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to endocytosis by the pancreatic b-cell
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Abstract Transthyretin (TTR) is a functional protein in

the pancreatic b-cell. It promotes insulin release and pro-

tects against b-cell death. We now demonstrate by ligand

blotting, adsorption to specific magnetic beads, and surface

plasmon resonance that TTR binds to glucose-regulated

proteins (Grps)78, 94, and 170, which are members of the

endoplasmic reticulum chaperone family, but Grps78 and

94 have also been found at the plasma membrane. The

effect of TTR on changes in cytoplasmic free Ca2? con-

centration ([Ca2?]i) was abolished if the cells were treated

with either dynasore, a specific inhibitor of dynamin

GTPase that blocks clathrin-mediated endocytosis, or an

antibody against Grp78, that prevents TTR from binding to

Grp78. The conclusion is that TTR binds to Grp78 at the

plasma membrane, is internalized into the b-cell via a

clathrin-dependent pathway, and that this internalization is

necessary for the effects of TTR on b-cell function.
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Introduction

Transthyretin (TTR) consists of four identical 14 kDa

subunits [1]. It serves as a transport protein for thyroxine,

and in association with retinol-binding protein, for retinol.

The major sites for TTR synthesis are in the liver and the

choroid plexus of the brain, but it is also synthesized within

pancreatic islets [2, 3]. We have demonstrated that TTR

has a functional role in the pancreatic b-cell [4]. Thus, b-

cells, pre-treated with physiological concentrations of

TTR, display a more pronounced increase in [Ca2?]i than

control cells upon stimulation with glucose and depolar-

izing concentrations of K?. The changes in [Ca2?]i were

caused by an increase in Ca2?-channel activity at -20 mV.

The increase in [Ca2?]i upon glucose stimulation is fol-

lowed by an enhancement in insulin release, both in human

and mouse b-cells [4]. TTR also protects against apoCIII

induced b-cell death [4, 5]. There is evidence for inter-

nalization of TTR and for a TTR receptor in the plasma

membrane (PM) in different cell types, but the receptor has

not been identified [6–10]. We now demonstrate that TTR

binds to Grp78 at the cell surface and is internalized by

endocytosis.

Materials and methods

Preparation of cells

Pancreatic islets from ob/ob mice were isolated by a col-

lagenase technique [11]. The medium used for both the

isolation and the experiments was a HEPES buffer con-

taining (in mM); 125 NaCl, 5.9 KCl, 1.2 MgCl2, 1.28

CaCl2, and 3 glucose, pH 7.4. Bovine serum albumin

was added to the medium at a concentration of 1 mg/ml.
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Cell suspensions were prepared by washing the islets in

phosphate buffered saline (PBS) without MgCl2 and CaCl2,

followed by incubation with Versene 1:5,000 (Gibco) for

5 min. The islets were then disrupted into cells in an

enzyme free Hanks based solution (Gibco). Cells were

seeded onto glass coverslips or kept in suspension in RPMI

1640 culture medium, supplemented with 10% FCS. The

islets from ob/ob mice contain about 95% b-cells. We have

been using these mice during many years and tested that

the cells have a normal function. We have also compared

the effects of TTR in human and ob/ob mice islets and have

found them to be similar [4].

Preparation of membrane and cytosol fractions

from islet homogenates

Islets were homogenized on ice in 100 ll of homogeniza-

tion buffer (HB) containing in mM: 20 HEPES, 1 MgCl2,

and 2 EDTA and a protease inhibitor cocktail (Roche). The

homogenate was centrifuged at 1,0009 g for 1 min and the

supernatant was collected and centrifuged at 150,0009 g in

an ultracentrifuge for 40 min at 4�C. The supernatant,

which contained the soluble proteins (cytosol) and the

pellet (membranes), were collected and re-suspended in

100 ll HB. The protein concentration was measured with

the Bradford protein determination assay.

TTR adsorption to Dynabeads RP C18

Magnetic beads (Dynabeads RP C18, Dynal, Invitrogen;

50 mg/ml) were washed with 0.1% trifluoroacetic acid

(TFA). TTR, purified from human plasma (Sigma-

Aldrich), (40 lg) was added to the magnetic beads and

incubated at room temperature (RT) for 2 min. The beads

were washed with 0.1% TFA and pre-incubated with

cytosol or membrane fractions, for 1 h. Elution was made

with 50 ll 60% acetonitrile (ACN) for 2 min. All incuba-

tion steps were performed at RT. Controls were made with

C18 beads coupled to transferrin (40 lg) [6]. The eluted

material was run on two NuPage gels (4–12%). One gel

was stained with Coomassie Brilliant Blue and the other

was transferred to a polyvinylidene diflouride (PVDF)

membrane. The gel bands were manually excised and

digested with trypsin using a MassPREP robotic protein

handling system (Micromass/Waters), employing a proto-

col described [12]. Tryptic fragments were analyzed by

MALDI-MS (Voyager DE-Pro, Applied Biosystems),

using a-cyano-4-hydroxycinnamic acid as matrix (5 mg/ml

in methanol:acetonitrile 1:1) and mixed 1:1 (vol/vol) with

the sample. Database searches were carried out utilizing

the Protein Prospector MS-Fit program. The bands from

the PVDF were analyzed with an N-terminal sequencer

(cLC, Applied Biosystems) for 15 cycles.

Alexa Fluor 488 labeling of TTR

TTR, at a concentration of 2 mg/ml, was transferred to a

vial containing reactive Alexa Fluor 488 dye (Molecular

Probes). The reaction mixture was stirred for 1 h at RT.

TTR-bound Alexa 488 was purified from unbound Alexa

488 on a resin containing Bio-Rad Biogel P-30 fine. The

protein complex was eluted with PBS. Unbound Alexa 488

was used for control experiments.

Digoxigenin labeling of TTR

TTR and Grp78 (Stressgen) were labeled with Digoxigenin-

3-0-succinyl-e-aminocaproic acid-N-hydroxy-succinimide

ester (DIG-NHS) (Roche) to generate the labeled TTR (TTR-

DIG). One mg TTR and 54 lg Grp78 were dissolved in 1 ml

PBS each, and were allowed to react with 50 ll DIG-NHS for

2 h at RT during gentle stirring. Non-bound DIG-NHS was

separated on a Sephadex G-25 column. Fractions of 0.5 ml

were collected and the extinction of each fraction was mea-

sured at 280 nm. Fractions containing the highest degree of

labeling were pooled and stored at -208C until used.

Biotinylation of TTR

TTR, dissolved in PBS at a concentration of 1 mg/ml, was

incubated at RT for 2.5 h at a ratio of 50:1 with N-

hydroxysuccinimide-biotin dissolved in DMSO at a con-

centration of 20 mg/ml. The reaction was terminated by the

addition of 3 M acetic acid. Labeled TTR was desalted

using SepPak C18 and the eluate was purified by reverse

phase HPLC. The fraction with biotinylated TTR was kept

at -80�C until used.

Ligand blotting

Aliquots (20–40 lg protein) of equal amounts of protein

from cytosol or membrane fractions were run on NuPage

(4–12%) electrophoresis. Two wells for each fraction were

loaded. The proteins were transferred onto a nitrocellulose

membrane which was cut into two strips containing two

lanes each. The strips were blocked for 4 h with 5% non-

fatty powdered milk in TBS-T, or with blocking solution

containing 4 lg/ml TTR, TTR-DIG or TTR-biotin. After

washing, the membranes were incubated with polyclonal

rabbit anti-human TTR antibody (1:500, DakoCytomation)

overnight at 4�C, or with polyclonal sheep anti-DIG Fab

fragments conjugated to alkaline phosphatase (1:5,000 in

blocking solution) for 30 min, or with streptavidin-HRP

(1:500) for 1 h at RT. After washing, the membranes were

incubated with secondary antibodies, goat anti-rabbit IgG

conjugated to HRP (1:50,000) or with a color substrate

solution for alkaline phosphatase. Immunoreactive protein
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bands could be visualized as blue precipitates using an

ECL PlusTM immunoblotting detection system. The same

samples were again electrophoresed and the gel was

stained with Coomassie Brilliant Blue. The bands of

interest were cut out, in-gel digested with trypsin and

constituent peptide fragments mapped by MALDI mass

spectrometry.

Grp78 and Grp94 characterization

Grp94 was identified using Western-blot analysis. An equal

amount of protein (15 lg) from cytosol and membrane

fractions and 1 lg of canine Grp94 (Stressgen) were run on

NuPage (4–12%) electrophoresis and transferred to a

PVDF membrane. The membrane was probed with a rabbit

polyclonal anti-Grp94, also immunoreacting with canine

Grp94, and re-probed with rabbit polyclonal anti-Grp78

(Stressgen, 1:2,000 and 1:500). The membrane was washed

in TBS-T before incubation with secondary goat anti-rabbit

IgG conjugated to HRP (1:50,000). The immunoreactive

bands were visualized using ECL PlusTM immunoblotting

detection system.

Surface plasmon resonance

The Biacore 3000 was used to evaluate the affinity and

kinetics of TTR for Grps. Purified Grp78 and Grp94 pro-

teins were immobilized on research grade sensor chip CM5

using amine coupling chemistry. The chip was activated

with 0.05 M N-hydroxysuccinimide (NHS) and 0.2 M

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-

chloride (EDC) (Biacore AB). Excess reactive groups were

deactivated with 1 M ethanolamine hydrochloride-NaOH,

pH 8.5 (Biacore AB). HBS-EP buffer containing 0.01 M

HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, and 0.005%

(v/v) surfactant p20 (Biacore AB) was used as running

buffer and 10 mM glycine–HCl, pH 2, as regeneration

buffer. 4000 RU were immobilized on flow cells (Fc) 2

(Grp78) and 4 (Grp94), while 1 and 2 were used as refer-

ence surfaces. For binding analysis, TTR was diluted in

running buffer to the following concentrations (in nM):

5,000, 2,500, 1,250, 625, 312, and 0, after which it was

injected at a flow rate of 20 ll/min over the Fcs for 2 min

at 25�C. Between the injections, the surfaces were regen-

erated by one injection of regeneration buffer for 30 s at a

flow rate of 30 ll/min. To correct for refractive index

changes, instrument noise and bulk effects, the response

data from Fc2 and 4 were submitted to subtractions in two

steps. First, the response data from Fc 1 and 3 were sub-

tracted from the response obtained from Fc 2 and 4.

Second, the response data for the vehicle of the analyte

(HBS-EP) was subtracted from the analytical response

data. All experiments were done in duplicates and repeated

three times. The evaluation was performed using BIA

evaluation 3.2 (Biacore AB). Steady-state affinity interac-

tion models were used to calculate the affinity constant KD.

TTR-DIG internalization into the b-cell

b-cells were incubated with 8 lg/ml TTR-DIG for different

time points: 15, 30, 60, 120, or 180 min. Before addition of

TTR-DIG, the cells were kept at 4�C to normalize them at a

level of the basal metabolism. The cells were washed with

PBS and lysed in a lysis buffer (LB) containing 250 mM

NaCl, 50 mM Tris(hydroxymethyl)aminomethane, 1 mM

EDTA, 0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate,

and a protease inhibitor cocktail. Protein concentrations

were measured with the Bradford protein determination

assay and equal amounts of protein (13–20 lg) were mixed

with NuPage sample buffer (Invitrogen), heated for 10 min

at 70�C and run on NuPage (4–12%) gel electrophoresis

(Invitrogen). The proteins were then transferred to a PVDF

membrane. The membrane was first blocked in blocking

solution and then incubated with polyclonal sheep anti-

DIG Fab fragments conjugated to alkaline phosphatase

(1:5,000 in blocking solution) for 30 min. Protein bands

were detected with a color substrate solution for alkaline

phosphatase containing nitro blue tetrazolium chloride and

5-bromo-4-chloro-3-indolyl-phosphate, toluidine salt. Pro-

tein bands could be visualized as blue precipitates.

Detection of internalized TTR after pronase digestion

Isolated cells in suspension were incubated for 60 min with

TTR-DIG. To verify that TTR had been internalized into

the cells, surface bound proteins were removed by prote-

olytic digestion with 0.1 mg/ml pronase (Roche) in RPMI

1640 medium, containing 20 mM HEPES, pH 7.6. The

cells were digested for 50 min at 4�C. The reaction was

stopped by addition of an equal volume of 10 mg/ml BSA.

The cells were then washed with PBS and lysed in LB.

Protein concentration was measured with the Bradford

assay and 10 lg of the protein was electrophoresed on

NuPage (4–12%) gel, followed by transfer and detection of

DIG.

Detection of TTR-DIG and TTR-Alexa 488 in single

b-cells

b-cells attached to coverslips were incubated with 8 lg/ml

TTR-DIG, 86 lM TTR-Alexa 488 or only Alexa 488 for

15 min, 60 min, and overnight in RPMI 1640 culture

medium. Before addition of TTR-DIG, b-cells were kept at

4�C. The cells were washed in PBS and fixed in 4%

formaldehyde. Permeabilization was done with 0.3%

Tween 20. Detection of DIG was done as described above,
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with a concentration of sheep anti-DIG Fab fragments of

1:3,000. Control cells were incubated with Levamisole

(1:200) to inhibit endogenous alkaline phosphatase. Alka-

line phosphatase precipitates in the b-cells were visualized

in a light microscope (Leica). The TTR-Alexa 488 incu-

bated cells were washed in HEPES buffer and the

coverslips were mounted in an open chamber with a high

rubber ring to keep the cells alive in buffer. The cells were

visualized in a TCS SP2 confocal microscope (Leica

Microsystems).

Clathrin-coated vesicle preparation

Isolated b-cells (cooled to 4�C) from 5 to 6 ob/ob mice

were incubated with 8 lg/ml TTR-DIG and 2 lg/ml

Grp78-DIG for 15 min at 37�C. Preparation of a clathrin-

coated vesicle (CCV) fraction was performed as previously

described [13]. Briefly, after washing the b-cells with PBS,

homogenization was performed using a motor pestle

homogenizer in a buffer containing 0.1 mM M-2-(N-mor-

pholino) ethanesulfonic acid, 1 mM EDTA, 0.5 mM

MgCl2, 0.2 mg/ml NaN3, and protease inhibitors, pH 6.5.

The homogenate was centrifuged at 85,0009g for 1 h, and

the pellet was resuspended in the same buffer and applied

to a discontinuous sucrose gradient: 60, 50, 40, 10, and 5%.

Samples were centrifuged at 80,0009g for 75 min and

collected from the 10–40% interface. They were then

washed in homogenization buffer and further centrifuged at

85,0009g for 1 h. Wheat germ agglutinin was added at a

concentration of 1 mg to 10 mg protein and incubated

overnight at 4�C. The agglutinated material was sedi-

mented at 20,0009g for 15 min. The supernatant,

containing the CCV fraction, was run on a NuPage

(4–12%) gel electrophoresis and transferred to a PVDF

membrane. The upper part of the membrane was incubated

with primary mouse anti-human clathrin monoclonal anti-

bodies (1:500, Oxford Biotechnology) overnight at 4�C.

After washing with Tris-buffered saline with 0.05% Tween

(TBS-T) the membrane was incubated with goat anti-

mouse IgG conjugated to horse radish peroxidase (HRP)

(1:50,000, Bio Rad) and visualized using the ECL PlusTM

immunoblotting detection system (Amersham Pharmacia

Biotech). The protein bands between 3 and 98 kDa of the

membrane were visualized using the DIG detection system

as described above.

Measurements of [Ca2?]i

Pancreatic b-cells from ob/ob mice were attached to

coverslips and kept for 5 h in RPMI 1640 culture medium

with 10% FCS. Thereafter the cells were washed and

incubated for 1 h in medium without FCS with one of the

following additions; 150 mg/l TTR, 150 mg/l TTR and

80 lM dynasore or the vehicle for TTR (H2O) with or

without 80 lM dynasore. After incubation, the coverslips

were moved to RPMI medium with 10% FCS and left

overnight in an incubator. In the experiments with the

Grp78- and Grp94 antibodies, the cells were cultured in

RPMI medium with 10% FCS and TTR or the vehicle in

the presence or absence of 5 lg/ml of the respective

antibody. The antibodies were added 20 min before TTR

or the vehicle and left in the media during the following

1 h incubation followed by an overnight incubation in

RPMI medium with 10% FCS. After the incubations the

cells were loaded with 2 lM fura-2/AM (Molecular

Probes) for 30 min. Changes in [Ca2?]i subsequent to

depolarization with 25 mM KCl, were measured using a

Spex Fluorolog-2 system connected to an inverted epi-

fluorescence microscope (Zeiss, Axiovert 35 M). The

emissions of the two excitation wavelengths of 340 and

380 nm were used to calculate the fluorescence ratio

340/380, reflecting changes in [Ca2?]i.

Results

TTR interactions with Grps

TTR bound to Dynabeads RP C18 was incubated with the

cytosol and membrane fractions from mouse pancreatic

islet homogenates. Eluates from the Dynabeads were

separated on two NuPage-gels, one for in-gel digestion

and fragment mass mapping by MALDI mass spectrom-

etry, the other for transfer to a PVDF membrane and

N-terminal sequencer analysis. For the membrane frac-

tion, protein bands of high molecular weight were

observed upon the PAGE analysis. Mass analysis of the

fragments from protein bands 1, 2 and 3 (Fig. 1a)

revealed that those components consisted of the glucose-

regulated proteins Grp78, Grp94, and Grp170 (Fig. 1a).

The results from sequence analysis for 15 cycles yielded

the same protein identifications (Fig. 1b). In both the

PAGE gel and the PVDF adsorbed material, TTR was

observed, migrating as mono-, di-, and trimers. A prep-

aration of the membrane fraction with transferrin, instead

of TTR, bound to the beads did not show analogous

binding proteins (Fig. 1c). For the cytosol fraction, the

same type of analysis identified a band at 98 kDa as

protein Grp94.

Ligand blotting with TTR and anti-TTR, or TTR-DIG

for visualization showed TTR-binding proteins with

molecular masses of approximately 70, 98, and

150–190 kDa in both the cytosol and membrane fractions

(Fig. 2a, b). Similar results were also obtained using bio-

tinylated-TTR (Fig. 2c) and antibodies against Grp78 and

Grp94 (Fig. 2d).
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To further evaluate the interaction between TTR and Grps,

a surface plasmon resonance assay was developed using

immobilized Grp78 or Grp94 as ligand and TTR as analyte.

Binding responses were obtained and were reproducibly

concentration-dependent (n = 3). Binding curves, for five

different concentrations of TTR flowing over Grp78 or Grp94

coated cells, show that the binding to both Grp78 and 94 is fast

with an association rate (ka) of 2.02 9 105 and 1.37 9 105

1/Ms, respectively (Fig. 3a, b). The dissociation is also fast as

seen from the sensorgrams (Fig. 3a, b). The interactions have

weak affinity between the ligand and the analyte, with affinity

constants (KD) within the micromolar range, 5.0 lM for

Grp78 and 7.3 lM for Grp94, respectively (n = 3).

Upon coincubation of b-cells with TTR and an antibody

against Grp78, the TTR effect on [Ca2?]i was abolished

(Fig. 4a), while this was not observed with an antibody

against Grp94 (Fig 4b), indicating that TTR binds to Grp78

at the cell membrane.

Time-dependent internalization of TTR into b-cells

Internalization of TTR was monitored by incubation of b-

cells with DIG- labeled TTR for different time-points. The

DIG detection system was used to enhance the detection

efficacy of TTR. Bands, representing the monomer and

dimer of TTR, could be visualized after 15 min, indicating

a rapid uptake of the protein. The maximal uptake was

found after incubation for 60 min (Fig. 5a). No unspecific

binding of the anti-DIG antibody could be visualized in the

lane containing cell homogenate without the labeled TTR

(Fig. 5a lane 1). The internalization was also studied at the

single cell level using immunocytochemistry in TTR-DIG

incubated fixed b-cells and TTR-Alexa 488 exposure of

living b-cells. Quantification of TTR-internalization by

counting 1,000 cells twice from two separate isolations,

showed that 13% of the b-cells had internalized TTR after

15 min incubation time (Fig. 6b) and 22% after 60 min

(Fig. 6c). TTR-Alexa 488 was still present after overnight

incubations and displayed punctuate structures throughout

the cell. (Fig. 6d).

Fig. 1 Interaction of TTR with proteins in the membrane and cytosol

fractions. Eluates from TTR or transferrin-coupled magnetic Dyna-

beads RP C18 incubated with cytosol and membrane fractions were

submitted to electrophoresis in two separate gels. The proteins in one

NuPage-gel were transferred to a PVDF membrane. The protein

bands in the SDS-gels (a and c) and PVDF membrane (b),

respectively, were stained with Coomassie Brilliant blue for sequence

analysis. Arrows show the bands of interest. Protein bands 1, 2, and 3

correspond to Grp170, Grp94, and Grp78, respectively, and 4, 5, 6,

and 7 to Grp94, Grp170, Grp94, and Grp78, respectively (a and b).

Transferrin, migrating as a protein of a molecular weight of

approximately 70 kDa, did not show similar protein binding pattern

as TTR (c). M = membrane, C = cytosol and MW = molecular

weight. Representative of two experiments

Fig. 2 Ligand blotting of TTR binding of Grps. Ligand blotting

shows the presence of TTR binding proteins at molecular weights

from approximately 80–190 kDa. TTR binding proteins in cytosol

and membrane fractions were detected with a TTR- or b TTR-DIG

incubation, followed by immuno- or DIG detection. No protein bands

were detected when omitting TTR or TTR-DIG incubation step.

c TTR binding proteins in cytosol and membrane fractions were

detected with biotinylated TTR. d For comparison, Grp78 and Grp94

were identified in cytosol and membrane fractions and commercial

Grp94 verified the exact molecular weight. Identification of the

protein in the bands of interest was done by MALDI mass-

spectrometry. M = membrane and C = cytosol. The experiment

was repeated three times
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Clathrin-dependent internalization of TTR

into the b-cells

To study the TTR and Grp78 internalization process CCV

were isolated from b-cells after 15 min pre-incubation with

TTR-DIG and Grp78-DIG. Immunodetection of clathrin in

the CCV fraction then showed a band at approximately

190 kDa, representing the clathrin heavy chain, together

with TTR (Fig. 5c) and Grp78 (Fig. 5d) also present. Since

TTR is internalized after 15 min and CCV rapidly shed

their clathrin coats after formation, this indicates that TTR

is endocytosed. After post-incubation treatment of the b-

cells with pronase, TTR was still present, indicating that it

was indeed internalized and not just present on the cell

surface. A further support for TTR endocytosis is the fact

that in b-cells coincubated with TTR and dynasore [14], a

compound known to inhibit dynamin GTPase and hence

endocytosis, the TTR effect on the changes in [Ca2?]i was

abolished (Fig. 4c).

Discussion

In the present study, we investigated mechanisms whereby

TTR affects the function of the pancreatic b-cell. Membrane

associated proteins of 90, 100, and 115 kDa have earlier been

proposed as receptor proteins involved in endocytosis of

TTR, although they have not been identified [8–10, 15].

Megalin is a member of the low-density lipoprotein receptor

family [16] and it has been shown to be involved in renal and

sensory neuronal uptake of TTR [17, 18]. Megalin is an

endocytotic receptor expressed in clathrin-coated pits and

binds the receptor-associated protein (RAP) which functions

as a chaperone. To date, megalin expression has not been

found in either endo- or exocrine pancreas. TTR has also

been proven to bind to the lysosomal associated membrane

protein 1 (LAMP-1) in the circulation and is therefore in a

possible interaction with lysosomes [19]. We could dem-

onstrate that TTR binds to partly cytosolic and partly

membrane-associated proteins of approximately 70, 100,

and 150 kDa. Sequence analysis and mass-determination

revealed these proteins to be Grp78, Grp94, and Grp170.

They are molecular chaperons of the heat shock protein

family and are known as stress proteins, located in the

endoplasmic reticulum (ER) [20] and induced by oxidative

stress, defective Ca2? homeostasis and glucose deprivation

[21]. They are also Ca2?-binding proteins [22–24] and are

co-regulators of Ca2?-homeostasis in the cell, affording

protection against non-physiological increases in [Ca2?]i

and consequent cell death [25–28].

Grp78 and Grp94 have trans-membrane domains that

span the ER and can therefore be seen in both membrane

and lumenal cellular fractions [29, 30]. Consequently, they

can bind to proteins in the membrane, cytosol, and lumen

of the ER.

Grp170 is known to associate with Grp78 and/or Grp94

suggesting that these three Grps may function as a multi-

meric complex [31–33]. Antibodies against Grp170 were

not commercially available, which restricted our ability to

evaluate the existence of this protein in the membrane

fraction. However, ligand blotting showed clear bands at

approximately 150–190 kDa. Mass determinations verified

that the protein in these bands was Grp170 present in both

the cytosol and membrane fractions. These data suggest

that there may be an interaction between TTR and Grp78,

Grp94, and Grp170 in the membrane fraction and between

Grp94 and Grp170 in the cytosol fraction of the pancreatic

b-cell. Surface plasmon resonance shows that TTR binds to

both Grp78 and Grp94 with KDs in the micromolar range.

The fast on- and off rates that we observe indicate that the

protein–protein interaction is weak and that the interactions

are reversible. Of interest to note is that in previous studies

where TTR binding to other proteins has been investigated,

although using other methods, the KD with thyroxine was

reported to be 10–14 nM, with metallothionein-2 245 nM,

and with retinol-binding protein 350–800 nM [34–36].

Grps are localized to the ER and it has been demonstrated

that mutant TTRs interact with Grp78 [37, 38]. When Grp78

Fig. 3 Interaction between TTR and Grp78 and Grp94 measured

with surface plasmon resonance. Sensorgrams from the interaction

between TTR and Grp78 and Grp94. Representative sensorgrams

obtained from duplicate injections of TTR at a concentration of 5,000,

2,500, 1,250, 625, 312, and 0 nM over a surface of immobilized

Grp78 (a) and/or Grp94 (b) (n = 3)
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was coexpressed in Escherichia coli with the mutant form

DIG18G TTR, known to be involved in amyloidosis in the

central nervous system, the two proteins formed a complex,

while wild-type (wt) TTR was not captured by Grp78 [37].

Also in mammalian HeLa cells D18G TTR and amyloido-

genic M-TTRs were retained within ER by binding to Grp78

[38]. These results confirm that Grp78 in the ER functions as a

sequestering, protective protein and facilitates degradation of

harmful, mutated TTR. However, a number of studies have

revealed the presence of Grp78 and Grp94 in the PM of dif-

ferent cell types [39–48]. In liver cells, Grp94 was observed at

the PM in coated pits [41], compatible with involvement in

receptor-mediated endocytosis, a process described for sev-

eral receptors [49]. Our results support the suggestion that

Grp78, but not Grp94, is expressed in the PM also in pan-

creatic b-cells, since the effect of wt TTR, mainly existing as a

tetramer, on changes in [Ca2?]i was abolished when the cells

were coincubated with TTR and an antibody against Grp78.

Grp78 has previously been identified to be the cell surface

signaling receptor for a2-macroglobulin in macrophages [47,

48]. Taken together all data show that Grp78 can have dif-

ferent functions depending on the cellular location.

Time course studies of the uptake of TTR showed that it

was rapidly internalized into the b-cell. These data are in

Fig. 4 Dynasore and an antibody against Grp78 block the effect of

TTR on [Ca2?]i. Pancreatic b-cells from mice were exposed to TTR

and (a) in the presence and absence of an antibody against Grp78

(n = 42 for control cells, n = 33 for TTR treated, n = 56 for

TTR ? Grp78 antibody treated and n = 49 for cells incubated with

the antibody alone), (b) in the presence and absence of an antibody

against Grp94 (n = 41 for control cells, n = 22 for TTR treated,

n = 33 for TTR ? Grp94 antibody treated and n = 27 for cells

incubated with the antibody alone), and (c) in the presence and

absence of dynasore (n = 37 for control cells, n = 32 for TTR

treated, n = 30 for TTR ? dynasore treated and n = 24 for cells

incubated with dynasore) Changes in [Ca2?]i were measured when the

cells were depolarized with high concentrations of K?. *p \ 0.05,

**p \ 0.01, ***p \ 0.001

Fig. 5 Time-dependent internalization of TTR and involvement of

clathrin-mediated endocytosis. Internalization of TTR-DIG at differ-

ent time-points. TTR can be detected already after 15 min with a

maximum uptake at 60 min. The control lane, with no addition of

TTR-DIG, (0 min) shows no presence of TTR. b TTR was still

detected in cells treated with pronase, showing that TTR is in fact

endocytosed and is not only present at the plasma membrane of the b-

cell. c TTR-DIG was present in the enriched CCV fraction of b-cells

after 15 min of incubation. d TTR-DIG and Grp78-DIG were both

present in the enriched CCV fraction. Closed arrows show the TTR

dimer and monomer; the double arrow shows Grp78 and the open
arrow shows the position of the clathrin heavy chain

b
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line with studies of an ependymoma cell line [9]. The

internalization was also proven with immunocytochemistry

which revealed a higher percentage of stained cells after

60 min than after 15 min. b-cells pre-treated overnight

with TTR coupled to Alexa Fluor 488 showed clear

punctuate vesicular structures throughout the living cells.

In our previous experiments, we saw functional effects of

TTR after overnight pre-incubation of b-cells with the

protein [4]. The present data verify that TTR is still present

in the b-cell after this time. The relatively low number of

positive cells with the DIG-detection system can depend on

several methodological factors. There is a technical dif-

ference between the methods in the sense that cells are

attached to coverslips when TTR-DIG is used, but are in

suspension and slowly rotating when exposed to the fluo-

rophore. When comparing TTR-DIG treated cells with

untreated cells, there was a slightly more intense blue color

in all treated cells. However, the only cells that were

Fig. 6 Cellular distribution of

labeled TTR. Distribution of

TTR-DIG in fixed cells (b and

c) and of TTR-Alexa 488 in

living cells (d). Incubation with

TTR-DIG show 13% stained

cells after 15 min (b) and 22%

after 60 min (c). TTR was still

present in specific

compartments in the b-cells

after overnight incubation with

TTR-Alexa 488 (d). Control

cells, with no addition of TTR,

do not show the presence of

TTR (a and e). Representative

of two experiments
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counted were those where we could see cell parts clearly

stained with the chromophore.

Endocytosis is a cellular process by which eukaryotic

cells internalize material from the extracellular medium. A

specific and saturable uptake of TTR in hepatomas and

astrocytes, consistent with the existence of a TTR-receptor

in the PM has been reported [6, 7]. The initial step in

receptor-mediated endocytosis occurs through different

mechanisms, where the best-characterized one is via

clathrin-coated pits. Most receptor-ligand complexes

accumulate at clathrin-coated pits in the PM. The cargo

material is invaginated in budding vesicles at the PM,

yielding CCV, which are thus responsible for most of the

receptor-mediated endocytosis from the PM [50–52]. After

the vesicles bud off from the PM, the vesicles rapidly shed

their clathrin coats before fusing with a cell organelle. This

enables the cell to internalize receptor-bound ligands and

deliver them to different cell organelles. Internalization of

TTR has been described in chicken oocytes to occur

through a clathrin-dependent pathway mediated by a spe-

cific receptor [8, 15]. Smith et al. [53] showed the presence

of TTR in coated-pits in choriocapillaries. However, in

another study with an ependymoma cell line, the endocy-

tosis of TTR was suggested to be clathrin-independent and

their experiments revealed the presence of a putative TTR

receptor on the cell membrane [9]. Since the most common

pathway of receptor-mediated endocytosis occurs through

CCV, it seems unlikely that TTR should not be detected in

the clathrin-coated vesicle fraction during the preparation.

The discrepancy between the studies is probably due to a

too long pre-incubation time with TTR, of 30 and 60 min,

used in the latter study. During this time, most of the en-

docytosed CCV shed their clathrin coats and cannot easily

be detected. To investigate the internalization of TTR and

Grp78 in pancreatic b-cells, we enriched CCVs from cells

that had been pre-incubated with TTR and Grp78 for a

maximum time of 15 min. Distinct protein bands of TTR,

migrating as a monomer and dimer, and Grp78 could be

observed in the enriched CCV fraction. The Grp78 protein

band was confirmed by inclusion of a control lane with

only Grp78-DIG. Another proof for a clathrin-dependent

internalization of TTR, and also for that TTR exerts its

effects in the intracellular compartment, is that dynasore,

an inhibitor of dynamin GTPase [14], abolishes the effects

of TTR.

In conclusion, we have found that TTR binds to Grp78

at the PM and that both proteins are internalized via a

clathrin-dependent pathway. Our data also suggest that the

effects of TTR on b-cell function are dependent on this

internalization process.
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