16582 Biochemistry1998,37, 16582-16590

Translocation of Human Calcitonin in Respiratory Nasal Epithelium Is Associated
with Self-Assembly in Lipid Membrane

Maria Christiane Schmidt, Barbara Rothen-Rutishauser, Beate Rist, Annette Beck-Sickinger,
Heidi Wunderli-Allenspach, Werner Rubasyolfgang Sadef and Hans Peter Merkle*

Department of Pharmacy, Swiss Federal Institute of Technology Zurich (ETH), Irchel Campus, Winterthurerstrasse 190,
CH-8057 Zurich, Switzerland, Genentech Inc., South San Francisco, California, Department of Biopharmaceutical Sciences
and Pharmaceutical Chemistry, Umrsity of California, San Francisco, California

Receied May 22, 1998; Résed Manuscript Receéd September 21, 1998

ABSTRACT:. We studied the mechanisms involved in the translocation of human calcitonin (hCT) through
excised bovine nasal mucosa (net mucosal-to-serosal permealdiity cm s). To determine structural
requirements for the suggested vesicular internalization two carboxyfluorescein-labeled (fl) hCT fragments,
the C-terminal fragment [NfllhCT(9—32) and the N-terminal fragment [Lys#]hCT(1-24) were
synthesized. In presence of the endocytosis inhibitor cytochalasin D mucosal-to-serosal and serosal-to-
mucosal hCT permeabilities were equal. Pathway visualization by confocal laser scanning microscopy
showed punctated fluorescence indicating vesicular internalization of both hCT a#ftJHEIT(9—32).

In contrast, the N-terminal fragment lacking {hesheet forming C-terminus (2532) was not internalized.
Circular dichroism showed that, when interacting with neutral and negatively charged liposomes, hCT
adoptsf-sheet conformation. In a concentrated aqueous solytiameet formation induces hCT self-
assembly and fibrillation. High partitioning of hCT into lipid bilayer membranes was reflected by an
apparent partition coefficient loB(pH 7.4) = 2.5 (liposome-buffer equilibrium dialysis). We propose

that the high lipid partitioning anf-sheet formation result in C-terminus-restricted supramolecular self-
assembly of hCT and [NfIlhCT(9—32) in lipid membranes. Vesicular internalization is suggested to be
associated with self-assembly induced perturbation of the lipid bilayer. Condensed hCT self-assemblies
may explain the high capacity of net mucosal-to-serosal hCT permeation, which compares favorably with
the low transport capacity of receptor-mediated endocytosis.

For most peptides, passage through biological membranesequence to engineer a glutathioBdransferase fusion
is compromised by low intrinsic membrane permeability and protein and showed that this improved its import into cells.
rapid clearance by membrane-associated proteolytic enzymesln contrast to these examples, membrane translocation of
Surprisingly, rather polar calcitonins, e.g., human, salmon, most therapeutic peptides is poor.
and eel calcitonin, can penetrate the nasal epithelium Mechanistic studies on hCT transport through excised
efficiently and are administered intranasally for therapeutic bovine respiratory nasal mucosa have previosly demonstrated
use. Human calcitonin (hCT)a peptide hormone of 32  an unexpected nonsaturable net flux (net permeablitQ>
amino acids, is approved for the therapeutic treatment of cm s%) in the mucosal-to-serosal directio®, (7). Further-
established osteoporosig.( Although plasma concentrations more, punctated intracellular distribution of hCT indicated
after nasal hCT administration remain low, the resulting the involvement of endocytosi€); Cremaschi et al.§)
hypocalcemic effect was similar to i.v. injectio®)( There proposed receptor-mediated endocytosis to explain the
are only few other examples of successful transepithelial permeation of [1,7Asu]eel calcitonin through rabbit nasal
peptide drug delivery. For instance, (i) di- and tripeptides mucosa.
recognized by the common peptide transporters are efficiently The primary structure of hCT contains several domains
taken up in the small intestineg) (ii) the cyclic peptide relevant to its biological function. The N-terminal portion,
cyclosporine A permeates through several membranes be-<yclized by a disulfide bridge, is conserved between species
cause of its high lipophilicity4); and (iii) Rojas et al. %) and considered specific for receptor activati@ (In the
used a 12 amino acid residue membrane-translocating peptideentral region, all calcitonins contain regularly spaced
hydrophobic amino acids at every third or fourth residue,
f*ﬁuthor to Whhom correspondence should be addressed, Departmentwhich is a typical feature of amphipathichelices that can
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of Pha ngrkleg;; Jrfn‘}liétsgihéo 10. Fax:++41 163568 8L pind to lipids (L0). Finally, by spectroscopy the fibrillation

* Genentech Inc. of hCT solutions was observed to be associated f4sheet

§ Department of Biopharmaceutical Sciences and Pharmaceuticalformation in the C-terminal segmerit, 12.
Chemistry. - Secondary structures of calcitonin have shown to be

* Abbreviations: hCT, human calcitonin; CLSM, confocal laser a|ayant for pharmacological activity as demonstrated by
scanning microscopy; PhC, phosphatidylcholine; log D, apparent parti- ! . .
tion coefficient; m-to-s, mucosal-to-serosal; s-to-m, serosal-to-mucosal; 2nalogues with different-helical contents3). However,
CD, circular dichroism spectroscopy. the potential of other, nonhelical conformations for hypo-
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calcemic activity is not clear1@). Epand et al. 14) Synthesis of hCT Fragments, Labeling, and Identification.
demonstrated the formation of amphipathic helices in the Linear hCT fragments were synthesized according to Rist
presence of certain phospholipids, whereas interaction withet al. (L8) by automated multiple solid-phase peptide syn-
lipid bilayers has yet to be studied. In aqueous solution, thesis using a robot system (Syro, MultiSynTech, Bochum,

hCT has a tendency to form supramolecular self-assembliesGermany).

in the form of fibrils, characterized by-pleated sheet
structures 12). Assemblies of hCT were found in amyloid
fibrils present in granules of carcinoma of the thyraldb)(
The pathological conversion of proteinsesheet containing

HCT(9—-32) was labeled at the N-terminus with 4(5)-
carboxyfluorescein, while the peptide was still bound to the
resin with fully protected side chaindq). Coupling was
performed using a 3-fold excess of 4(5)-carboxyfluorescein,

toxic analogues has been shown, e.g., for the Alzheimer diisopropylcarbodiimide, and 1-hydroxy-benzotriazole. After

p-amyloid peptide 16) and for the infectious prion analogue
PrPSc 17). The ability of hCT to self-assemble in mem-

branes may be relevant to its physiological storage. Whether

the structure responsible for biological activity is related to
the proposed vesicular transport of hCT is unknown.

2 h, a 2-fold excess of diisopropylethylamine was added.
The overall coupling time was 5 h.

For hCT(1-24),tert-butyloxy-carbonyl-Cys(trityl) [Boc-
Cys(Trt)] was coupled at the N-terminus. Furthermore, the
lysine in position 18 was side chain protected with 1-(4,4-

In the present study, we investigated the translocation of dimethyl-2,6-dioxocyclohexylidene)ethyl (Dde). First, the

hCT in nasal mucosa. We demonstrate that hCT avidly

resin was treated 5 times for 3 min with 2% hydrazine in

associates with lipid membranes, assuming a conformationdimethylformamide to remove the Dde group. Subsequently,

partially consisting ofg-pleated sheets. Moreover, a C-
terminal fragment of hCT, without the N-terminal loop
critical for hypocalcemic activity ), is also internalized,
possibly via endocytosis. We assume that the ability of hCT
to form supramoleculap-sheet assemblies in the lipid
membrane plays an important role in a yet unknown
endocytotic pathway.

MATERIALS AND METHODS

Chemicals. Sodium heptanesulfonic acid and tetramethyl-
ammonium hydroxide were obtained from Fluka (Buchs,
Switzerland). Dulbecco’s modified PBS (pH 7.2) consisted
of (mM) NaCl (133.4); KCI (2.7); MgG)6H,0 (0.5); CaC}
(1.2); KH,PO, (1.15); NaHPO-2H,O (8.1); p-glucose-
(5.5)2H-mannitol (specific activity, 19.7 Ci/mmol) was from
Du Pont de Nemours International SA (Le Grand-Saconnex,
Switzerland). Egg phosphatidylcholin grade 1 was from
Lipid Products (Nuttfield, Surrey, U.K.). Dipalmitoylphos-
phatidylglycerol and dipalmitoylphosphatidylcholine (DPPG/
DPPC) were a gift from Sygena Ltd. (Liestal, Switzerland).
Fmoc-protected amino acids and 4-(2’,4’-dimethoxyphenyl-
Fmoc-aminomethyl)-phenoxy resin were obtained from
NovaBiochem (Lafelfingen, Switzerland), diisopropylcar-
bodiimide and thiocresol from Aldrich (Buchs, Switzerland),
and 1-hydroxybenzotriazole, trifluoroacetic acid, thioanisole,
diisopropylethylamine, piperidine, 4(5)-carboxyfluorescein,
trifluoroethanol (TFE), and carboxyfluorescein isothiocyanate
from Fluka. Dimethylformamide (p.a. grade), diethyl ether,
acetonitrile andtert-butyl alcohol were purchased from
Merck (Dietikon, Switzerland). All other chemicals used
were of analytical grade.

Peptides. Human calcitonin (hCT) was kindly provided
by Novartis Pharma AG (Basle, Switzerland). Two hCT

fragments were synthesized. Peptide sequences were as

follows:

hCT :
I

CGNLSTCMLGTYTQDFNKFHTFPQTAIGV GAP-NH,

[No-fIJhCT(9-32):
() LGTYTQDFNKFHTFPQTAIGVGAPNH,

[Lys(f)18]hCT(1-24):

CGNLSTCMLGTYTQDFNK(fl)- FHTFPQ-NH,

Lys!® was labeled with a 5-fold excess of carboxyfluorescein
isothiocyanate dissolved in dimethylformamide and a 3-fold
excess of diisopropylethylamine. The linear fluorescence
labeled peptide amides were cleaved with trifluoroacetic acid/
thioanisole/thiocresol within 3 h, collected by centrifugation,
and lyophilized from water. For air oxidation, the unpro-
tected [Cys(SH)’, Lys(fl)*¥]|hCT(1—24) was dissolved in 10
mM ammonium acetate buffer (pH 8.5) at a concentration
of 1 mM. The solution was stirred for 24 h. The peptides
were purified ©94%) by reversed-phase HPLC on a
nucleosil C-18 column (Waters, Rupertswil, Switzerland)
under isocratic conditions between 25 and 35% acetonitril.

Analysis of the peptides was performed on a nucleosil
C-18 column: fum, 3 x 125 mm (Merck AG). The mobile
phases consisted of 0.1% (V/V) trifluoroacetic acid for A,
and 100% acetonitrile for B. A gradient from 15 to 60% B
in 30 min was used. The expected molecular weight was
verified by ion-spray mass spectrometry (API Ill, Sciex,
Toronto).

Peptide Quantification.The HPLC method described by
Buck and Maxl 20) was applied. Mobile phases consisted
of water:1 M tetramethylammonium hydroxide:acetonitrile,
88:2:10 (VIV) for A and 392:8:600 (V/V) for B. The pH
was adjusted to 2.5 with phosphoric acid. A linear gradient
from 30 to 50% B was applied. UV detection was set at
214 nm. Acetic acid (10@L, 1 M) was added to 20QL
of sample solution to ensure peptide stability. Injection
volume was 20QuL.

Excised Boine Nasal Mucosa.Bovine nasal mucosa was
obtained from freshly slaughtered cattle at the local slaugh-
terhouse in Zurich (Schlachthaus AG, Switzerland) and
prepared for the experiments as described by Lang eb,al. (
21). Briefly, excised tissue samples were inserted into the
diffusion chambers, either the mucosal or the serosal side
of the mucosa facing the donor compartment. Cell volume
was 3 mL. For equilibration, the mucosae were preincubated
with preheated PBS for 30 min.

Permeation Experiments Using Endocytosis Inhibitors.
For permeation studies, commercially available Ussing
chambers (Vertical diffusion chamber system, Corning
Costar, Acton, MA) equipped with AgAgCl electrodes
(Corning Costar) were used. The VCC MC6 Multi-Channel
Clamp (Physiologic Instrument Inc., San Diego, CA) con-
nected to a PC was used to control the transepithelial current.
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Routinely, temperature was set at 37 and stirring was by

a constant oxygen gas flow. After equilibration, buffer 37°C, m-to-s —
solution was replaced by oM hCT solution on the donor a7°C,stom| |

and by pure PBS on the receiver side, respectively. To

prevent hCT aggregation and ensure sufficient physical wc mtos [

stability, 0.1% (m/V) hydroxypropylmethylcellulose (Meth- '

ocel K4M; Prochem AG, Zurich, Switzerland) was added #Cstom|  }—

to the donor solutiong). Permeability of hCT in excised

bovine nasal mucos&) was shown to be independent of +cytochalasin D, mto-s | F—
concentration (360uM). As endocytosis inhibitors, either + cytochalasin D, s-to-m |1~

colchicine (20uM; Sigma, Buchs, Switzerland) or cytocha-
lasin D (0.1xg mL™%; Fluka, Buchs, Switzerland) was added 00 05 10 15 20 25 30
to both chambers. Samples of 0.2 mL were taken every 10
min up to 60 min from the receiver side and replaced by
pure preheated buffer solution. After 30 ahd 50 min, samples Ficure 1: Influence of endocytosis inhibitor on the permeability
of 0.05 mL were taken from the donor side. of human calcitonin through excised bovine nasal mucosa. Initial
Mucosal integrity was assessed usifig]annitol at an hCT donor concentration was 6M. Permeability m-to-s versus
initial concentration of 0.5Ci mL~1. Samples of 0.1 mL  s-to-m €) was significantly differenttftest,p < 0.05). Cytochalasin
were taken from the receiver at 10, 40, and 50 min, added D reduced significantly the m-to-¢-{est;p < 0.001, compared to
PP . . m-to-s without inhibitor at 37C) and the s-to-m flux (t-test; g
to 2 mL of scintillation cocktail (Ultima Gold, Packard, The 01, compared to s-to-m without inhibitor at 32). Values at 37
Netherlands) and counted using a liquid scintillation spec- and 4°C were adapted from Lang et a6)( Values are expressed
trometer (Beckmann Instruments Inc., Fullerton, CA). as the means: SD of 5-7 determinations.
Effective permeability coefficient®es (cm s1) were
calculated according to eq 1:

P,»10°cms’

4,6-diamidino-2-phenylindole (DAPI, Hoechst Marion Rous-
_ (dC \% sel AG, Zurich, Switzerland) and tight junctions with anti
Per = (E)ssm 1) rat ZO-1 (1:20, Juro Supply). Finally, tissues were mounted
in Moviol (Juro Supply AG).

(dC/dt)ss= pseudo steady-state change of concentration over Nasal tissues fixed with PFA were also stained with
time (mmol mL2 s7%), A (cn?) = permeation area, and rhodamine-phalloidin to label actin (Juro Supply AG). Some
(mL) = volume of the receiver compartmer@, (mmol images were taken of unfixed tissue and incubated with the
mL~1) = initial concentration in the donor compartment. ~ fluorophore labeled fragments for 10 min at 33.

Tissue Preparations for Confocal Laser Scanning Micros-  Visualization by Confocal Laser Scanning Microscopy
copy. After excision, tissue samples were preincubated on (CLSM) A Zeiss LSM 410 inverted microscope (Zeiss AG,
a membrane holder with PBS for 10 min at 3Z. For Zurich, Switzerland) was used with the following lasers:
incubations at low temperature, mucosae were equilibratedHeNe 633 nm, HeNe 543 nm, Ar 488/514 nm, and Ar UV
at 4°C prior to peptide incubation. After equilibration, the 364 nm. Optical sections at intervals of 02% were taken
buffer solution was removed, and 0.1 mL of peptide solution With a 63x/1.4 Plan-Apochromat objective. Image process-
was added. Peptide concentrations were between 10 and 18'g was done on a Silicon Graphics workstation using
uM for the fluorophore-labeled peptide fragments, and 10 IMARIS, a 3D multichannel image processing software for
and 30uM for hCT. After 10 min incubation, tissues were ~confocal microscopic images (Bitplane AG, Zurich, Swit-
washed five times with 0.1 mL of PBS. For antibody zerland). The processed data sets were illustrated as single
staining, the tissues were fixed withformaldehyde [3% in  layers or as projectionsct-z andy—2) by cutting sections
PBS, [N,-fl[nCT(9—32) in Figure 2i] fa 1 h oracetone (for orthogonally to the recording plang<y). The degree to
hCT, Figure 2a-e) for 20 min at room temperature and wWhich two labels in a sample are distributed identically was
permeabilized with Triton X-100 (0.2% in PBS) for 1 h. PFA analyzed using the colocalization software (Bitplane AG,
was not a suitable fixativum for hCT antibody staining in Zurich, Switzerland).
nasal tissue. Liposomes for Partition ExperimentdUnilamellar egg

For hCT localization, tissues were washed, fixed with phosphatidylcholine (PhC) liposomes were prepared using
acetone as described above, and incubated with anti-rabbithe extrusion method as described by Ottiger and Wunderli
polyclonal antibody to hCT (1:20, Anawa Trading SA, (22). The lipid concentration was determined with a phos-
Wangen, Switzerland). Routinely, incubation times were 1 pholipasep-choline oxidase-peroxidase assay for PhC (MPR
h at37°C plus 6 h at £C. In addition, some tissue samples 2, Boehringer-Mannheim, Mannheim, Germany). The size
were incubated with anti-transferrin receptor (CD71) mono- distribution was measured by dynamic light scattering on a
clonal antibody (1:50, Anawa). For coincubations of,{N  Nicomp 370 (Particle Sizing Systems, Santa Barbara, CA).
fllhnCT(9—32) and hCT, a monoclonal antibody to residues  Partition Experiments Liposome-buffer partition experi-
1-10 of hCT was used (anti-mouse, 1:20, Anawa) to avoid ments were performed by equilibirum dialysis as described
binding of the antibody to the fragment. After five washing by Pauletti et al. Z3). Macro 1 dialysis cells (Dianorm,
steps, tissues were incubated with a fluorescence labeledviunich, Germany) equipped with cellulose dialysis mem-
secondary antibody (indodicarbocyamine Cy2, Cy3, or Cy5, branes (Diachema, MW cut-off 10 000, Dianorm) were
1:50, Juro Supply AG, Lucerne, Switzerland). Incubation mounted within the Dianorm-4 drive cell carrier. Chambers
times were as before. Additionally, nuclei were stained with were filled with 1 mL of PhC liposome suspension (4 mM
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Ficure 2: Visualization of transport pathways of hCT and two hCT fragments in nasal epithelium by CLSM. Peptides are shown in green.
Z0-1 (a), transferrin receptor (d, e€), and F-actin (i) are shown in red. The cell nuclei (b, c, d) are shown in blue. Analyzed colocalization
of the transferrin receptor and hCT is shown in yellow.(After hCT permeation under various conditions the nasal epithelium has been
fixed and stained with antibodies or fluorescence labeled markers, (& whereas optical sections shown in panelk have been taken

in unfixed tissue. hCT is highly concentrated in the membrane and intracellular space, the arrowheads point to tight junctions which are
localized near the apical surface (a). At lower concentration, hCT shows a punctated pattern (b). Internalization of hCT was blocked at
reduced temperature, the arrowhead indicates the mucosa surface (c). Double-labeling of the transferrin receptor and hCT indicates
colocalization of the two proteins (d, e), which was analyzed and is shownTie N-terminal fragment was not internalized into the cell

(f), in contrary to the C-terminal fragment (g). A punctated fluorescence of the C-terminal fragment can clearly be shown at higher
magpnification (g*). Internalization was markedly reduced in the presence of cytochalasin D (h) as welP&s(gt Zhe peptide remaining

on the mucosal surface is shown by arrowheads. Pictures a, b, c, d, f, g, h, and i repyesefgctions from all the layers between the

two yellow arrowheads shown in the xz-picture; pictureda ¢, d, f', g, i, and | represenkzprojections from all the layers between

the two yellow arrowheads shown in the xy-picture; and pictutedyg, c¢’, d’, " g”, b, and I' represenyzprojections from all the

layers between the two yellow arrowheads shown inxdfapicture. Scale bars: a, b, c, d, f, 4n; e, &, 2um; g, h, i, 20um; b*, f*, g*,

10 um.

PhC in PBS pH 7.4) containing M hCT on one and PBS The apparent partition coefficienDf was calculated
on the other side. Incubation times were 15, 30, 45 min, 1, according to:
2, 3,5, and 7 h irorder to determine the equilibrium. The

stability of the PhC liposomes over this time range afG7 D= V(e — cg) L @)
has been reported by Ottiger et &2). Temperature was ViipoCa

at 37°C. For HPLC analysis, liposomes were dissolved in

methanol (1:3, v/v). The recovery rate was 96:84.8%. whereViip, = NNaVu. V_ is the sample volume (f c.

The values 87 h were used for calculation of the apparent andcg are the peptide concentrations (mot.on the buffer
partition coefficient. (cg), respectively. On the liposome, ] side in the dialysis
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equilibrium, n is the number of moles of lipid iV, Na is
Avogadro’s number (6.02% 10% mol™), andVy is the
volume per lipid molecule in the bilayer [1.253 1027 m3
for PhC @4)].

Circular Dichroism Spectroscopy (CD)CD measure-

Schmidt et al.

In contrast, Cremaschi et alk®) reported that colchicine
did not affect junctional permeability of [1,7Asu]eel calci-
tonin in rabbit nasal mucosa. Due to this inconsistency
colchicine data were excluded from further considerations.
CLSM Imaging. Previous CLSM studies revealed a

ments were carried out on a Jasco J720A spectropolarimeteivesicular-type distribution of fluorophore-labeled hCT, in-
(Jasco, Tokyo, Japan) with a wavelength range from 240 to dicating endocytotic uptake of hCT in the nasal epithelium
180 nm in a nitrogen atmosphere. The quartz sample cell(6). Additional permeation and metabolism studies demon-

had a path length of 0.1 cm, the scan speed was 20 nimtmin

strated that the fluorophore label did not affect peptide flux

and the response time was 4 s. A minimum of three spectraand metabolic rate6j. In the present study, we used
was accumulated for each sample. Peptide concentrationgntibody staining to detect the pathway of unlabeled hCT in

were 100uM, except for the pure PBS solution, where the
hCT concentration was reduced to AM because of the
low solubility and fibrillation of hCT in this medium. In
liposomal suspensions, up to 161 hCT was soluble.

the nasal epithelium. At high concentrations (3@), hCT
accumulated at the surface of the mucosal membrane and in
the cells but not in the paracellular space (Figure 2a). In
further studies, hCT concentration was reduced taldn

Studies were performed in PBS and in the “membrane- order to lower the fluorescence intensity on the mucosal
mimicking” media trifluoroethanol (TFE, 100%) and SDS surface caused by high hCT concentrations and to permit
micelles (100 mM SDS in 5 mM phosphate buffer, pH 7.4) better detection of intracellularly located peptide. After a
at 21°C. For membrane-binding studies, hCT was added 10 min incubation, not only at the mucosal cell surface, but
to PhC lipsomes (2 mM in PBS, prepared as described under@lso in deeper sections, hCT showed a punctated pattern
liposomes for partition experiments). Additionally, nega- (Figure 2b*). The punctated fluorescence seemed to be
tively charged DPPG/DPPC liposomes (75:25 mol:mol) were concentrated around the nuclei which can be the result of
prepared by sonication as described by Lee et24) &nd shrinking caused by acetone fixation. Nuclei were localized
diluted with PBS to a final concentration of 2 mM. in different depths within the epithelium (Figure’pbausing
Measurements were started after 10 min of equilibration at unequal appearance in the vertical section. Absence of
37°C. No visible hCT aggregates were observed in solution. peptide in the paracellular space may result from the washing,

The CD spectra are given as mean elliptio®y(deg cn?

mol~1). For calculation of the secondary structure elements

the method of Yang et al26) has been applied, modified

fixation, and permeabilization steps before antibody labeling.
The transferrin receptor, used to trace intracellular routing
of clathrin-coated vesicles, cycles constitutively in the

for peptides by replacing the reference sets as described bypresence or absence of bound transfer2®).( The trans-

Behrends Z7).

RESULTS

Permeation Studiesin a previous study, Lang et ab)
showed the directional specificity of the transport of hCT
using excised bovine nasal mucosa. Whereas 4C3The

ferrin receptor is internalized into clathrin-coated pits, which
become clathrin-coated vesicles. After losing their coats,
the vesicles fuse with other vesicles or an existing endosome
(30). To further characterize the endocytotic mechanism,
we investigated whether hCT and the transferrin receptor
are colocalized in the same vesicle-like structures. Figure
2d shows intensive staining of the transferrin receptors close

mucosal-to-serosal (m-to-s) permeability was approximately y, the serosal side, whereas no staining was observed close
2-fold above the serosal-to-mucosal (s-to-m) permeability, 1 the mucosal side. After 10 min of hCT incubation on the

directional specificity was abolished af@ (Figure 1). The

mucosal side, punctated hCT fluorescence appeared through-

involved mechanism was investigated in the present study. gt the cell, although less frequently at the serosal side

To determine whether the transport involves an endocytotic (Figure 2d). In some sections, hCT was colocalized with
mechanism, permeation studies were also performed in thetransferrin vesicles as indicated by the yellow fluorescence
presence of two endocytosis inhibitors, cytochalasin D and (Figure 2e). This was substantiated by a colocalization

colchicine. Cytochalasin D disrupts intracellular microfila-

analysis with the IMARIS software (Figure 2e At 4 °C,

ments that attach at or near the cell surface. The presencenternalization was inhibited and the presence of hCT was

of 0.1 ug/mL™* cytochalasin Dreduced significantly
<0.001) the m-to-s flux of hCT as well as the flux in the
s-to-m direction | < 0.01) (Figure 1). The presence of

restricted to the mucosal surface (Figure 2c).
To further investigate the structural domains of hCT
responsible for internalization, the cellular pathways of two

cytochalasin D had no adverse effect on the integrity of the fluorescence-labeled hCT fragments with C- and N-terminal

epithelium as judged from unchangéti[mannitol flux P
[(0.8 £ 0.2) x 10°* cm s°?, both directions] and constant
transepithelial electrical resistanBg, (~30 Q cnp).
Permeabilities in the presence of 201 colchicine[m-to-
s (1.3+0.8) x 10°5cm s% s-to-m (1.3+ 0.7) x 10°5cm
s2], which disrupts sorting, were too variable to permit
evaluation of a significant effect on the flux of hCT. The
permeabilities of §H]mannitol after colchicine treatment
were increased by about 20% [m-to-s (3#00.2) x 104
cm s s-to-m (1.04 0.3) x 104 cm s3. This may indi-
cate that colchicine affected the integrity of the tight junc-

truncations of 8 amino acid residues each were visualized
by CLSM in unfixed tissue. The N-terminal fragmdhys-
(f)1{]hCT(1—24) was exclusively associated with the mem-
brane but not at all internalized into the cells (Figure 2f).
Application of the C-terminal fragmefiil ,-fllhnCT(9—32)
to the mucosal side showed internalization in the form of
punctated fluorescence (Figure 2, panels g and g*), indicating
vesicular transport. The more diffuse fluorescence as
compared to hCT (Figure 2b) can be explained by the higher
susceptibility of [N-f[nCT(9—32) to intracellular metabo-
lism and diffusion of the metabolites out of the vesicles.

tions, which would enhance the paracellular transport of hCT. Indeed, in contrast to the more stable hCIL)( HPLC
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mately 1uM, RT 33.1 and 33.6 min) after exposure to bovine nasal e®  Buffer compartment
mucosa for 15 min at 37C. Detection by fluorescence showed ®
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the appearance of fluorescence labeled metabolites. The fluores- o 60 120 180 240 300 360 420

cence label was not released (RT of the carboxyfluorescein was ; )

determined at 19.8 min). Double-peak of ;f]hct(9—32) is Time, min

explained by carboxyfluorescein isomers used for labeling. HPLC Ficure 4: Partitioning of hCT 1M hCT in a phosphatidylcholine

runs without peptide injection shows straight baseline at 1 mV. liposome-buffer equilibrium dialysis system. HCT concentrations
in both compartements vs time. Equilibrium reached withih as

. . . indicated by the plateaun(= 3, meanst SD, bars partly within
analysis of incubated [Nfl[nCT(9—32) showed extensive ;hel points).y P ( partly with

metabolism to smaller fragments, without release of the
fluorescent label (Figure 3). Internalization of f]hCT- mimicking” media, such as TFE and SDS micelles, and in
(9—32) was not blocked by a 100-fold excess of coadmin- the presence of uncharged and charged liposomes. In TFE
istered hCT (data not shown). We also observed colocal- and in SDS micelles, hCT adoptedhelical conformation
ization of the immunofluorescence of hCT and the concomitant \with a maximum at 196 nm and two minima at 205 and 222
autofluorescence of [Nf[[nCT(9—32). Further evidence for nm (40 and 28%u:-helix, respec[ive|y) (Figure 5) Turb|d|ty
vesicular transport was obtained by incubation atG  of the liposome solution reduced the received signal but still
showing fluorescence at the mucosal surface (Figure 2i). permitted analysis of secondary structures. Neutral PhC
Moreover, addition of 0.kg mL™* cytochalasin D caused a  iposomes strongly induced the formation Bfsheets, as
drastic reduction of intracellular fluorescence, which suggestsindicated by the single negative minimum at 219 nm (57%,
absence of vesicular transport (Figure 2h). In conclusion, Figure 5). Because no negative minimum at 2230 nm
truncation of the C-terminal portion of hCT blocked inter- combined with a second negati\/e minimum at 222 nm was
nalization into the Cells, whereas the confocal images Supportfound, we conclude that there are nehelical structures.
the hypotheSiS of vesicular internalization of the C-terminal The same was found, but to a lesser extent, in the presence
fragment. of negatively charged DPPC/DPPG liposomes (25%heet,
Partition Experiments in LiposomesTo test the propen-  Figure 5). Hencef-sheet formation appeared to be inde-
Sity of hCT to enter the cell membrane, partition coefficients pendent of ||p|d membrane Charge_ The lower content of
were determined in a liposome-buffer equilibrium system g.sheet structures in the DPPC/DPPG vesicles (sonication;
(23). Unilamellar PhC liposomes were prepared by extrusion diameter 25+ 13 nm) may be due to the less tightly packed
and had a diameter of &% 6 nm. The partition coefficient  |ipids in these liposomes compared to the packing in larger
(D) of hCT obtained by equilibrium dialysis was determined PhC liposomes (extrusion; diameter % nm). Liposome
as logD(pH 7.4)= 2.5+ 0.1 (values at 7 h, mea# SD, suspensions containing 10M hCT were stable for about
n=3). The equilibrium concentratiort @ h of h\CT inthe  2-3 h, while higher peptide concentrations rapidly induced
bilayer membrane was calculated as 0.8 mM compared toyjsible loss of liposomal organization.
3.5uM in PBS (Figure 4). To the authors’ knowledge, only
log D values for the highly lipophilic cyclosporine A are b 5cuUssIiON
available [logD(pH 7) ~ 4, (22)]. In general, lipophilic

compounds are characterized by a Ibgabove 2. This So far, the mechanisms involved in the transport of hCT
documents a surprisingly high affinity of the relatively polar through nasal mucosa were largely unkown. Previously, a
hCT toward lipid membranes. receptor-mediated uptake was postulated for [1,7Asu]eel

CD Spectroscopy Freshly prepared monomeric hCT calcitonin @) but has not yet been confirmeg§, 31). In
solutions show little ordered secondary structure in PBS this work, we suggest that internalization of hCT into the
(Figure 5 (L1)]. When fibrillating as a function of time and  mucosa is associated wifhsheet-induced self-assembly of
concentration, hCT assumes approximately 2&@%elical the C-terminal segment of the peptide. In contrast, the helical
structure [30Q«M hCT after 21 min. {1)]. Further studies,  content and the N-terminal segment are known to be
using attenuated total reflection Fourier transform infrared important for CT receptor binding and biological activity
(ATR-FTIR) spectroscopy, indicated that, upon fibrillation, (32, 33, 34.

initially a-helical and g-sheet structures~10%) were The amino acid sequence of calcitonins undergoes con-
equally prevalent, followed by significafitsheet formation  siderable species variation but maintains a typical pattern in
(~25%) after 2 up to~40 h (12). the C-terminal region (Figure 6). A highly conserved

In this study, circular dichroism was used to assess C-terminal motif is TXPXTXXGXGXP (human, eel, salmon,
secondary structure conformation of hCT in “membrane goldfish, etc.). This motif containing alternating small
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Ficure 5: Effect of different media on the secondary structure of hCT monitored by CD. Conformation contents are given as percentages
by H = o-helix, B = -sheet, T= turn, R = random. Compared to the little ordered secondary structure in PBS (1, B 4%, R 96%),
membrane mimicking media and phospholipids induced the formationh#lices and/opf-sheets. Whereas in SDS micelles (2, H 28%,

R 72%) and TFE (3, H 40%, B 40%, T 1%, R 19%) helical structures were preferred, hCT clearly formed a higher anfosinéetf
conformation in the presence of DPPC/DPPG (4, H 1%, B 25%, R 74%) and PhC liposomes (5, H 1%, B 57%, T 1%, R 41%). Peptide
concentrations were 10M in PBS and 10«M otherwise. Results are expressed as mean elliptid®y,(fleg cn? dmol1).

e ——

1 :CSNLST C:VLSAYWKDLNNYH%% YSGMGF 32 (Ovis aries)
2 'CSNLST CVLSAYWKDLNNYHR 32 (Bovine)
3 |CSNLST CVLGTYSKDLNNFHT 32 (Canis familiaris)
4 CSNLST CVLGKLSQDLHKLOT 32 (Pink salmon)
l |
5 | CSNLST CLALGKLSQELHKL 5 32 (Spotlined sardines)

6 (CSSLST CVLGKLSQELHKL 32 (Goldfish)
7 |CSNLST CVLGKLSQELHKL 32 (Japanese eel)
8 ECASLST C:VLGKLSQELHKL 32 (Gallus gallus)
: l
9 !CASLST CVLGKLSQELHKL Ve (Gallus gallus precursor)
10 .CGNLST CMLGTYTQDFNKF I (Human calcitonin)
11 ICGNLST CTLGTYTQDFNKFHT 1¢ (Homo sapiens)
12 |CGNLST CILGTYTQDFNKFHT FPQTAI (Homo sapiens preprocalcitonin)

Ficure 6: Multiple sequence alignment of calcitonins. The numbers following the sequences indicate the length of the CT. For 9 (gallus
gallus precursor), residues-123, for 11 Homo sapiens residues 69100, and for 12Klomo sapiengreprocalcitonin), residues 8916
were used for the alignment. Besides the highly conserved N-terminus, responsible for CT receptor affiffighelétype motif in the

C-terminus (shaded), TXPXTXXGXGXP-amid, is conserved.

residues (T}, T?5, G?8, G*9) and proline may mediate self- of hCT in concentrated aqueous solutiodd,(12. This
assembly vig3-sheet formation. Another subset of calci- suggests hypothetically that hCT assembles in the membrane
tonins (ovine, bovine, and canine) contains an alternative independent of lipid charge to form condensed self-as-
motif: GXGXGXXXP. Analysis of the conformation of  semblies driven by-sheet formation. Although liposomal
salmon calcitonin (sCT) fragments revealed that the biologi- dispersions do not permit direct extrapolation to the cellular
cally active sCT(+23) assumes a helical structure upon level, they are considered to bear relevance, and represent a
interaction with dimyristoylphosphatidyglycerol, whereas the meaningful approach in the context of biological membranes.
helical content of the biologically inactive sCT(#32) was Previously, Arvinte and Drake3) investigated thec-helicity

low (33). Since hCT(%24) is not internalized by the nasal of hCT in TFE-water mixtures. Helicity was found to de-
epithelium, it appears that helicity either plays no role or is velop above 11 mol % TFE and was assigned to amino acid
not a sufficient prerequisite to internalize hCT into nasal positions 9-22. In pure TFE, 57%u-helix was observed.
epithelium. On the other handy-helical structure may The high partition coefficient in the liposome-buffer
account for the interaction of hCT{R24) with the surface  equilibrium system and the high solubility of hCT in

of the nasal membrane, as suggested by the remainindiposomal suspensions can explain the high peptide concen-
fluorescence on the cell surface even after several washingtrations in the membrane estimated to reach nearly 1 mM in
steps (Figure 2f). In contrast, in charged as well as in our study. At such a concentration, hCT fibrillation in
uncharged liposomes, hCT rapidly adopfesheet structures,  aqueous solution would be rapid. In contrast, Terzi et al.
which is analogous to the previously observed fibrillation (36) showed for Alzheimers-amyloid peptide that only
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negatively charged vesicles induced a shift towgisheet
structure formation leading to toxic fibril aggregation.
Neutral vesicles had no effect. Furthermore, a decrease o
negative membrane charges prevented membrane associati
of g-amyloid fibrils, showing that the association of the
Alzheimer 3-amyloid peptide may depend on electrostatic
interactions with membrane lipid4.§).

The directional specificity and the temperature sensitivity
of the hCT flux supports the postulate of an active transport
component through bovine nasal muco8p(Figure 1). In
addition, cytochalasin D reduced the m-to-s flux to the level
of the s-to-m flux, indicating that active transcellular transport
was inhibited. In contrast, in the presence of cytochalasin
D, Cremaschi et al.31) reported an increase of the s-to-m
flux of [1,7Asu]eel calcitonin relative to the value of the
m-to-s flux in rabbit nasal mucosa, indicating a higher
fraction of paracellular diffusion. However, no membrane
integrity marker, e.g.,*H]mannitol, was used in their work
as a control to confirm this hypothesis. As a first indication
to explain the directional specificity of hCT transport, we
observed (occasional) fusion of hCT containing vesicle-type
structures with those containing the transferrin receptor. Since
in nasal mucosa this receptor preferentially recycles at the
serosal side, fusion of hCT and transferrin containing vesicles
could account for the exocytosis on the serosal side and the
positive net-flux of hCT.

C- and N-terminally truncated hCT fragments were used
to determine the structural requirements for membrane uptake
and vesicular internalization. Whereas, for the hydrophobic
C-terminal fragment, endocytosis was observed, the more
hydrophilic N-terminal fragment was not internalized. There-
fore, intermoleculars-sheet formation based on the tail
residues 2332 (11, 12 is proposed to lead to condensed
self-assemblies for both intact hCT and the C-terminal
fragment [N,-flnCT(9—32) in the lipid membrane of the
nasal mucosa. In contrast, [LysflhCT(1—24) appears to
lack the ability to form condensed self-assemblies in the
mucosa for internalization. If hCT and the C-terminal
fragment formgB-sheets within the membrane, they could be
embedded deeply into the lipid bilayer. This membrane
integration could by itself produce the signal for vesicular
internalization, for example, by bilayer perturbation. Indeed,
CD (at 222 nm) and electron microscopy studies by Epand
et al. (14) showed that human calcitonin is able to deform
and solubilize multilamellar phosphatidylglycerol vesicles.
Perturbation of lipid bilayers by pore-forming peptides was
previously shown by Fattal et aBT). Our results with [Lys-
(f)*¥]hCT(1—24) suggest that the formation of an amphi-
pathic helix alone could not elicit such effects.

In conclusion, we propose that the transport of hCT into
and across the nasal mucosal epithelium involves a yet
unknown endocytotic mechanism. It appears that the sug-
gested vesicular internalization of hCT and possibly of
functionally conserved fragments is associated with C-
terminus restricted self-assembly in the lipid membrane to
form condensed3-sheet structures of yet unknown size,
shape, and structure. The N-terminal domain of the peptide
critical for its biological function is unrelated to this process.
The condensed state provides the basis for high transport

to receptor-mediated endocytosis with its typical low through-
put (38).
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