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Abstract. Membrane trafficking of the cystic fibrosis level. We propose that CFTR causes clustering of
transmembrane conductance regulator (CFTR) is supplasma membrane proteins.
posed to be an important mechanism controlled by the

intracellular messenger cAMP. This has been showrkeywords: Membrane capacitance — Atomic force mi-

with fluorescence techniques, electron microscopy an@roscopy — Membrane trafficking — Chloride channel
membrane capacitance measurements. In order to visu= Protein distribution

alize protein insertion we applied atomic force micros-
copy (AFM) to inside-out oriented plasma membrane
patches of CFTR-expressingenopus laevioocytes  Introduction
before and after cAMP-stimulation. In a first step, oo-
cytes injected with CFTR-cRNA were voltage-clamped, Formation of clusters as structural and functional units of
verifying successful CFTR expression. Water-injectedProteins has been shown for numerous plasma membrane
oocytes served as controls. Then, plasma membran@ioteins, e.g., for Krp channels containing four subunits
patches were excised, placed (inside out) on glass an@f the inwardly rectifying K channel family (Kir6.2)
scanned by AFM. Before cAMP-stimulation plasma and four regulatory sulphonylurea receptor subunits
membranes of both water-injected and CFTR-expressingSUR1 and SUR2A/B) of the ATP-binding cassette
oocytes contained about 200 proteins per’. Molecular ~ (ABC) transporter family (Seino S, 1999). Cluster for-
protein masses were estimated from molecular volumegation is necessary to obtain the full functionality of the
measured by AFM. Before cAMP-stimulation, protein channel. The cystic fibrosis transmembrane conductance
distribution showed a peak value of 11 nm protein heightegulator (CFTR), a member of the ABC-transporter
corresponding to 475 kDa. During cAMP-stimulation family, is assumed to form clusters with different pro-
with 1 mm isobutylmethylxanthine (IBMX) plasma teins in order to perform autocrine cell regulation. Ac-
membrane protein density increased in water-injecte@ording to this hypothesis, CFTR allows ATP transport
oocytes to 700 proteins pgm? while the peak value to the apical cell membrane surface, resulting in locally
shifted to 7 nm protein height corresponding to 95 kDa.high ATP-concentrations (al-Awqati, 1995). In turn, ex-
In contrast, CFTR-expressing oocytes showed aftefracellular ATP acts upon purinergic receptors that, via
cAMP-stimulation about 400 proteins pgm? while ~ G-proteins, regulate phospholipase activities and plasma
protein distribution exhibited two peak values, one peaknembrane ion channels (al-Awqati, 1995). However,
at 10 nm protein height corresponding to 275 kDa andsuch a mechanism is only feasible if the structural com-
another one at 14 nm corresponding to 750 kDa. Theyonents of ATP-release and purinergic receptor function
could represent heteromeric protein clusters associate@ccur in a close spatial arrangement, since fast reduction
with CFTR. In conclusion, we visualized plasma mem-0f local ATP-concentration by ‘Snucleotidase activity
brane protein insertion upon cAMP-stimulation and and dilution effects would compromise such an autocrine
quantified protein distribution with AFM at molecular mechanism.
For understanding the mechanisms of cluster forma-

tion it is important to know whether CFTR is a protein
- persistently located in the plasma membrane or whether
Correspondence td:. Schillers CFTR is usually an intracellularly stored protein that
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undergoes cAMP-controlled membrane trafficking. Cy- CFTR-cRNA dissolved in 50 nl double-distilled water and then stored

clic AMP-controlled membrane trafficking of CFTR is at 19°C.

controversially discussed at the moment. Some investi-

gations show that cAMP-dependent protein kinasey o tace-CLAMP EXPERIMENTS

(PKA) stimulates trafficking of CFTR from intracellular

pools to the plasma membrane while endocytotic reVoltage-clamp analysis was performed 3 days after injection using a
trieval of CFTR is simultaneously inhibited (Prince etal., procedure described by Madeja et al. (1991). Oocytes were impaled
1993, 1994: Schwiebert et al.. 1994 Takahashi et al with two electrodes (Hilgenberg, Malsfeld, Germany), each filled with

! . . 2.7m KCl resulting in a resistance of 1§ for the voltage electrode
1994; Howard et al., 1995; Tousson et al., 1996; I‘Ul(ac%nd 0.5 M) for the current electrode. Membrane currents were mea-

et al., 1997; Lehrich et al., 1998; Morris et al., 1998; gyred at clamped oocyte (holding potential ~25 mV) plasma membrane

Weber et al., 1999; Prince et al., 2000). In contrast, othefoltages (Turbo TEC-03, npi, Tamm, Germany), in steps of 10 mV

investigators report that CFTR trafficking from intracel- (range: =60 to +40 mV) and with 1000 ms duration. Current data were

lular compartments to the plasma membrane is not dpwpass-filtered at 1 kHz (902, Frequency devices), and for data ac-

major regulatory step in mediating CFTR function butq‘gi;'onasa zgcljan\l/%lg Sg Sctlzn; (’;\X(’Zr-ﬂf,:i’smegfz’ foitf;e??'w%g’e

- H W u . - X | W |

rather assume that CFTR chloride channels, perss_tentl%uffer (in 1 965 NaCE i KCI,pl.spCagl i Mgaz’ps HEPES. 25

present in the plasma membrane, are directly activate a-pyruvate, pH 7.4). For stimulation, 1vmIBMX (3-isobutyl-1-

by cAMP-dependent PKA (Cheng et al., 1991; Tabchamethyixanthine, Sigma) was added.

rani et al., 1991; Denning et al., 1992; Hug et al., 1997;  CFTR-expressing oocytes identified by IBMX-inducible currents

Moyer et al., 1998). and water-injected oocytes (controls) were defolliculated by 1 hr treat-
Over the past years AFM was increasingly used tgment with 1 mg/ml collagenase (type _D, Boe_hrin_ger Mannheim). Then,

visualize cell surface structures and surface dynamicgc’tCytes resf‘_’ ford“;:'”l?)a”h mfﬂ'“m-tv't,e"'rr‘]e_ "I‘(embfa”est of 0o-

es were stripped arter min o ertonic snrinkage in potassium

(Hoh and Hansma, 1992 Radmacher et al." 1992; Yan ipartate buffe?rzin m: 200 K-Aspartat)g,J 20KCl, 1 Mggjglo E(pBTA,

etal.,, 1993; Hansma and Hoh, 1994; Le Grimellec et al.q g pyepgs, pH 7.4).

1994; Beckmann et al., 1998; Henderson and Oberlei-

thner, 2000). AFM was recently used to show ATP-

release to the surface of epithelial cells expressing CFTRLASMA MEMBRANE PREPARATION

(SCh_II:]heldel‘ etal, 19d99).dd CFTR iated cl CELLocate® glass cover slips (Eppendorf, Hamburg, Germany) con-
e present study addresses -associated ¢ uﬁ.ﬁning lithographic grids (line to line distance: p%n) for membrane

ter formation with AFM. We used the AFM to image the patch Iocalization were cleaned by 1 hr treatment with concentrated
cytoplasmic surface of native plasma membranes 0oFf,50,/30% H,0, (9:1 v/v), rinsed three times with dgB® and two
CFTR-positive and CFTR-negativéenopus laevi®o- times with acetone. 4@ of an aqueous solution of poly-L-lysine
cytes before and after cAMP stimulation. Although traf- (0.01% wiv, Sigma) was applied for 10 min to the clean side of each
ficking of CETR has been carefully examined by elec- cover slip, then rinsed and finally baked for 1 hr at 60°C.

. . - After removal of the vitelline membrane, oocytes were incubated
trOphyS|O|09lcal and fluorescence microscopy teCh_for 6 min in Barth-Medium containing 1 mIBMX and 0.1 pum FM1-

mques (Moyer ?t al., 19_98)’ |Itt|§ IS !‘”9W” about the 43 (Molecular Probes, Eugene/OR, USA), a lipophilic fluorescence
spatial distribution of this protein within the plasma marker for plasma membrane staining. The oocyte was rinsed with
membrane. AFM is a surface probe that visualizes proBarth medium two times (removal of unused FM1-43), transiently
tein structures at nanometer range in native membranegtached to the coated glass cover slip (1 min) and then gently removed.

without using fixatives. This allows protein counting The plasma membrane patch remaining on the glass surface was rinsed

and protein height measurements essential for the dete\N-ith ddH,0O, dried on air and located by fluorescence microscopy (ex-

. . LS . . Citation wavelength for FM1-43: 488 nm).
mination of individual molecular masses and protein dis-
tribution on the cell surface.
AToMIC FORCE MICROSCOPY

Materials and Methods AFM was performed in contact mode in air using a Nanoscope IlI
Multimode-AFM (Digital Instruments, Santa Barbara, California,
USA) with an E-type scanner (maximal scan area: 15 3. Cel-
OocyYTES AND ARNA MICROINJECTION locate® were attached to stainless steel punches with double-sided
adhesive tape and mounted in the commercially available fluid cell
Experiments were performed iKenopus laevieocytes, stage V, ob-  (Digital Instruments). V-shaped oxide-sharpened cantilevers with
tained as described (Madeja et al., 1991) and stored in Barth mediurspring constants of 0.06 N/m (Digital Instruments) were used for scan-
(in mm: 87 NaCl, 1 KCI, 1.5 CaGl 0.8 MgSQ, 2.4 NaHCQ, 5 ning. Images (512 x 512 pixels) were captured with scan sizes between
HEPES, pH 7.4 containing 100 IU/ml penicilline and 10§/ml strep- 1 and 25um? at a scan rate of 12 Hz (12 scan lines/sec) and loading
tomycine). The cDNA encoding human CFTR in pBluescript pPBSSK forces less than 1 nN. Images were processed using the Nanoscope I
vector was kindly provided by R. Schreiber and K. Kunzelmann (Dept.software (Digital Instruments). Particle counting and 3D presentation
of Physiology, University of Sydney, Australia).capped cRNA was  were performed with the software SPIP (Scanning probe image pro-
synthesized from Kpnl linearized cDNA using T3 polymerase (Cap cessor, Image Metrology, Lyngby, Denmark). This software allows
scribe T3, Boehringer, Mannheim). Oocytes were injected with 5 nganalysis of particles located close to each other through the determi-
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Fig. 1. Scheme of the experimental procedure.

After injection of CFTR cRNA the expression of

AFM

CFTR was examined with voltage-clamp
STBP 4  experiments. Only membranes of oocytes which
exhibited the expected currents in voltage-clamp

5000 -

| slope conductance 60 uS

analysis were isolated and scanned by AFM.

CFTR-positive, cAMP-stimulated

CFTR-positive, non-stimulated
slope conductance 6 uS

Fig. 2. Current-voltage relationships obtained in
CFTR-positive oocytes (meansem, n = 15).
Under non-stimulated conditions and following
exposure of the oocytes to IBMX (1) for 6
minutes. Voltage-clamp experiments were
performed in ND96 buffer (in m: 96 NaCl, 2
KClI, 1.8 CaC}, 1 MgCl,, 5 HEPES, 2.5
Na-pyruvate, pH 7.4)

nation of “local minima” in height and therefore allows the definition In this equatiorN, is the Avogadro constant (6.022 x2E@nol™), V,
of particle boundaries even from tightly packed structures. The precidis the partial specific volume of the protein (0.74 %g), V. is the
sion of this process is affected by assignment of a threshold. specific volume of water (1 cflg) andd is a factor describing the

extent of hydration for air-dried proteins (0.4 moL®mol protein).
This method was successfully used also by other researchers (Pi-

MOLECULAR VOLUME OF MEMBRANE PROTEINS etrasanta et al., 1999). Treatment of the membrane with trypsin (0.05%

in PBS) for 1 min shows that the structures are protease-digestible and

In order to estimate the molecular masé] of individual membrane  {hys identified as proteins (Schillers et al., 2000).
proteins we used a model published previouslyrther et al., 1997).

The calculation is based on a simplified model imaging a membrane

protein as a sphere embedded in the lipid bilayer. The volume of aRagylts

single protein Vp,o) Was calculated using the sphere’s volume equa-

tion (V = 4/3 r®), with the protein radius;, given by the half height
of the protein. The molecular mad4, can then be calculated:

N
Mo A

=V vd-v, Ve

We usedXenopus laevi®ocytes as expression system
for human CFTR. Three days after injection of CFTR-
cRNA we examined the expression of CFTR with voltage-
clamp experiments. Only membranes of oocytes exhibiting
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Fig. 3. Color-coded view of a um? scan area
containing plasma membrane fragments attached
to the poly-L-lysine-coated glass surface.
Poly-L-lysine-coated glass is shown in “blue”, the
lipid bilayer membrane is shown in “turquoise”,
the membrane proteins are shown in “brown” and
yet unidentified intracellular material is shown in
“bright yellow”. The broken line in the upper part
of Fig. 3 corresponds to the profile line in the
lower part showing the lipid bilayer with a height
of about 5 nm. Proteins protrude from the inner
surface of the plasma membrane with a height up
to 20 nm.

Fig. 4. Membrane patches of CFTR-positive
oocytes. The membrane patch shown in the
upper part of Fig. 4 was isolated before cAMP
stimulation, the membrane shown in the lower
part of Fig. 4 was isolated during
CAMP-stimulation. In this color-coded view the
plasma membrane, 5 nm in height, is shown in
“brown”. Proteins are shown with a color
gradient from dark yellow to white,
corresponding to heights from 6-20 nm. The
large white spots are yet unidentified
intracellular structures.
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IBMX-inducible currents in voltage-clamp analysis were
isolated and scanned by AFM. This experimental proce
dure ensures that the plasma membrane investigated I 300
AFM contains functional CFTR. The step by step protocol
applied in this study is shown in Fig. 1. It leads from func- 250
tional expression of CFTR down to structural identification
of plasma membrane protein clusters associated witl
CFTR. Electrical characterization indicates a slope con-
ductance for non-stimulated CFTR-positive oocytes of
about 6u.S, increasing up to 6QS after 6 min of incuba-
tion with 1 mv IBMX (Fig. 2). This indicates a voltage-
current relationship typical for CFTR-expressing oocytes
(Cunningham et al., 1992; Mall et al., 1996).

Atomic force microscopy revealed large patches of 50 4
inside-out oriented plasma membrane, areas withou
membrane and small regions with relatively high struc- 0 e e e
tures, probably intracellular material (e.g., yolk proteins). 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 2
Edges of membrane were used to determine total heigt Protein Height [nm]
of plasma membrane and its protruding structures. Fig
ure 3 shows a 3D color-coded view of auén? scan area
containing plasma membrane fragments attached to th
poly-L-lysine coated glass surface and some intracellula 300
material. Poly-L-lysine-coated glass is shown in “blue”, ]
the lipid bilayer membrane is shown in “turquoise”, the 2504 CFTR-positive oocaﬂeSI
membrane proteins are shown in “brown” and the intra-
cellular material is shown in “bright yellow”. Membrane
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fragmentation occurs frequently due to the preparatior §

method we used. The broken line in the upper part ol 8 5

Fig. 3 corresponds to the profile line in the lower part o T  cAMP-stimulated
T 400 proteins per pm’
<]

showing the lipid bilayer with a height of about 5 nm.
Proteins protrude from the inner surface of the plasmeg %
membrane with heights up to 20 nm. Proteins appea 1 non-stimulated

with different heights and shapes. Some proteins are lo 501 200 poteire per p
cated so close to each other that they overlap or merg

into one structure. In Fig. 3 we used this specific color- o e
coding to emphasize the height differences between glas 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21

and membrane. This led to a poorer contrast for smal Protein Height [nm]
protein structures. In Fig. 4 we focused on the protein
structures and thus used a different color coding. o .

Figure 4 shows two 12.2ﬁm2 membrane areas of CF_TR—F_)osmve (lower part of Fig. 5) plasma membrane (meaen;

. .n = 12; 4 oocytes, 3 patches per oocyte). The hatched areas represent

CFTR-positive oocytes. The membrane patch shown ifhe respective height distributions of non-stimulated oocytes.
the upper part of Fig. 4 was isolated before cAMP stimu-
lation, the membrane shown in the lower part of Fig. 4close to each other that they overlap. The main differ-
was isolated during cAMP-stimulation. In this 3D color- ence between cAMP-stimulated and non-stimulated oo-
coded view the plasma membrane, 5 nm in height, iyte membranes is the protein density. Quantification of
shown in “brown”. Proteins are shown with a color gra- protein distribution is shown in Fig. 5. Molecular vol-
dient from dark yellow to white, corresponding to umes were estimated from protein heights measured by
heights from 6 nm to 20 nm. The proteins differ from AFM. Molecular weights were then calculated from the
each other in height and shape. Some are hardly deteatespective volume measurements (Schneider et al., 1998)
able, others are up to 20 nm in height. The apparenffor details see Materials and Methods). Each data set
shape of the proteins is found usually to be conical, mostvas obtained from four oocytes (three patches pid
likely due to the fact that lateral dimensions of the baseper oocyte). A mean density of 200 proteins pen? in
of individual proteins are overestimated as a result ofnon-stimulated CFTR-positive and control (water-
AFM-tip geometry (Lamer et al., 1997). Some proteins injected = CFTR-negative) oocyte membrane was
apparently exhibit “shoulders”, while others stand sofound. The hatched area in Fig. 5 represents the respec-

Fig. 5. Protein distribution of CFTR-negative (upper part of Fig. 5) and
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Table. Protein densities and molecular masses in plasma membratenopus laevibefore and during cAMP-stimulation estimated by atomic
force microscopy

Preparation CFTR-negative oocyte CFTR-positive oocyte

Condition nonstimulated CAMP-stimulated nonstimulated CAMP-stimulated
Density; proteins pepm? 200 700 200 400

Molecular mass; mean value 379 kDa 165 kDa 442 kDa 464 kDa

Molecular mass; peak value 275 kDa 95 kDa 475 kDa 275 kDa and 750 kDa

tive height distribution. Average plasma membrane pro-CFTR-negative and CFTR-positive oocytes are caused
tein height of CFTR-negative oocytes is 11.1 nm, corre-by CFTR. Protrusions emerging from the lipid mem-
sponding to a molecular mass of 379 kDa with a peakbrane towards the cytoplasmic space are proteins since
value of 10 nm, corresponding to a molecular mass othey disappear upon trypsin treatment as shown previ-
275 kDa (Fig. 5, upper part and Table). CFTR-positiveously (Schillers et al., 2000).

oocytes show an average protein height of 11.7 nm, cor- We estimated the molecular masses of individual
responding to molecular mass of 442 kDa with a peakmembrane proteins/protein clusters according to a model
value of 12 nm, corresponding to a molecular mass ofublished previously (Lianer et al., 1997). The calcula-
475 kDa (Fig. 5, lower part and Table). The differencestion is based on a simplified model imaging a membrane
in protein distribution between CFTR-negative andprotein as a sphere embedded in the lipid bilayer. This
CFTR-positive oocytes before stimulation are small.model has been proved useful also for calculating mo-
Stimulation with IBMX dramatically changes protein lecular masses of isolated proteins imaged by AFM
distribution in both CFTR-negative and CFTR-positive (Schneider et al., 1998; Pietrasanta et al., 1999).
oocytes. Density of small proteins increases in mem-

branes of water-injected oocytes from 200 to 700 pro-
teins perpm? with an average height of 8.4 nm, corre- DIFFERENCE IN PROTEIN DISTRIBUTION BETWEEN

sponding to a molecular mass of 165 kDa and a sharfy TRNEGATIVE OOCYTES AND CFTRPOSITIVE

peak value at 7 nm, corresponding to a molecular mass ¢POCYTES WITHOUT AAMP-STIMULATION

95 kDa (Fig. 5, upper part and Table). In membranes of ) ) )

CFTR-positive oocytes the protein density increases ifVe found virtually no difference in the total number of
response to IBMX from 200 to 400 proteins pem?  Proteins pejm for CFTR—negatwg and CFTR-positive
with an average protein height of 11.8 nm, corresponding0cytes. Area covered by proteins can be calculated
to a molecular mass of 464 kDa. Protein distributionifom the histograms of Fig. 5. The data indicate that

sponding to molecular masses of 275 kDa and 750 kDa20% more protein covered area as compared to CFTR-
respectively (Fig. 5, lower part and Table). negative oocytes. CFTR-negative oocytes show a rather

broad dispersion of protein heights, whereas CFTR-
positive oocytes exhibit a prominent protein population
Discussion with a height of 12 nm corresponding to 475 kDa.

We assume that this protein population is most

We observed and quantified the cAMP-induced changédikely a protein multimere rather than a single protein.
in protein distribution and protein density in a native The molecular weight of mature glycosylated CFTR is
plasma membrane. Measurements were based on protell80 kDa (Moyer et al., 1998) corresponding to a height
height since vertical resolution of the AFM is better thanof 8.7 nm. Therefore, the peak value of 475 kDa, as
0.5 nm (Henderson & Oberleithner, 2000). Three obserfound in nonstimulated CFTR-positive oocytes, is un-

vations could be madei)(a difference in protein distri- likely to represent individual CFTR molecules. Never-
bution between CFTR-negative and CFTR-positive oo-theless, the peak at 475 kDa is caused by CFTR. We
cytes without cAMP stimulation,ii) a cAMP-induced assume that the large proteins represent multimeric clus-
shift of protein distribution towards small proteins in ters containing CFTR. The two mechanisms of CFTR-

CFTR-negative oocytesjii) a cAMP-induced double- activation (cCAMP-induced CFTR insertion into the
peak distribution of membrane proteins in CFTR- plasma membrane and cAMP-induced activation of dor-
positive oocytes. mant CFTR in the plasma membrane) are mutually not
We have not yet succeeded in specifically identify- exclusive. It has been reported that both mechanisms of

ing the structures visualized on the cytoplasmic cell sur-CFTR activation can simultaneously take place in oo-
face but argue that the differences observed betweeaytes (Weber et al., 1999). Taken together, we assume
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that the plasma membrane protein structure with an egein insertion into the plasma membrane. While CFTR-
timated molecular mass of 475 kDa is a CFTR-negative oocytes exhibited upon cAMP-stimulation a
associated cluster. new peak at 95 kDa with a simultaneous decrease in
large proteins, CFTR-positive oocytes show two new
peaks at 275 kDa and 750 kDa. Since both peaks do not
appear in CFTR-negative oocytes in response to cAMP-
stimulation, we conclude that the two peaks are caused
by CFTR. Considering the molecular mass of 180 kDa

. . L . .. for a CFTR monomer, the peak at 275 kDa and 750 kDa
Cyclic AMP-stimulation increased protein density in could be multimeric CFTR or CFTR forming clusters

plasma membrane in both CFTR-negative and CFTR-": . S )
positive oocytes. However, in contrast to CFTR-positive}’;'c')tlt;] (:Ei;rigtzgsér%rgﬁtlzﬂfsn bﬁeﬁlerRc’)r?s ddr?artl:\(/aigl

oocytes, the plasma membrane of CFTR-negative 9% zerhusen et al 1%99) However, we WanF; to em hasiz)e/
cytes exhibited a sharp peak in protein distribution at " ' ' P

) X . that this is still a hypothesis because we have not yet
small molecular weight proteins. Recently it was showniolentifieol individual CFTR molecules by AFM.

that plasma membrane capacitance, a quantitative mea- . .
sure for lipid bilayer membrane insertion, increases dur- Taken together, the data show that upon stimulation

ing CAMP-induced exocytosis in CFTR-positive oocytesWlth CAMP, CFTR is inserted into the plasma mem-

(Weber et al., 1999) and Chinese hamster ovary CeIIgrane, indicated by a shift in protein density and protein
(Hug et al "1997) but, interestingly, not in CFTR- distribution. Insertion of CFTR into the plasma mem-

negative cells. The number of proteins smaller thanbrane leads to the formation of clusters, heteromeric

about 100 kDa may have been underestimated becaugguctures composed of CFTR and other proteins with yet

the resolution is limited by the size of an individual pixel. unknown stoichiometry.

With a scan size of 3.5 x 3om, each pixel has a lateral

dimension 7 x 7 nm. Currently we have no explana- We thank Drs. K. Kunzelman and R. Schreiber for the generous gift of
tion for this phenomenon. A possible explanation for cPNA encoding human CFTR in pBluescript pBSSKector. We
this apparent discrepancy in CFTR-negative Ce”S_gra'[efully acknowledge the technical assistance of Mrs. H. Arnold and

d tic i . tein d it it b thank all other collaborators in our laboratory involved in membrane
ramatic Incréase In protein density per unit mem ran(?ransport for numerous discussions during the course of the experi-

area (suggesting protein insertion through vesicle inSerments. The study was supported by the “InterdiszipésaZentrum fa
tion) but no change in membrane capacitance (expecteginische Forschung”, 1ZKF.

to occur when membrane is inserted)—could be that

cAMP induces insertion of small vesicles with high pro-

tein density in the vesicle membrane. Then, the increasReferences
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