrid forms of this four subunit 
protein resulted in the assembly of functional ion 
channels and showed that the bovine 6-subunit is 
sufficient to confer the slow kinetics to the Torpedo 
receptor channel [191]. The cat receptor shows 
slower desensitization of the current response to 
acetylcholine than the Torpedo receptor [219]. Co- 
expression of crude cat muscle mRNA with pure 
cDNA derived mRNA coding for individual subunits 
of the Torpedo receptor identified the 7-subunit as 
sufficient to confer rapid desensitization to the cat 
receptor [219]. 

Structure-Function Relationships Can Be Studied 
Using in Vitro Mutagenesis 

The use of in vitro mutagenesis in combination with 
functional expression has contributed to the under- 
standing of the functional architecture of membrane 

proteins. Hybrid formation between different do- 
mains of homologous proteins (chimeric polypep- 
tides) permits the identification of important func- 
tional features within a single polypeptide. Single 
point mutations of interesting residues lead to the 
understanding of protein function at an even higher 
resolution. Studies of altered protein structures are 
evidently limited to the observation of those mutant 
proteins whose biosynthesis and surface membrane 
insertion remains unaffected. 

Species hybrid experiments with the multisub- 
unit protein acetylcholine receptor were carried out 
with the aim to identify the subunit that confers the 
smaller channel conductance (as observed for the 
bovine channel in an extracellular medium having a 
low divalent cation concentration) to the Torpedo 
channel that displays a larger conductance under 
these conditions [92]. This work led to the conclu- 
sion that the bovine 6-subunit is sufficient to produce 
the smaller conductance [92]. In an attempt to fur- 
ther pinpoint the responsible structure, the experi- 
ments were then extended to the study of chimeric 
~-subunits. This led to the finding that a short amino 
acid sequence, including the putative transmem- 
brane segment M2 and short adjacent portions, of 
the bovine 6-subunit are sufficient to produce the 
smaller channel conductance [92]. Single amino acid 
substitution of negatively charged residues and glu- 
tamine residues in the vicinity of transmembrane 
segment M2 on all subunits forming the Torpedo 
receptor have led to the identification of three puta- 
tive rings of negative charges that determine the 
single channel conductance [91]. Independent evi- 
dence, supporting a functional allocation of the M2 
portion as a part of the ion channel pore, has been 
obtained [122]. Replacement of serine residues 
within the M2 region by alanine on the o~-, or 8- 
subunits led to a decrease in the single channel out- 
ward current amplitude and to a decrease in the 
residence time of an open channel blocker [122]. 
Deletions and single point mutations of the cDNA 
coding for the ~-subunit have been investigated in 
order to determine effects on the expression of the 
mutant receptors in the surface membrane, by mea- 
suring bungarotoxin binding, and effects on func- 
tional properties by electrophysiological techniques 
[156]. Five putative transmembrane sequences have 
been replaced individually by a transmembrane se- 
quence from vesicular stomatitis virus glycoprotein, 
showing that only the transmembrane sequence M4 
may be replaced without impairing functional ex- 
pression [236]. Replacing cysteins 416 and 420 of the 
y-subunit by phenylalanines resulted in little alter- 
ation of channel expression and channel activity, 
arguing against the presence of the amphipathic helix 
in a tightly paced transmembrane domain [182]. 

Very elegant work on the voltage-dependent so- 
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dium channel contributed to our knowledge on the 
voltage-dependent gating of ion channels. Single 
amino acid substitutions and subsequent functional 
characterizations of the mutants led to the identifi- 
cation of positive charges in the putative transmem- 
brahe segment $4, which are involved in channel 
activation and of a putative cytoplasmic portion of 
the protein which is important for channel inactiva- 
tion [210]. 

In the Drosophila shaker mutant A-type potass- 
ium channel, replacement of glutamate 422 by lysine 
lead to a decrease in the affinity of the potassium 
channel for the channel outer-mouth ligand, chary- 
bdotoxin [136]. Careful interpretation of these find- 
ings helps to assign the topology of the channel pro- 
tein in the membrane. 

The Na,K-ATPase of rat kidney, which displays 
low affinity for cardiac glycosides, may be converted 
to a high affinity form, upon replacing the first two 
transmembrane segments of the o~-subunit with the 
ones of the Torpedo ATPase, which in the intact 
form displays high binding activity for the same 
drugs [165]. 

Chimeric proteins made of human adrenergic 
/31- and/32-receptors, that are both known to couple 
to the same effector systems in situ, have been engi- 
neered and functionally expressed [55]. In these 
chimeric proteins, the nature of the binding site was 
established with binding studies using subtype-spe- 
cific antagonist displacement of an iodinated ligand. 
This approach led to the identification of the trans- 
membrane helices responsible for subtype-specific- 
ity [55]. The effect of truncations and insertions of 
the human/32-adrenergic receptor on extent of ex- 
pression, ligand binding properties, ligand-induced 
activation of adenylate cyclase endogenous to the 
Xenopus oocyte, and homologous desensitization 
have also been described [109]. 

Type I and type II muscarinic acetylcholine re- 
ceptors, which correspond to the pharmacologically 
defined M1 and M2 receptors, couple in situ to phos- 
phoinositide formation and adenylate cyclase inhibi- 
tion, respectively [56, 115]. Characterization of type 
I/type II hybrids led to the identification of a putative 
cytoplasmic region, between the proposed trans- 
membrane sequences V and VI, involved in the se- 
lective coupling to the respective effector systems 
[114]. 

The rate of internalization of the human LDL- 
receptor expressed in the oocyte is greatly reduced 
after replacing tyrosine-807 by a cysteine, a mutation 
known to slow down incorporation of the receptor 
into coated pits in mammalian cells [180]. Thus, sig- 
nals governing receptor-mediated endocytosis in the 
oocyte are similar. 

This discussion is neither complete, nor is it 
thought to imply that the Xenopus oocyte is the only 

expression system, in which such structure function 
studies can be performed. Many similar experiments 
have been carried out using transfected cells. Alter- 
native techniques have also helped to identify func- 
tionally important structural features and some of 
the above mutagenesis studies only helped to con- 
firm previously reached conclusions. An approach 
using in vitro mutagenesis has clearly a great poten- 
tial for contributing to our understanding of the func- 
tional architecture of membrane proteins. However, 
experience made with bacterial transport proteins, 
e.g. the light-driven proton pump, bacteriorhodop- 
sin [104], makes clear that the use of a whole range 
of complementary experimental approaches is im- 
portant. As long as there are no standard procedures 
available for the crystallization of membrane pro- 
teins, such combined strategies will have to be used 
to approach a clearer understanding of the molecular 
mechanisms involved in membrane protein func- 
tion. 

BIOSYNTHESIS, FUNCTIONAL PROPERTIES AND 
MODULATION OF MEMBRANE PROTEINS CAN BE 
STUDIED IN A FOREIGN ENVIRONMENT 

Translation, Assembly, Modification and Sorting 

The oocyte expression system has been used to 
study all aspects of the biosynthesis of membrane 
proteins. Insertion and folding in the endoplasmic 
reticulum of single polypeptide chains has been in- 
vestigated, using engineered hybrids to probe the 
effects of topogenic sequences [187]. Injection into 
the oocyte of a cDNA derived RNA, coding for 
the /3-subunit of the Na,K-ATPase from Xenopus 
kidney A6 cells, has been shown to result in the 
enhanced conversion of the o~-subunit of the oocyte 
Na,K-ATPase from a trypsin-sensitive form to tryp- 
sin-insensitive form, resulting in an enhanced ex- 
pression of the protein in the plasma membrane [58]. 
The effect of variations in the stoichiometry of the 
mRNAs coding for individual subunits of the Tor- 
pedo nicotinic acetylcholine receptor on functional 
channel formation in the surface membrane led to 
the conclusion that the relative abundance of the ~- 
transcript may control the rate of receptor assembly 
[29]. Assembly of the multi-subunit nicotinic acetyl- 
choline receptor and pathway to the plasma mem- 
brane have been probed by immunoprecipitation of 
biosynthetically labeled subunits of the Torpedo re- 
ceptor from different subcellular fractions [218]. 
While assembly of incomplete receptors was not 
greatly affected by the lack of one of the four sub- 
units, the integration into the surface membrane was 
strongly reduced. Inhibition of N-glycosylation by 
tunicamycin had the same effect [218]. The impor- 
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tance of glycosylation for assembly was also tested 
in another study. The single site for potential N- 
glycosylation, asparagine 141, in the cloned o~-sub- 
unit of the Torpedo receptor was replaced by aspar- 
tic acid [156]. This change resulted in an apparent 
inability to assemble with the three co-expressed 
polypeptides that usually form a functional channel 
and suppressed incorporation of the receptor into 
the surface membrane, as measured by bungaro- 
toxin binding and a functional assay [156]. The role 
of glycosylation for functional expression in the sur- 
face membrane has also been tested for various other 
proteins. Inhibition of core glycosylation using tuni- 
camycin strongly inhibited the appearance of func- 
tional sodium channels [198,223] and GABA chan- 
nels in the surface membrane, while little effect on 
the appearance of calcium and potassium channels 
and kainate channels was observed [223]. Functional 
expression of the cloned T. californica Na,K- 
ATPase was also not affected by tunicamycin 
[229]. Appearance in the surface membrane of the 
cloned human LDL-receptor remained unaffected 
by deletion of the region that normally undergoes 
O-linked glycosylation [180]. Preventing glycosyla- 
tion has different effects on functional expression 
in the oocyte, depending on the individual pro- 
tein. 

Newly expressed membrane proteins are in- 
serted into the oocyte plasma membrane quantita- 
tively in the correct orientation. This was shown 
by external application to, and micro-injection of 
GABA and glycine into, brain mRNA-injected oo- 
cytes. While the neurotransmitters failed to open 
channels from the inside, large currents were ob- 
served upon application to the outside [174]. 

The oocyte is a highly asymmetric cell. There- 
fore, it is not surprising that an early report men- 
tioned an apparently asymmetric localization of 
newly expressed cat nicotinic acetylcholine receptor 
channels. Pressure application of agonist elicited 
larger currents at the vegetal pole than at the animal 
pole [153]. Furthermore, it has been claimed that the 
muscarinic acetylcholine and thyrotropin-releasing 
hormone receptors, that are linked to the production 
of the second messenger IP 3, are expressed at higher 
density on the animal pole than at the vegetal pole 
[169]. These experiments were carried out using 
pressure application of agonist onto the surface of 
the oocyte. The latter results should, however, be 
interpreted with caution. The receptor in these cases 
is linked through a series of intermediate events to 
a reporting system (see above). Nonrandom distri- 
bution of any of the components involved in signal 
transmission, distal to the receptor, would conceiv- 
ably result in a locally different response upon appli- 
cation of agonist. It has indeed been shown that 

injection of IP3 at the animal pole elicits much larger 
currents than at the vegetal pole [19, 135], whereas 
conflicting reports have been published on an asym- 
metry of the response to injection of calcium [135, 
150]. Dreyfus et al. [44] studied the distribution of 
a membrane-associated butyrylcholinesterase after 
injection with cDNA-derived mRNA. Sectioning 
and labeling, using immunofluorescent techniques, 
indicated that the protein was expressed at about a 
twofold higher density at the animal pole than at the 
vegetal pole. Co-injection of total mRNA from brain 
or skeletal muscle, but not liver, promoted formation 
of enzyme aggregates [44]. In this case it is not 
known whether the enzyme is formed as an integral 
membrane protein or whether it is anchored in the 
membrane via a glycolipid. In recent experiments, 
we used localized superfusion of the oocyte with 
either agonists, to detect the distribution of several 
ligand-gated ion channels, or channel blockers, to 
detect voltage-gated ion channels. During the initial 
phase of mRNA-induced expression, channels were 
found to be almost exclusively inserted into the ani- 
mal hemisphere, while at later stages of expression 
the relative density of expression was found to be 
threefold higher in the animal pole area than in the 
vegetal pole area (A.B. Peter, H. Reuter and E. 
Sigel, in preparation). Using drugs that interfere 
with the function of microtubules (cholchicin) or 
actin filaments (cytochalasin D), we have found that 
these cytoskeletai structures are essential for a non- 
random delivery of the ion channels to the surface 
membrane of the oocytes. Neither of the two anti- 
cytoskeletal drugs strongly interfered with the 
amount of active channels expressed, but led to ran- 
dom insertion into the surface membrane (E. Sigel, 
V. Niggli and A.B. Peter, in preparation). 

Functional Properties 

Determination of some functional properties of 
membrane proteins in situ may be difficult, and more 
accessible to experimentation, after "transplant- 
ation" into the oocyte. This is exemplified in the 
investigation of the voltage dependence of ion car- 
rier proteins. In the oocyte, the membrane potential 
can easily be set at a defined level using the two- 
electrode voltage-clamp technique, and carrier me- 
diated fluxes have been measured simultaneously in 
single oocytes [119]. Thus, voltage dependence of 
the T. californica electroplax Na-K-ATPase [196] 
and of the electroneutral transport mediated by the 
anion exchange protein (band III) from mouse eryth- 
rocytes [64] have been determined. Voltage depen- 
dence of electrogenic carrier-mediated current has 
been directly determined in the case of the intestinal 
sodium-glucose cotransporter [242]. 
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Modulation by Drugs 

The study of drug actions on membrane proteins is 
sometimes difficult in situ. It can be difficult to con- 
trol membrane potential and agonist and drug con- 
centrations precisely and at the same time. This is 
especially the case of the study of neuronal mem- 
brane proteins. For example, tests to check the ac- 
tion of well-characterized inhibitors to confirm ex- 
pression of a defined protein is a matter of routine. 
But beyond these simple tests, oocyte expression 
has been used to quantitatively describe drug actions 
to a detail difficult to achieve in situ or in relevant 
model systems, such as cell cultures. Thus, the ac- 
tion of the barbiturate pentobarbital [175], the chan- 
nel blocker t-butylbicyclophosphorothionate [243], 
the anthelminthic avermectin Bla [200], the tremor- 
igen aflatrem (255), and allosteric, modulatory com- 
pounds, that act at the benzodiazepine binding site 
[201], on the GABA-gated chloride current have 
been described in detail. As far as data on the in 
situ action of these drugs are available, the oocyte 
faithfully reproduces these properties. A detailed 
study at the single channel level, of the action of 
the alkaloid veratridine on the voltage-dependent 
sodium channel expressed in the oocyte [199], led 
to similar conclusions as did later work performed 
in cell culture [I7]. The action of diphenylhydantoin 
on the human fetal brain sodium channel has also 
been investigated [238]. The action of dihydropyri- 
dines and m-conotoxin have been used for the char- 
acterization of newly expressed calcium channels 
from rat heart [43], rat myometrium [52], and Tor- 
pedo electric lobe [240], respectively. Calcium chan- 
nels expressed from rat brain respond to neither of 
the two inhibitors [121]. Interestingly, pentobarbital 
has also been found to inhibit expressed human brain 
calcium channels [72]. Moreover, extensive pharma- 
cological characterization has been carried out with 
newly expressed glutamate channels, with the aim 
to differentiate and characterize NMDA (N-methyl- 
I>apartate), quisqualate and kainate-activated chan- 
nels (see Table 1) and the quisqualate receptor acting 
via IP 3 [214,215]. The 5HTlc receptor has been iden- 
tified as a putative site of action of the antidepressant 
drug imipramine [237]. Forskolin, often used as a 
specific activator of the adenylate cyclase, has been 
shown to alter the gating of the Torpedo nicotinic 
actylcholine receptor by a direct mechanism [252]. 

The characterization of human membrane pro- 
teins with respect to details of drug action and modu- 
lation by post-translational modifications is of high 
medical interest. Human fetal mRNA has been 
shown to result in the expression of functional li- 
gand- and voltage-gated ion channels [69]. Besides 
the study by Tomaselli et al. [238], who investigated 

the action of the drug diphenylhydantoin on human 
sodium channels, and Gundersen et al. [72], who 
have described pentobarbital action on brain cal- 
cium channels, little use has so far been made of this 
potential, except for those human proteins that have 
already been cloned. 

In summary, theXenopus oocyte system is often 
useful to determine drug action and has a potential 
as a screening system for new drugs. Functional 
characterization of structurally defined entities also 
leads to a new classification of receptor and channel 
subtypes at a much higher level than with conven- 
tional techniques. Agonists, antagonists, modula- 
tors and identity of the second messenger produced 
may be studied unperturbed by the presence of other 
protein isoforms. 

Modulation by Second Messengers 

Protein kinase C activators inhibit the signalling 
chain leading to IP 3 release in rat brain mRNA-in- 
jected oocytes [93, 101, 157]. Phorbol ester stereo- 
specifically [93, 157] inhibits the chloride current 
signal elicited by acetylcholine (muscarinic re- 
sponse), serotonin and quisqualate. While currents 
induced by IP 3 injection into the cytoplasm were 
stimulated by the same treatment, the current re- 
sponses elicited by calcium or the G-protein activa- 
tor GTP-yS, were unaffected [101]. These findings 
suggest a site of action of protein kinase C, either 
proximal to or at the G-protein. Injection of cAMP 
and cGMP led also to inhibition of the chloride cur- 
rent responses [93]. 

Differential regulation of calcium currents, ex- 
pressed from mRNA obtained from different tissues, 
has been observed. While the slowly inactivating 
channel expressed after injection with rat heart 
mRNA is stimulated by activators of protein kinase 
A [43], the channel expressed from brain mRNA 
responds to activation of protein kinase C [121,202]. 
cAMP injection has also been found to enhance a 
sustained, o~-conotoxin sensitive current component 
expressed from rat brain mRNA [100]. 

Cross-talk between several newly expressed 
chick neuronal membrane proteins has been demon- 
strated [202]. Activation of the mRNA-induced quis- 
qualate receptor has been shown to stimulate the 
activity of the barium current through calcium chan- 
nels and to inhibit sodium currents and the GABA- 
gated chloride current, all co-expressed in the same 
oocyte. Experiments with activators of protein ki- 
nase C, diacylglycerol and phorbol esters indicate 
that cross-talk occurs via activation ofprotein kinase 
C [202]. Support for a modulation of sodium currents 
was provided by injection into the oocyte of nonhy- 
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drolyzible analogs of GTP, known to activate G- 
proteins. In such experiments the sodium current 
expressed from rat brain was similarly inhibited [33]. 
These observations made in the foreign expression 
system provided the first functional evidence for 
the modulation of sodium channels and GABA- 
gated channels by G-protein-mediated signalling 
pathways. 

Inter- and Intraspecies Comparison in a 
Standard Environment 

Comparison of the properties of membrane proteins 
fulfilling the same functions in the same species in 
different tissues, or at different times of ontogeny in 
the same tissue, and comparison between the same 
tis sues in different species, is generally difficult. This 
is due to the different requirements of different cell 
types for maintaining their functions. Also, the mem- 
brane composition and the regulatory state of the 
cells to compare may be very different. The oocyte 
expression system enables comparison of membrane 
proteins under standardized conditions, inserted 
into a membrane of identical composition, in cells 
with the same regulatory state. Due to the possible 
variability of oocytes obtained from different donor 
animals (see above), such comparisons should, how- 
ever, be carried out directly on the same batch of 
oocytes. 

Species differences, known from measurements 
in the native tissues, were evident after expression of 
cloned bovine and Torpedo nicotinic acetylcholine 
receptors [191]. As mentioned above, these channels 
differ in their kinetic behavior and conductance at 
the single channel level. In addition, embryonic (ex- 
trajunctional) and adult (junctional) forms of the nic- 
otinic acetylcholine receptor have been known to 
differ in their single channel properties, and, as de- 
tailed above, this is evident after expression of the 
corresponding subunit combinations [155]. 

Such a comparison can also be carried out by 
researchers cut off from the supply of cloned mate- 
rial, or when the protein in question has not been 
cloned yet, by studying mRNA-induced proteins. 
For example, two types of glycine current, ex- 
pressed mainly in rat spinal cord and rat cerebral 
cortex, respectively, were found to differ in their 
desensitization properties and sensitivity to glycine 
[t]. mRNA derived from innervated and denervated 
cat skeletal muscle induced sodium channels dis- 
playing differential sensitivity to the channel blocker 
tetrodotoxin [176]. Chick muscle mRNA-induced 
sodium channels have been compared with those 
induced by chick brain mRNA [198]. Both prepara- 
tions led to expression of channels with short open 

times, as recorded by the patch-clamp technique at 
the single channel level. In addition, oocytes in- 
jected with muscle mRNA had a second type of 
sodium channel characterized by longer open times 
[198]. The measurements do not necessarily suggest 
the presence of two different sodium channels in 
chick skeletal muscle, since regulation of the muscle 
sodium channel could be different from the brain 
type, and the fast and slow form could be due to a 
different regulatory state. 

Concluding Remarks 

The oocyte of Xenopus laevis is the best studied 
system for the characaterization of all stages of em- 
bryogenesis. In recent years the oocyte has taken 
over a new role as a test tube for the study of the 
biogenesis, functional architecture and modulation 
of plasma membrane proteins. Only with the wide 
use of the oocyte has it been appreciated to what 
extent the signals governing these processes are con- 
served throughout evolution. The possibility to per- 
form biochemical experiments on a single or only a 
few cells is attractive. In a wide number of different 
approaches the Xenopus oocyte will remain a stan- 
dard tool when functional expression of integral 
membrane proteins is required. 
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N o t e  A d d e d  in P r o o f "  

Recently, an mRNA coding for an a-subuni~ of Xenopus skeletal 
muscle nicotinic acetylcho[ine receptor (AchR) channel has been 
shown to be expressed in Xenopus oocytes [Hartmann, D,S., 
Claudio, T. 1990. Nature (London) 343:372-375]. Suppression of 
either transcription of this endogenous mRNA, using actinomycin 

D, or translation, using anfisense RNA to ee-subunit of Xenopus 
AchR was shown to suppress ion channel formation induced 
by foreign mRNAs coding for the Torpedo AchR/3y&subunit 
combination [Buller, A.L., White, M.M. 1990. Mol. Pharmaeol. 
37:432-428]. Thus, results obtained in subunit deletion studies 
[116,253], carried out to establish the minimal number of Tolpedo 
subunits needed to form a functional AchR require reinterpre- 
tation. 


