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ABSTRACT: The role of the large intracellular loop of the nicotinic acetylcholine receptor (nAGHR)
subunit in the expression of functional channels was studied. For this purpose, systematic deletions and
substitutions were made throughout the loop and the ability of the mut&tsdbunits to support expression

of functional nAChRs at theXenopusoocyte membrane was tested. Surface nAChR expression was
abolished upon removal of sequences at two regions, a 29-amino acid segment close to the N-terminus of
the loop (amino acids 297325) and adjacent to the third transmembrane region and an 11-amino acid
segment near the fourth transmembrane region. Some residues (amino aci@23)LWwithin the 29

amino acids N-terminal segment could be substituted by others but not deleted without loss of expression,
suggesting that a certain structure, determined by the number of amino acids rather than by their identity,
has to be maintained in this region. The contiguous sequence M323 K324 R325 did not tolerate deletions
and substitutions. Removal of the rest of the cytoplasmic loop was not deleterious; even higher expression
levels (2-4-fold) were obtained upon large deletions of the lod899-432 andA339-370). High
expression levels were observed provided that a minimal sequence of three amino acids (E371, G372,
and M373) was present. In addition, some electrophysiological properties of mutant NAChRs were modified.
Substitution of the EGM sequence by other protein segments produced a variety of effects, but, in general,
insertions were not well tolerated, suggesting the existence of tight structural restrictions in the large
cytoplasmic region of the rat7 subunit.

Neuronal nicotinic acetylcholine receptors (nAChRj)e subunits form homomeric NAChRs and seem unable to
members of a supergene family of ion channels gated byassemble with other subunitd3). Immunoprecipitation
neurotransmitterslj. They are pentameric oligomers com- studies also indicate that7 subunits do not seem to be
posed of related glycoprotein subunits, each one composedassociated with previously cloned subunitg)( This dif-
of ~500 amino acids and four transmembrane segménts ( ferent association behavior may reflect the existence of
3). About 210 amino acids at the N-terminus form the major specific features in the structure of this subutB)( In fact,
extracellular domain. This domain is well conserved among we have previously shown that homomer formation requires
subunits and contains elements specific for ligand binding compatibility between amino acid residues of the M1 and
and subunit assembly and recognitiagh). (The other large M2 transmembrane segmenis). We have now extended
domain is located intracellularly between the third and fourth these studies to the highly variable cytoplasmic loop to show
transmembrane regions and has considerable sequence arttiat only relatively short loop stretches, immediately adjacent
length variability. It has been shown to be involved in to M3 and M4 transmembrane segments are requiredfor

nAChR assemblyq), targeting 6, 7), and trafficking 8), NAChR expression. These minimal requirements contrast,
and may also encode signals for nAChR phosphorylation however, with the inability o6.7 loop to accommodate other
(9, 10). protein segments, related or not to the nAChR supergene

nAChRs formed by7 subunits are widely expressed in family, suggesting the existence of structural restrictions in
the central and peripheral nervous systef§.(Their high this region of thea7 subunit.
Ca&" permeability suggests their involvement in neuronal
growth, differentiation, plasticity, and other €adependent ~ EXPERIMENTAL PROCEDURES

mechanisms1@2). In heterologous expression systers, Generation of Constructs of the Ra¥? Subunit.The rat

o7 cDNA was cloned in the pBluescript vector and in a
T This work was supported by grants from the ministry of Education derivative of the pSP64T vectot ) containing part of the
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the middle of the loop, at positions G372 and M373. In this value may change from one picture to another. Control
addition, silent mutations were introduced to generate two oocytes injected witle7 RNA were treated in the same way.
restriction enzyme sites: an ACG CGMIlul site corre- Autofluorescence of the oocyte yolk was very low in control
sponding to amino acids T309 and R310, also close to theoocytes (see Figure 7 for a comparison between oocytes
N-terminal end of the loop, @ha C ATA TG Ndd site injected with construct 30 ard?7 subunit RNAs in the same
involving amino acids V433, 1434, and C435, at the conditions); therefore, nothing special was used to prevent
C-terminal region of the loop. To generate the shortest it.

constructs (constructs £28), we annealed single-stranded

oligonucleotides with the desired sequences and proper singIé?ESULTS

strand ends which could be easily ligated to the ends Effects of Large Deletions of the Cytoplasmic Loop on
generated by the restriction enzymes mentioned above.o7 nAChR ExpressiofExpression of functional nAChRs was
Finally, to assemble the chimeric subunits made with monitored in two ways: by measuringBgt binding to the
different proteins, an intermediate construct (construct 29) external surface of oocytes and by recording the ionic
was generated by cloning a linker with the following currents evoked using acetylcholine. Constructs with loop
sequence: 'BCCC ATG GGT CTA GAA GAT CTA-3 deletions might differ in their apparent affinity for ACh (see
coding for amino acids: PMGLEDL. This linker contained below); thereforeg-Bgt binding experiments complemented
Nca andBglll sites which were used to clone the complete the use of the current evoked by 1 mM ACh to test functional
green fluorescent protein (GFP) DNA obtained from the expression. Moreover, it is important to note that we used
pPEGFP-C3 plasmid (Clontech) with the same enzymes anda7 nAChR expression as a parallel control in all experiments

also the cDNA coding for the whole SNAP-25 protein
(generously provided by Dr. C. Bark). The DNAs coding
for the cytoplasmic loops of the ra# anda5 subunits were
generated by PCR of the original cDNAs (generously
provided by Dr. J. Patrick) and introduced into th&
construct lacking amino acids 32@32 in order to replace
them.

Oocyte ExpressionCapped mRNA was synthesized in
vitro using SP6 RNA polymerase, the MMESSAGEmMMA-
CHINE kit (Ambion, Texas) and the pSP64T derivative
mentioned above. Defoliculatetenopus leais oocytes were
injected with 5 ng of total cRNA in 50 nL of sterile water.
All experiments were performed within-3} days after
cRNA injection. Wild-typea7 mRNA was injected into

because of the inherent variability of the oocyte expression
system: the results are expressed as a percentage @7 the
response.

As an initial approach to determine the contribution of
the cytoplasmic loop of the’7 subunit on the formation of
functional NnAChRs, we studied the expression of constructs
in which large areas of the loop had been deleted (Figure
1). Segments of the cytoplasmic loop immediately adjacent
to transmembrane fragments M3 and M4 contain amino acid
sequences that are highly conserved among nAChR subunits.
When these segments (amino acids-2970 and 437447
in constructs 1 and 2, respectively) were deleted, no nAChR
expression was observed (Figure 1B). Therefore, these
regions appear to be essential for NAChR expression and

oocytes from the same frog every time a mutant was tested.were left intact in further constructs. The rest of the
Consequently, mutant expression was expressed as a percentytoplasmic loop was divided in four parts of approximately
age of wild-type a7 expression observed in the same the same length (boxes labeled 1 to 4 in the lowest part of

experiment

[*29]- a-Bungarotoxin (-Bgt) Binding AssaysSpecific
surface expression offl]-a-Bgt binding sites was tested
with 5 nM [**9]-a-Bgt as describedl1@). Briefly, oocytes
were incubated with 5 nMfH]-a-Bgt for 1 h at room
temperature. At the end of the incubation, unboutd]f

Figure 1B). The simultaneous deletion of these regions
abolished nAChR expression (construct 3, Figure 1B). The
same happened when regions 1 and 2 or even region 1 alone
were eliminated (constructs 4 and 5, respectively, Figure 1B).
These results suggest that region 1 (amino acids-3B8)
contains elements needed for nAChR expression. The role

o-Bgt was removed, oocytes were washed, and boundof the other segments was further studied with additional

radioactivity was counted. Nonspecific binding was deter-
mined using noninoculated oocytes. To measure t&a]|

constructs. Surprisingly, when region 4 (amino acids-399
432) was eliminated, expression of NAChRs was about 2-fold

o-Bgt binding sites, oocytes were solubilized as described higher than that observed for wild-typeZ subunits. More-

in Anand et al. {9), and the oocyte extract was incubated
with 5 nM [*?3]-a-Bgt for 2 h. Then, the extract was
immunoprecipitated with mAb 319, a monoclonal antibody
specific for thea7 subunit 20).

Electrophysiological Recording&lectrophysiological re-
cordings were done as previously describ&8).(Functional

over, a construct with regions 2 and 4 simultaneuously
deleted (construct 7, Figure 1B) expressed about 4-fold more
functional NAChRs than thet7 subunit. In contrast, the

simultaneous deletion of regions 1 and 4 abolished nAChR
expression (construct 8, Figure 1B), thus confirming the
essential role of region 1. Since the construct yielding the

expression of each construct was estimated as the peak ionitiighest level of expression contained regions 1 and 3

current evoked ¥ 1 s application of 1 mM ACh at-80
mV.
Confocal MicroscopyOocytes were injected with RNA

(construct 7), we decided to delete region 3, therefore leaving
a cytoplasmic loop composed of only region 1 (contruct 9,
Figure 1B). In this case, expression levels were similar to

corresponding to construct 30, which contains the whole GFP those observed for the wild-type7 subunit nAChR, sug-

inserted into the cytoplasmic region of th& subunit. Three

gesting that the deleted segments are not needed for nAChR

days later, injected oocytes were placed in a Petri dish bathedexpression, although higher expression levels are retained
with normal frog Ringer, and pictures were taken with a Zeiss in its presence. The increase observed with construct 7 could

LSM510 confocal microscope with a X0objective, usually
with an optical section of approximately 30n, although

result from a higher incorporation of NAChRs at the oocyte
surface membrane, while the total amount of nAChR
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Ficure 1: Effect of large deletions of the cytoplasmic loop on the expression of functha@AChRs. (A) The sequence of the long
cytoplasmic loop of thet7 subunit is shown with the numbering used throughout this study. Positively and negatively charged amino acids
are indicated by open and closed circles, respectively. (B) Schematic diagram of the structures obdesetednits and their functional
expression at the oocyte membrane. The cytoplasmic loop of each mutated subunit is displayed with the deleted regions indicated by open
boxes. The diagram at the botton shows the four domaing)that were initially considered in this study. Expression of the different
constructs was tested lwyBgt binding (open boxes) and by the extent of the ionic currents evoked by application of 1 mM ACh (closed
boxes). All data were normalized to those obtained with the wild-typesubunit, and means SEM of at least three experiments from

different donors (20 oocytes/experiment) are shown. Typical values obtained witi7 téunit were~1 fmol of bounda-Bgt/oocyte and

~2 uAloocyte at—80 mV.
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Ficure 2: Mapping of loop regions composed by amino acids-3338 and 371398 of thea7 subunit. A schematic diagram of the
constructs used to map in more detail domains 1 and 2 is shown at the left. The data were expressed as indicated in the legend of Figure
1. The expression data of construct 7 were included for comparative purposes.

synthesized remained unaltered. To test this possibility, weto nAChR reallocation between intracellular and surface
measured totalf4]- aBgt binding sites by immunoprecipi-  pools, i.e., modifications of a NAChR transport mechanism.
tating them with ar7 specific mAb (mAb 319). The mAb Further Mapping of Regions 1 (Amino Acids 31338)

319 epitope was previously mapped to amino acids—365 and 3 (Amino Acids 371398). With the aim of mapping
384 1) in the chickem7 subunit and probably recognizes more accurately which elements within regions 1 and 3
the analogous sequence in the rat subunit because its crossontribute toa’7 NAChR expression, we assembled additional
reaction (1). Construct 7 lacks the first six amino acids of constructs in the context of construct 7, the one producing
the epitope; however, the remaining protein stretch (amino the maximal expression level. No expression was observed
acids 371384) seems to contain sufficient binding elements upon deletion of the N-terminal half of region 1 (construct
to promote antibody recognition. Thus, mAb 319 immuno- 10, Figure 2), whereas deletion of the C-terminal half did
precipitated~4—5-fold more total NAChRs from construct  not affect nAChR expression, since construct 11 (Figure 2)
7 than froma7, the percentage of surface nAChRs being gave rise to about 2-fold more functional nAChRs than the
similar, ~70% of the total amount (results not shown). native a7 subunit. Therefore, in region 1 the sequence
Therefore, changes in surface expression levels are not dudetween amino acids 31B25 appeared important for
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Ficure 3: Mutational study of the sequence E371G372 M373 ofdfiesubunit. Amino acids E371, G372, and M373 were mutated to
alanines in the context of construct 14, as indicated at the left part of the figure. Data obtained with construct 14 are also included for
comparative purposes. The data were expressed as indicated in the legend of Figure 1.
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Ficure 4: Mapping of region comprising amino acids 31325 of thea7 subunit. A schematic diagram of the constructs used to map in
more detail this region is shown at the left. Several amino acids were deleted (constru2#) D® mutated (constructs 228), and the
effect on expression of functional NAChRs was studied. The data were expressed as indicated in the legend of Figure 1.

NAChR expression and was dissected further (see Figure 4) probably the minimal ones but do not appear to be unique,
Regarding region 3, we performed succesive C-terminal as other sequences could play a similar role as shown below
deletions (constructs $214) until leaving only the three most  (see construct 29, Figure 6).

N-terminal residues (construct 14). All constructs produced Regarding the sequence between amino acids-325,
functional nAChRs at a level similar to construct 7, and, which was considered essential to express functional NAChRs
therefore, the presence of only three amino acids E371, G372 (construct 10, Figure 2), it was further mapped by deleting
and M373 in construct 14 seemed sufficient to maintain segments within it. Thus, deletion of amino acids 3B25
expression at higher levels. This effect could be specific to was deleterious for NAChR expression (construct 19, Figure
the mentioned amino acids or perhaps the consequence oft), and the same was true for smaller deletions such as
keeping this part of the cytoplasmic loop with a critical A320-325 (construct 20)A317—321 (construct 21)A317—
length. For this reason, we substituted them by alanines319 (construct 22)A320—322 (construct 23), and323—
(Figure 3). Thus, when the three amino acids were mutated325 (construct 24). Therefore, it seems that the whole region
simultaneously, only a small amount of nonfunctional between amino acids 315 and 325 is needed for nAChR
nNAChRs was present at the oocyte surface membrane (abouéxpression. Interestingly, if amino acids 31319 or 326-

30% of a-Bgt binding sites found witlw7 but no current, 323 were substituted by their analogous counterparts in the
construct 15, Figure 3). The same happened with the doublea3 subunit (constructs 25 and 26, respectively), functional
mutant E371A/G372A (construct 17). By contrast, the double expression, although lower than that obtained with the
mutants G372A/M373A (construct 16) and E371A/M373A original a7 sequence, was observed, suggesting that a
(construct 18) produced about 2-fold more functional NAChRs determined structure supported by a defined number of amino
than the wild-typen7 subunit. These results suggest that the acids is needed in this region, independently of their identity.
presence of either E371 or G372 but not M373 is required In fact, substitution of amino acids 317 and 319 just by
for NnAChR expression. However, these requirements arealanines (construct 27) produced the highest expression of
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Ficure 5: Current-voltage and doseresponse curves far7 and construct 14. (A) Peak currentoltage relationship foe7 (open circles,
dashed line) and construct 14 (closed circles, continuous line). Note that the current scale for construct 14 (frei25L0Apis 5 times

larger than foro; (from 2 to —5 uA). Data points are joined simply by spline lines. Pulses of 1 mM ACh were used for both nAChRs. (B)
Dose-response curves far7 (open circles, dashed line) and construct 14 (solid circles, continuous line). For each nAChR, peak currents
were normalized to the value obtained with 1 mM ACh. Lines are fits to the Hill equation with the following param8tgss ECso, N

Hill) for o7: (1.49+ 0.07, 520+ 55 uM, 1.08 + 0.04), for construct 14: (1.0% 0.02, 77+ 12 uM, 1.65+ 0.16). Membrane potential
was—80 mV. Insets show current records 7 (right) and construct 14 (left) obtained with 30, 300, and 30RDACHh. In both panels,

data points are averages of30 oocytes from at least two donors. Error bars are standard errors.
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Ficure 6: Effects of substituting thet7 loop by other proteins. The region between amino acids 326 and 432 of7tlseibunit was
substituted by segments of other proteins such as the whole GFP (construct 30) and SNAP-25 (construct 33) proteins or the corresponding
cytoplasmic regions of the nAChR4 (construct 31) and5 (construct 32) subunits. A construct with seven amino acids, used as an
intermediate to insert the GFP and SNAP-25 proteins, was also tested (construct 29). The idsértgrlsequence corresponds to amino

acids 364-589 of the ran4 subunit, whose N- and C-terminal ends are PSV... and ...TDF, respectively. The sequence MKR (amino acids
323—-325 of thea7 subunit) is also present at thd subunit. The inserted5 loop sequence corresponds to amino acids-398 of the

rat a5 subunit, whose N- and C-terminal ends are HAD... and ...DVR, respectively. The data were expressed as indicated in the legend of
Figure 1.

all constructs. By contrast, the role of amino acids -323 than ina7. The later point can be illustrated, for instance,
325 seems to be more specific, as no functional nAChRs as the ratio of the values of the chord conductance for inward
were obtained when they were substituted by alanines currents (betweer80 and—100 mV) and outward currents
(construct 28). This sequence, MKR, or slightly different (between 20 and 40 mV), that is approximately 4.2 dar
variants of it, is highly conserved among the different nAChRs, and only 1.6 for construct 14. Figure 5B shows
neuronal and nonneuronal NAChR subunits. dose-response curves for peak currents obtained in both
nNAChRs without the Cytoplasmic Loop #dadifferent NAChRs with ACh at-80 mV. Construct 14 had a smaller
Electrophysiological PropertiesVe next tested whether the ECso (80 uM approximately) and a larger Hill coefficient
absence of a large protein region at the cytoplasmic portion (about 1.7) tha7 nAChRs (50Q«M and 1.1, respectively);
of the NAChR would modify its functional properties. For thus, 1 mM ACh is a nearly saturating concentration for
this purpose, we compared wild-type7 nAChRs with construct 14, but not foee7 NAChRs. The current records
construct 14, which lacks amino acids 32670 and 374 shown in the insets indicate that current kinetics is similar
432 and produced high levels of nAChR expression. Figure in both nAChRs with faster activation and desensitization
5A shows the currentvoltage relationships for both NnAChR-  at higher concentrations of ACh, although we have not
types. In this figure, the average peak current value in quantified any kinetic parameter. Therefore, we conclude that
response to 1 mM acetylcholine (ACh) is shown for both nAChRs without major fragments of the cytoplasmic loop
nAChRs as a function of membrane potential. At this agonist have some functional properties altered, stressing the rel-
concentration, construct 14 currents were about 5-fold greaterevance of this region not only on the overall structure of the
than o7, although, as shown below in the desesponse  nAChR but also on some of its functional properties.
curves, this concentration is not totally equivalent for both  Specificity of the a7 Subunit Loarsus other Proteins.
nAChRs. The reversal potential was close to zero in both Since only certain regions of the cytoplasmic loop directly
nAChRs; however, rectification in construct 14 was smaller adjacent to transmembrane fragments 3 and 4 appear essential
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A

FIGURE 7: Expression 0&.7-GFP chimeric nAChRs iXenopusocytes. RNAs coding for construct 30 (panel A) and wild-tg@esubunit

(panel B) were injected intdenopusocytes, and fluorescence was followed by laser confocal microscopy. Oocytes injected with construct
30, which has GFP inserted into the cytoplasmic region ofatfiesubunit, showed fluorescence at their external surface, while the ones
injected witho7 did not. This pattern was consistently observed in several oocytes from two different donors.

for expression of functional channels, we asked next whetherDISCUSSION
such a “minimal” but sufficient loop would accommodate .
segments from other proteins, related or not to the nAChR, ©On the basis of the present study, we propose that a large

with the aim of discerning how constrained the nAChR Portion of the cytoplasmic loop of the7 subunit (amino
structure is in this region. For this purpose, we designed an?2cids 326-432) is not needed for the expression of functional
intermediate construct that contained several restrictions sited"AChRs. However, some minimal structural elements within
which would be useful for further insertions. The resulting @Mino acids 297325 (deleted partially in construct 1) and
mutant could be also tested, as it represents a substitutiorfr37—447 (deleted in construct 2) are required for proper
of the minimal segment (EGM) needed for high nAChR _channel expression. These elements are located in the
expression, by another one of seven amino acids (construcintérface between transmembrane fragments M3 and M4 and
29, Figure 6). On the basis of this construct, we assembledthe cytoplasmic region of the7 subunit, and their sequences
chimeric subunits by inserting proteins such as the whole are very conserved among the different nAChR subunits. In
GFP, the cytoplasmic loops of the4 and o5 nAChR a previous study, numerous deletions of the cytoplasmic loop
subunits, and the complete SNAP-25 protein, a SNARE Of the Torpedoa. subunit were analyzed4). Interestingly,
protein involved in exocytosis and anchored at the cytoplas- & deletion close to the M4 fragmenA§94—401), which

mic face of the membrane through a palmitoyl reside@ (  overlaps Wlth the deletion in construct 2, induced a strong
23). Construct 29 was able to express functional nAChRs at decrease in expression, and no functional channels were
a level close to construct 14; therefore, the substitution detected. These protein segments might be involved in
mentioned above was not deleterious for NAChR expression.Processes related to the assembly and/or traffic of NnAChRs.
Insertion of GFP (239 amino acids) induced a decrease ofFor instance, the amino acid K314 of the muscle nAGhR
about 70% ofo-Bgt binding sites at the oocyte membrane, subunit, which is in the cytoplasmic loop, close to trans-
but surface nAChRs were functional (construct 30, Figure membrane fragment M3, appears to be involved in endo-
6). Moreover, the expressed construct was fluorescent (FigurePlasmic reticulum to cell surface trafficking)( This amino

7), suggesting that GFP could be accommodated into theacid is not present at th&7 subunit, but others in this area
loop and fold properly to yield its typical fluorescence. By could play an analogous role. Alternatively, these elements
contrast, the presence of tlog! subunit loop (226 amino ~ Might be essential constituents of the overall structure of the
acids, construct 31, Figure 6) strongly reduceBgt binding NAChR, perhaps forming part of the cytoplasmic mouth of
sites, and no functional nNAChRs were detected. The insertionthe pore. Within these segments, charged amino acids, that
of a much shorter cytoplasmic region, the one correspondingmay establish electrostatic interactions among them and also
to the a5 subunit (45 amino acids, construct 32, Figure 6) Wwith ions, are frequent; however, their mere presence in the
was also deleterious for nAChR expression, and only a small cytoplasmic loop may not be sufficient for proper channel
amount of surface nAChRs, some of them functional, was structure. Consider, for instance, the case of the N-terminal
observed. Finally, the construct containing the SNAP-25 region of the loop, where amino acids 32838 (including
protein (construct 33) produced 77% of theBgt binding five charged ones) could be deleted without consequences
sites observed with wild-typ@7 subunits; however, no  (see Figure 2, construct 11), while deletion of amino acids
functional NAChRs were present at the oocyte membrane.311-325 (including three charged ones) induced loss of
These results indicate that, although relatively large segmentsexpression (Figure 2, construct 10). Additional experiments
of thea7 loop can be deleted without detrimental effects on in this region (Figure 4) suggested that other factors are more
expression of functional NAChRs, the structure of this region relevant, mainly the need to keep this part of the loop with
seems to be very restrictive with respect to the insertion of a minimal length and also the presence of specific amino
other protein segments of varied origin and length. acids. Thus, in the context of construct 14, which has a
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cytoplasmic loop of just 50 amino acids, deletion of only (construct 14, Figure 2), (b) E371 and G372 cannot be
three of them in the segment between amino acids 317 andsimultaneously mutated to alanines without abolishing
322 (Figure 4, constructs 22, 23, and 24) abolished nAChR nAChR expression (construct 17, Figure 3), and (c) despite
expression. Since functional expression was restored uporthe apparent limitations imposed by the EGM sequence, this
insertion of three alanines or the homologous sequence foundccan be substituted by another, PMGLEDL (construct 29,
in the a3 subunit (constructs 25, 26, and 27), it can be Figure 6). This apparent contradiction may be explained by
deduced that this region does not require specific amino considering that a certain structure, either contributed by the
acids, but rather it had to span a minimal length. By contrast, sequence EGM or by other, but certainly not by alanines, is
the adjacent amino acids 32325 (MKR) cannot be sub- needed during folding, assembly, and/or transport, so that
stituted by others. Thus, not only deletion of these residuesproper nAChR expression occurs. These potential structural
was detrimental for nAChR expression (construct 27) but restrictions of thex7 cytoplasmic loop were confirmed when
also their substitution by three alanines (construct 28). This we tried to insert several polypeptide chains in a subunit
requirement foo.’7 NAChR expression contrasts with results lacking amino acids 326432. These chimeric proteins could
from the deletion study for th€orpedoa subunit previously be considered substitutions of the EGM sequence, mentioned
mentioned 24), in which the sequence MKR was eliminated above, by relatively long proteins segments of varied origin
(A327—334) with only a decrease of about 25% in NnAChR (Figure 6). None of these insertions produced functional
expression. However, the fact that our deletions affect five nAChRs at the level of the wild-type7 subunit and only
subunits per receptor molecule instead of only two, as in the one containing the GFP protein (construct 30) yielded a
the Torpedoreceptor, may preclude a direct comparison.  significant amount of current arwtBgt binding sites at the
Another finding of this study is the striking increase in oocyte membrane. Moreover, the rigid 11-stranded beta
functional channel expression observed with some mutants.barrel and the coaxial helix of GFB2) could be built to
Deletion of amino acids 399432 (domain 4, construct 6, produce fluorescent NnAChRs (Figure 7). Paradoxically, the
Figure 1) provoked a 2-fold increase in expression, whereasinsertion of two nAChR subunit loops was deleterious for
the subsequent deletion of amino acids 3390 (domains NAChR expression. The one corresponding tocthesubunit
2 and 4, construct 7, Figure 1) increased to about 4-fold the was chosen because it was similar in length (226 amino
amount of nAChRs found at the oocyte membrane. This acids) to the GFP insertion (239 amino acids); however, only
increase was also observed in the total amount of expressec& small amount ofx-Bgt binding sites was detected at the
nAChRs; therefore, it does not seem to arise from a oocyte membrane. Likewise, the small loop of etesubunit
redistribution between surface and intracellular nAChR pools (45 amino acids) was not tolerated. This is in agreement with
through any potential improvements in endoplasmic reticu- previous experiments in which the substitution of the whole
lum to cell surface trafficking mechanisms. Deleted nAChRs a7 loop by thea5 loop produced about a 100-fold decrease
differ from the wild-type one in some electrophysiological in currents detected at the oocyte membra&ed suggests
properties (see below); however, these differences would notthat each subunit or, at least, each subunit group within the
justify either the large increase in expression levels. A nAChR supergene family, may have different and tight
possibility would be that deletions of certain nucleotide structural constraints in the large cytoplasmic loop region.
sequences coding for the cytoplasmic loop affect the Deletions in the cytoplasmic loop not only affected nAChR
metabolism of the injected mMRNA, mainly its stability and/ expression levels but also some nAChR functional properties.
or translational control (see ref5 and 26 for reviews), The currentvoltage relation for wild-typea7 nAChRs
resulting in larger amounts of NAChRs synthesized from a showed a small inward rectification with a clear nonzero
given message. Alternatively, the deleted regions could codeoutward conductance. This rectification was further reduced
for certain protein degradation signals which may be opera-in construct 14, mainly because a relative increase in the
tive in unassembled and/or unfolded subunits. For instance,outward conductance (Figure 5). A small inward rectification
it has been shown that unassembled mueckeibunits are  (with a ratio of inward to outward conductances of only 2.5)
rapidly degraded27, 28). Consequently, and regarding has also been observed irBgt-sensitive ACh-activated
subunits with the whole cytoplasmic loop, an equilibrium currents in rat tuberomammillary neuror33). This is in
could be considered between those of them producing contrast with the strong inward rectification present in chick
assembled nAChRs, perhaps through interactions with chap-(34) or human 85) a7 nAChRs expressed in Xenopus
erones 29, 30) and neighboring subunit8@), and the ones  oocytes, and also in rat7 nAChRs expressed in a neuro-
following rapid degradation pathways81). By contrast, blastoma cell line 36). The mechanism of rectification in
deleted subunits would lack those rapid degradation signalsa.7 nAChRs has been attributed in part to open channel block
staying available for nAChR assembly for longer time, and, by internal free M§", and negatively charged glutamate
therefore, the amount of functional NAChRs would increase. residues located at the inner mouth of the channel are thought
Further experiments will be required to explore these to be essential for rectificatior8{). Fifteen out of a total of
possibilities. 19 negatively charged amino acids present in the cytoplasmic
The above hypothesis suggests that the role of thdse loop of the rata7 subunit were deleted in construct 14;
subunit cytoplasmic regions in critical NAChR processes may therefore, the reduction of rectification is not surprising.
be more complex than expected, and, in fact, the deletion Moreover, recent structural studies of therpedonAChR
and substitution experiments of region 3 (in subunits with at high-resolution had suggested that narrow openings
regions 2 and 4 also deleted) seem to confirm this assumptionbetweenu-helical segments forming part of the cytoplasmic
since: (a) large segments of this region can be deleted butwall of the channel might serve as filters to exclude anions
at least, the sequence formed by amino acids E371, G372and other impermeable species from the vicinity of the pore
and M373 need to be present to keep high expression levelg38). Presumably, the removal of a large portion of the
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cytoplasmic loop in construct 14 would leave an nAChR
without part of these cytoplasmic structures, and it could be

speculated that intracellular ions would access the pore more
easily, increasing the outward conductance and, thus, reduc-

ing rectification. Finally, the ACh doseresponse curves
showed a typical low apparent affinity for wild-type7
nAChRs @9), and approximately a 6-fold increase in the
apparent affinity for construct 14. This difference could not
be attributed to a change in the desensitization kinetics of
the currents of these two nAChRs, as they are very similar.
Thus, we could hypothesize that in construct 14 some
structural changes in the nAChR have altered either the
binding site of ACh or the efficacy of the coupling between
binding and gating. The former possibility appears less
plausible given the long distance between the cytoplasmic
loop and the binding site.

In summary, we can conclude that e cytoplasmic loop
may perform multiple tasks, either during nAChR biogenesis
or during nAChR functioning, suggesting that its role is more
complex and dynamic than may have been expected.
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