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Binding of Amyloidogenic Transthyretin to the Plasma Membrane Alters Membrane
Fluidity and Induces Neurotoxicity
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ABSTRACT: Transthyretin (TTR) can deposit as amyloid in the peripheral nervous system and induce a
peripheral neuropathy. We examined the mechanism of TTR amyloid neurotoxicity on SH-SY5Y
neuroblastoma cells. Wild-type (WT) TTR and two amyloidogenic mutants (V30M and L55P) were
expressed irfEscherichia coli Incubation (aging) of WT TTR at 37C for 1 week caused no significant
aggregation. However, there was a significant increase in the extent of amyloid fibril formation after the
amyloidogenic mutants had been aged. L55P TTR aggregated more readily than V30M TTR. Both
amyloidogenic mutants were neurotoxic after aging. The order of neurotoxicity was as follows:>L55P
V30M > WT. As binding of amyloid proteins to the plasma membrane may cause cytotoxicity, we studied
the binding of TTR to a plasma membrane-enriched preparation from SH-SY5Y cells by surface plasmon
resonance. All three forms bound to the plasma membrane through electrostatic interactions. The binding
of the amyloidogenic mutants was increased by aging. The amount of binding correlated closely with the
amount of aggregation and with the cytotoxicity of each form. As membrane fluidity can influence cell
viability, we also examined the effect of TTR on membrane fluidity using a fluorescence anisotropy
method. Binding of the amyloidogenic TTR mutants increased membrane fluidity, and once again, the
order of potency was as follows: L55PV30M > WT. These results demonstrate that TTR can bind to

the plasma membrane and cause a change in membrane fluidity. Altered membrane fluidity may be the
cause of the neurotoxicity.

A number of neurodegenerative diseases are caused byorm an extensive3-sheet structure, which is prone to
the aggregation and deposition of amyloid in the nervous misfolding upon mutationg, 9). So far, nearly 80 mutations
system {). For example, the deposition gfamyloid peptide have been identified in TTR, most of which are amyl-
(AB)tis considered to be a key event in the pathogenesis ofoidogenic (0). It is believed that structural modifications
Alzheimer’s disease, which is the prototypic amyloido&)s ( by these mutations destabilize the native tetrameric confor-
However, the mechanism by which amyloidogenic proteins mation and favor its dissociation into monomeric structure,

cause neurotoxicity is uncleaB)( which is the building block of TTR amyloid fibrilsl{, 12).
Transthyretin (TTR) is a plasma protein produced in the Incubation of amyloidogenic TTR over several days at 37
liver and the choroid plexus that can form amylo#] §). °C, a process known as “aging”, increases the amount of

TTR is the predominant component of the amyloid fibrils  TTR amyloid and also increases the cytotoxicity of TTR)(

in familial amyloidotic polyneuropathy (FAP), a hereditary Although a few hypotheses have been proposed for the

disorder characterized by systemic extracellular deposition pathogenesis of neurodegeneration in FAR 14), the

of amyloid fibrils, mainly in the peripheral nervous system molecular basis of TTR amyloid cytotoxicity is yet to be

(6, 7). Native TTR consists of four identical subunits that elucidated. It has been suggested that the cytotoxicity of
amyloids (e.g., ) is a direct consequence of binding to

TThis work was supported by the National Health and Medical the plasma membran&?q, 16). Therefore’. In this study, we
Research Council (NHMRC) of Australia and a sponsored research Nave examined whether TTR can bind to the plasma

agreement with Axonyx Inc. (New York, NY). membrane and whether this binding could explain the toxic
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1 Abbreviations: TTR, trénsthyretin; SPR, surface plasmon reso- membrane mte_rapnoni'(, 18)' We show here that TTR
nance; FAP, familial amyloidotic polyneuropathy;3As-amyloid binds to the lipids of the plasma membrane through

grc;]te(ijn; IPTG, isDo'\ﬁ?gyg?-D-thi?gwalactﬁpyr%ngzidle:h IT'DH’Dll?ACFEege electrostatic interactions and that the amount of binding is
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dimyristoyl+-a-phosphatidylserine; DMPE, dimyristoyte-phosphati- increased upon TTR aggregation. We also show that the
dyléthanolamine; SM, sphingomyelin; CL, cholesterol; RU, response amount of TTR binding to the plasma membrane correlates

units; DPH, 1,6-diphenyl-1,3,5-hexatriene; PrP, prion protein. with the degree of cytotoxicity observed in cell culture.
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Finally, we demonstrate that binding of TTR amyloid to the 150 mM NacCl. The absorbance of the solution was measured
plasma membrane alters membrane fluidity, providing a at 477 and 540 nm using a Bio-Rad SmartSpec 3000

possible explanation for the cytotoxic effect.

EXPERIMENTAL PROCEDURES

Expression and Purification of TTRlasmids (pMMHA)
containing two amyloidogenic TTR mutants, V30M and
L55P, and wild-type (WT) TTR were the generous gift of J.
W. Kelly (The Scripps Research Institute, La Jolla, CA). In

spectrophotometer after incubation at room temperature for
15 min. The concentration of TTR amyloid fibrils, repre-
sented by the moles of bound Congo red per liter of TTR
solution, was determined by the formulh9j

[TTR amyloid] = A,,/25295— A,, /46306

each case, the cDNA sequence was cloned after the T7 Cell Culture.Human SH-SY5Y neuroblastoma cells (from

promoter between thEst and BanHlI sites. The plasmids

were transformed into the competent cells of BL21(DE3)-

RIG CodonPlusEscherichia coli(kindly provided by S.
Easterbrook-Smith, School of Molecular and Microbial

Biosciences, The University of Sydney, Sydney, Australia).

the Department of Pathology, University of Melbourne) were
cultured in DMEM/F12 medium containing 50 units/mL
penicillin and 50ug/mL streptomycin, supplemented with
10% (v/v) fetal calf serum at 37C in a humidified
atmosphere with 5% CO

Heterologous expression was induced by the addition of 1.75 MTS Assay of Cell ViabilityCell viability was determined

mM IPTG at anAgqo 0f 0.6—0.7. The cells were harvested 4

using the CellTiter 96 Aqueous One Solution Cell Prolifera-

h after induction by centrifugation and resuspended in 50 tion Assay kit (Promega Corp.), which employs the MTS

mM Tris-HCI (pH 8.0). The cells were disrupted with a

reagent [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-

Branson Sonifier 450 sonicator (Branson Sonic Power, phenyl)-2-(4-sulfophenyl)£-tetrazolium]. SH-SY5Y cells

Danbury, CT) at power level 5 and 50% duty for 20 bursts.

were plated in a 96-well plate at a density cf% x 10°

After centrifugation, TTR was precipitated from the super- cells in 100uL of medium per well. Serum-free DMEM/

natant fraction at 5690% saturated ammonium sulfate, and
the resulting pellet was dissolved in 5 mL of 50 mM Tris-
HCI (pH 8.0) and dialyzed again$ L of the same buffer

F12 medium containing 1M freshly prepared or aged TTR
was used to replace the serum-supplemented medium after
plating for 48 h. Cells incubated in serum-free medium

with four or five changes over 24 h. The dialyzed sample without TTR were used as the control. MTS reagent (10%,
was then loaded onto an anion-exchange column (5 mLv/v) was added to the cells after TTR treatment for 24 h,
Econo-Pac Q cartridge, Bio-Rad, Hercules, CA) and eluted and then incubated at 3TC for 2 h. The viability of the

with a linear gradient from 0 to 0.5 M NaCl in 50 mM Tris-
HCI (pH 8.0) over 40 min at 1.0 mL/min using a Biologic
Workstation (Bio-Rad). The fraction of 0.3®.25 M NaCl

cells was measured by the absorbance at 490 nm using a
Bio-Rad model 550 microplate reader. The cytotoxicity of
TTR was calculated from the decrease in the amount of

was collected, buffer exchanged, and concentrated in 20 mMreduced MTS A490) compared to the control.

phosphate buffer (pH 7.4) containing 150 mM NaCl by
Centriplus YM-10 centrifugal filter units (Millipore, Billerica,
MA). TTR was further purified by size-exclusion chroma-

LDH Assay of Cell DeathAn LDH assay was performed
to determine the amount of cell death in the culture. SH-
SY5Y cells were plated in a 96-well plate at a density of

tography on an Agilent 1100 series HPLC system using a 5—6 x 1 cells in 150uL of medium per well. The medium

Zorbax GF-250 column (4.6 mnmx 250 mm, Agilent
Technologies), with 20 mM phosphate buffer (pH 7.4)
containing 150 mM NacCl at a flow rate of 1.0 mL/min. The
final purity of TTR was determined by SBFAGE and
MALDI-MS to be >95%. Purified TTR was adjusted to a
concentration of 10@M (5.5 mg/mL) in 20 mM phosphate
buffer (pH 7.4) containing 150 mM NaCl and stored-80
°C.

Measurement of the Extent of TTR AggregatiStock
solutions of V30M, L55P, and WT TTR were diluted in 20
mM phosphate buffer (pH 7.4) containing 150 mM NacCl to
give a range of concentrations from 1 to 4M. The
solutions were aged at 3T for 1 week. The extent of total

was replaced with serum-free DMEM/F12 medium contain-
ing 10 uM freshly prepared or aged TTR after plating for
48 h. Cells incubated in serum-free medium without TTR
were used as the control. Following incubation at'@#for

24 h, the plate was centrifuged at 26f@r 10 min and 100

uL of the supernatant fraction was transferred from each well
to another plate. A cytotoxicity detection kit (LDH) (Roche
Diagnostics Australia) was used, and the reaction mixture
was made according to the instructions. The reaction mixture
(100uL) was added to 10QL of medium. The absorbance
at 490 nm was measured using a Bio-Rad model 550
microplate reader after incubation in darkness for 15 min at
room temperature. The cytotoxicity of the TTR was calcu-

aggregation was determined by changes in turbidity by lated from the increase in the lactate dehydrogenase (LDH)
monitoring the absorbance of the solution at 330 nm using activity (A4seq) compared to the control.

a Bio-Rad SmartSpec 3000 spectrophotomeld). (Ag-

Preparation of a Plasma Membrane-Enriched Fraction.

gregation was also monitored by size-exclusion chromatog- A plasma membrane-enriched fraction from SH-SY5Y cells

raphy using a Zorbax GF-250 column (4.6 ma250 mm)

was prepared by using an aqueous two-phase polymer

on an Agilent 1100 series HPLC system. TTR was eluted method 20). SH-SY5Y cells (7x 1% were resuspended

with phosphate buffer (20 mM, pH 7.4) containing 150 mM

in 1 mM NaHCQ containing 0.2 mM EDTA at a density of

NacCl at a flow rate of 1.0 mL/min and the eluate monitored 1C cells/mL, and gently shaken for 40 min to allow the cells
by the absorbance at 280 nm. Finally, the concentration of to swell. The cells were lysed with a Dounce glagtass
TTR amyloid was determined using a Congo red binding homogenizer (Kontes, Vineland, NJ). The cell lysate was

assay following the procedures of Lai et d19). In this assay,
the TTR solution (5Q:L) was added to 115@L of 10 uM

centrifuged twice at 10@Pfor 10 min in an Allegra 21R
centrifuge using a Beckman S4180 rotor (Beckman Coulter,

Congo red in 20 mM phosphate buffer (pH 7.4) containing Fullerton, CA) to eliminate unbroken cells and nuclei. The
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supernatant fraction containing microsomes and mitochondriabuffer (pH 7.4) containing 150 mM NacCl. Then the lipid
was then centrifuged at 4509@or 30 min in an Optima suspension was sonicated in a water bath sonicator until the
L-90K ultracentrifuge using a SW 41Ti rotor (Beckman solution became clear. Immediately prior to the binding
Coulter). The pellet was resuspended in 50 mM Tris-HCI experiments, liposomes were prepared from the lipid solu-
(pH 8.0) b 8 g inweight. Four aliquots of the aqueous two- tions by extrusion through an Avestin polycarbonate filter
phase polymer mixture were made weighing 16 g each, membrane with a 100 nm pore size using a LiposoFast
containirg 2 g of theresuspended pellet, 6.6% (w/w) Dextran extruder (Avestin, Ottawa, ON).

T-500 (Amersham-Pharmacia), 6.6% (w/w) polyethylene  Preparation of Synthetic Lipid Liposome3ynthetic lipid
glycol 3350 (Sigma), 0.25 M sucrose, and 5 mM potassium liposomes containing phospholipids, sphingomyelin, and
phosphate (pH 7.2). The contents of the two-phase systemcholesterol were prepared in a similar ratio to that found in
were mixed thoroughly at 4C for 40 min, and then the the gray matter of the brair2g). Stock solutions (2 mM) of
phases were separated by centrifugation at ¢C04 °C dimyristoyl+-a-phosphatidylcholine (DMPC), dimyristoyl-
for 10 min in a Beckman Allegra 21R centrifuge. The upper L-o-phosphatidylserine (DMPS), dimyristoytei-phospha-
phase enriched in the plasma membrane was diluted by 5-foldtidylethanolamine (DMPE), and sphingomyelin (SM) were
in 50 mM Tris-HCI (pH 8.0) and then collected by prepared in a chloroform/methanol mixture (1:1, v/v). A 2
centrifugation at 45009 in a Beckman Optima L-90K  mM stock solution of cholesterol (CL) was prepared in a
ultracentrifuge. The pellet was finally resuspended in 20 mM chloroform/methanol mixture (3:1). DMPC, DMPE, DMPS,
phosphate buffer (pH 7.4) containing 150 mM NaCl at a SM, and CL were then mixed in a 6:5:2:2:5 ratio (by
protein concentration of 0-20.3 mg/mL. The purity of the  volume). Aliquots of this mixture (408L) were dried under
plasma membrane preparation was assessed from the specifia stream of Mgas, and then further dried in vacuo overnight.
activities of K"-stimulated, ouabain-inhibitggtnitrophenyl The dried lipids were stored at20 °C. Prior to binding
phosphatase as a marker for the plasma membrane using aassays, liposomes were made from the dried lipids by the

extinction coefficient at 410 nm of 18.8 mMcm™ (21, same procedure as described above, except for using an
22), succinate-cytochromereductase for mitochondria using  Avestin polycarbonate filter membrane with a 50 nm pore
an extinction coefficient at 600 nm of 19.1 micm™ (23, size.

24), and NADPH-cytochrome reductase for the endoplas- TTR Membrane Binding AssayTR membrane binding
mic reticulum (ER) using an extinction coefficient at 550 studies employed surface plasmon resonance (SPR) using a
nm of 21.0 mM* cm™! (25, 26). The plasma membrane Biacore 3000 biosensor equipped with an L1 biosensor chip
preparation was stored at80 °C for later use. (Biacore AB, Uppsala, Sweden). In this method, liposomes
Remeal of Peripheral Membrane Proteins by Sodium are immobilized onto the chip via the alkyl groups on the
Carbonate TreatmenThe plasma membrane-enriched frac- dextran matrix of the chip and incubated to form a lipid
tion was treated with sodium carbonate to remove peripheralbilayer. A solution of TTR was then passed over the lipid
membrane protein®{). The plasma membrane preparation bilayer and the amount of binding measured from the change
(500uL) was thawed in a 37C water bath and then collected in the SPR signal. Except for experiments which employed
by centrifugation at 450@0in a Beckman TL-100 ultra-  different NaCl concentrations, the running buffer was 20 mM
centrifuge using a TLA 100.2 rotor (Beckman Coulter). The phosphate buffer (pH 7.4) containing 150 mM NaCl. The
pellet was resuspended in 2@Q of freshly made 0.1 M sensor chip was conditioned with 10 of 40 mM CHAPS
NaCO; and kept on ice for 15 min. The membrane fraction to ensure the surface was free of contaminants. The plasma
was centrifuged at 5209@nd 4°C for 10 minin a Beckman  membrane or the synthetic lipid liposomes (100 were
TL-100 ultracentrifuge. The supernatant fraction containing then immobilized onto the chip surface at a flow rate of 2
peripheral proteins was removed and the pellet resuspended:L/min, and subsequently, the running buffer was passed
in 0.1 M NaCO; to repeat the treatment a second time. The over the surface for 10 min after the end of injection to allow
resulting plasma membrane stripped of peripheral proteinsfor equilibration. NaOH (1Q:L of a 10 mM solution) was
was resuspended in 20 mM phosphate buffer (pH 7.4) applied at a rate of 50L/min to remove multilamellar lipids.
containing 150 mM NaCl to a protein concentration of-8.2  After the chip had been coated with liposomes, an increase
0.3 mg/mL and stored at80 °C. of 5000-7000 response units (RU) was obtained, indicating
Extraction of Membrane Lipid®2lasma membrane lipids complete coverage of the chip by the lipid bilay2,(30).
were extracted by the procedure of Folch et @B)( The All TTR samples were centrifuged at 13 000 rpm for 1 min
plasma membrane preparation (500) was collected by  with a benchtop centrifuge (Eppendorf 5415 D) prior to the
centrifugation at 45009in a Beckman TL-100 ultracentri-  binding assay to remove precipitated proteins. A TTR
fuge, resuspended in 8 mL of a chloroform/methanol mixture solution (100uL) was applied to the membrane bilayer at a
(2:1, viv), and then mixed at C overnight. After addition rate of 30uL/min over a period of 200 s, and the association
of 1 mL of 1 M H,SQ,, the sample was vortexed thoroughly of TTR with the membrane was monitored. TTR was then
and centrifuged at 5@for 10 min in a Beckman Allegra  removed and replaced with the running buffer, and the
21R centrifuge. The chloroform in the lower phase containing dissociation of TTR was monitored for a further 10 min.
the lipids was transferred to another tube, and a secondFinally, to remove TTR and regenerate the membrane bilayer
extraction was performed by addition of 1 mt.1oM H,SO.. for further binding studies without damaging the immobilized
Aliquots of the lipids (1 mL) were dried under a stream of membrane bilayer, NaOH (€ of a 10 mM solution) was
N, gas, and then further dried in vacuo overnight. The dried injected at a rate of 50L/min. At the end of each assay, 10
plasma membrane lipids were stored-&0 °C. uL of 40 mM CHAPS and 2-propanol/50 mM NaOH (4:6,
Preparation of LiposomesThe dried plasma membrane v/v) were injected to strip the membrane bilayer off the
lipids were resuspended in 6Q0. of 20 mM phosphate  sensor chip and regenerate the ct8f)(
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Effect of lonic Strength on TTR Membrane Bindifig. A Aum
determine the effect of ionic strength on the membrane ,, 200 (B) “«t wr
binding of TTR, after the plasma membrane or the synthetic Y J— LssR 150
lipid liposomes had been loaded in 20 mM phosphate buffer 1s “
(pH 7.4) containing 150 mM NaCl, 20 mM phosphate buffer § v3om 100
(PH 7.4) containing 0, 150, or 500 mM NaCl was used as ™ [ & -+ 050
the running buffer. After aging, TTR solutions were buffer i@ wT o
exchanged to the corresponding running buffer with Cen- —_——
tricon centrifugal filter units with a MW cutoff of 10 000 0 200 jet VaoM
(Millipore). A TTR concentration of %M was used in this MR P \
study.
Analysis of Binding DataThe amount of binding was 100
determined from the change in the response units (RU), 050 i T
which is proportional to the mass of the protein bound to s 0 AT
the surface of the sensor chi, the theoretical amount of &
binding at equilibrium, was calculated using BlAevaluation 2 200 j-t LS5P
version 4.1 (Biacore AB) by the formula §’ 150 :
6]
3 R ax g 100 Il "
Rea™ 1+ Kp/C “ 050 i ’S +
where Req is the maximum binding achieved for a given °
concentration of TTRQ), Rnaxis the theoretical maximum N e

amount of binding calculated from a series of binding curves Fiure 1: Effect of aging on TTR aggregation and amyloid

over a range of TTR concentrations, aiig is defined as  tormation. (A) Time course of TTR aggregation as measured by
the concentratior€ required to achieve aReq Of 0.5Rmax. solution turbidity. TTR (40uM) was aged at 37C for 1 week,
Subsequently, the multiple binding curves at different TTR and the absorbance of the solution was monitored at 330 nm. (B)
concentrations were used to generate Scatchard plots of thé\nalysis of TTR aggregation by size-exclusion HPLC. This panel
equilibrium binding dataReqC VS Req) shows the elution profiles of freshly prepared TTR (A8) (dashed
S ) . line) superimposed with aged TTR after aging for 1 week (solid
‘Membrane Fluidity AssayThe effect of TTR amyloid  |ine). Aggregated TTR (a) with a high molecular massL(f Da)
binding on membrane fluidity was assessed by monitoring eluted at 1.8 min. Tetrameric TTR (t) (65 kDa) eluted at 2.3 min,
the fluorescence anisotropy of a membrane-embedded probegnd monomeric TTR (m) (16 kDa) eluted at 3.0 min. (C) TTR
1,6-diphenyl-1,3,5-hexatriene (DPH). Aged TTR (M) amyloid formation as measured by Congo red binding. Freshly

h . prepared TTR solutions (46M) (white bars) were compared with
was incubated with 40QuL of the plasma membrane aged TTR solutions (cross-hatched bars) after aging for 1 week at

preparation or the synthetic lipid liposomes at €7 for 2 37 °C. Bars show means the standard error of the mean (SEM)
h, followed by the addition of DPH (10M) and incubation (n= 3). An asterisk indicates a value is significantly different from

at room temperature for 1 h. Fluorescence anisotropy wasthat of the corresponding incubations using freshly prepared TTR.
measured using a SPEX Fluorolog 1681 0.22m spectrometer

(Spex Industries, Edison, NJ) in the L-format with an after WT TTR had been aged for 1 week (Figure 1B).
excitation wavelength of 360 nm and an emission wavelength However, aging V30M and L55P TTR resulted in a decrease
of 430 nm. Fluorescence anisotropy of DPH was determinedin the level of tetramers, and the appearance of the high-

over a temperature range of-55 °C. molecular-mass TTR aggregates1(® Da) and the mono-
meric TTR (Figure 1B), consistent with previous reports that
RESULTS tetrameric TTR first dissociates into monomers before

aggregating into higher-molecular mass amyloid fibrdlg)(

mutants (V30M and L55P) were expressedEincoli, and After agéng, fLSSP ﬂ;l' TRV%%?\;a.IP.?g more monomeric and
then purified by ammonium sulfate precipitation, ion- aggregate ] orms than T o
exchange chromatography, and size-exclusion chromatog- Aggregation was also assessed using a Congo red binding
raphy. To examine the ability of TTR proteins to aggregate assay.wh|c_h measures thg concentration of TTR present as
into amyloid fibrils, WT TTR and the amyloidogenic mutants @myloid (Figure 1C). Aging the amyloidogenic mutants
were incubated (aged) at 3T for 1 week, and the time resulte_d in a significant increase in the concentration of TTR
course of aggregation was followed by measuring the amyloid, Whergas there was no increase in the concentration
turbidity (absorbance) of the solution at 330 nm. WT TTR Of TTR amyloid after aging WT TTR. Once again, L55P
did not aggregate, as the turbidity of the solution remained TTR aggregated more readily than V30M TTR, as the
constant over time. However, both V30M and L55P TTR amount of fibrillar TTR was greater for L55P TTR than for
rapidly aggregated over the first 48 h of incubation, followed V3OM TTR.
by a slower rate of aggregation between 40 h and 1 week Cytotoxicity Assayslhe cytotoxicity of each type of TTR
(Figure 1A). The amount of aggregation was greater for L55P on SH-SY5Y neuroblastoma cells in culture was investigated
TTR than for V30M TTR, consistent with previous reports using an MTS assay of cell viability. When SH-SY5Y cells
that L55P TTR is more amyloidogenic than V30M TT82). were incubated with freshly prepared WT or V30M TTR,
Aggregation was also monitored by size-exclusion chro- there was no significant effect on cell viability (Figure 2A).
matography. Little change was seen in the elution profile A 20% decrease in cell viability was detected in the cultures

TTR AggregationWT TTR and two amyloidogenic TTR
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§ ol 7 % # enzyme p-nitrophenylphosphatase [0.26 0.11 vs 0.214
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FiGURe 2: Neurotoxicity of TTR on SH-SY5Y cells. (A) Effect of The binding of TTR to the plasma membrane fraction was

TTR on cell viability measured u.sing an MTS assay. (B) Effect of then studied using an SPR biosensor. The plasma membrane
TTR on cell death measured using an LDH release assay. Freshlysaction was applied to an L1 biosensor chip to create an

prepared (white bars) and aged TTR (cross-hatched barg)\10 . . . :
was added to culture medium and incubated with the cells at 37 immobilized membrane bilayer. TTR was then applied to

°C for 24 h. The decrease in the level of MTS reduction and the the membrane over a range of concentrations4@duM),
increase in released LDH activity were calculated as a percentageand binding was observed in real time.
of the respective controls. Bars show meanSEM (n = 3). An All forms of TTR were found to bind reversibly to the

asterisk indicates a value is significantly different from those of S :
the controls lacking TTR. A double dagger indicates a significant plasma membrane, and the binding was concentration-

difference from the corresponding incubation using freshly prepared depend_en_t (Figure 3). Binding rapidly approached equilib-
TTR. rium within 200 s of TTR application, and upon the

termination of TTR application, bound TTR rapidly dissoci-

incubated with freshly prepared L55P TTR. Aging increased ated from the membrane. Only a small residual amount of
the cytotoxicity of the amyloidogenic mutants, as there was bound TTR remained after a 20 min wash period.
a 20-30% decrease in cell viability when cells were  Scatchard analysis was performed to analyze the binding
incubated with aged V30M TTR and a 460% decrease  in more detail. Scatchard plotB/C vs Reg) were nonlinear,
in cell viability with aged L55P TTR (Figure 2A). No  suggesting the presence of both high-affinity and low-affinity
significant toxic effect was observed when cells were treated interactions (Figure 4)33). The equilibrium dissociation
with aged WT TTR. constantKp) for high-affinity binding of fresh TTR and aged

The results of the MTS assay were supported by similar wild-type TTR was 0.52.0 uM and for the low-affinity
findings obtained using an LDH release assay of cell death. binding was 16-100 uM. The Kp for the high-affinity
Freshly prepared WT and V30M TTR did not increase the binding of aged V30M and L55P was 06:1.0 uM and for
amount of LDH release from the SH-SY5Y cells (Figure low-affinity binding was +10uM. After WT TTR had been
2B). However, when cells were incubated with freshly aged for 1 week, the amount of binding was not significantly
prepared L55P, there was a 2-fold increase in the amount ofchanged (Figure 4A). However, aging the amyloidogenic
LDH release. Aging increased the neurotoxicity of the mutants resulted in an increase in the amount of TTR
amyloidogenic mutants, as there was a 3-fold increase inbinding. The relative order of the amount of binding to the
the amount of LDH release when cells were incubated with plasma membrane after aging (L55PV30M > WT TTR)
aged V30M TTR and a 4-fold increase in the amount of LDH was similar to that of aggregation and cytotoxicity.
release with aged L55P TTR (Figure 2B). The results from |dentification of Membrane Binding Constituent§o
the MTS and LDH release assays confirmed that both V30M examine the identity of the membrane components which
and L55P TTR are cytotoxic after aging, and that the more bind TTR, the plasma membrane was further fractionated.
amyloidogenic L55P TTR is more toxic than V30OM TTR  First, peripheral membrane proteins were removed from the
on neuronal cells. plasma membrane by carbonate treatment. The stripped

Analysis of Binding of TTR to the Plasma Membrahe. membrane fraction was then applied to an L1 biosensor chip,
examine the possibility that the cytotoxic effects are due to and the binding of TTR was studied. However, after removal
binding of TTR to the plasma membrane, a plasma membrane-of peripheral proteins from the plasma membrane, the binding
enriched fraction was prepared from SH-SY5Y cells by a of all forms of TTR remained relatively unchanged when
two-phase polymer method. This fraction was approximately compared to that of the intact plasma membrane (Figure 4D
4-fold enriched over the total cell lysate in the plasma F), indicating that TTR did not bind to a peripheral
membrane according to the specific activity of a marker membrane protein.
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Ficure 4: Scatchard plots of WT (A, D, and G), V30M (B, E, and H), and L55P (C, F, and I) TTR binding to the intact plasma membrane
(PM) (A—C), the plasma membrane treated with carbonate (PMC)HD and the plasma membrane lipid fraction (PML)«x The

binding data were obtained over a range of TTR concentrations from 0.1 gd/4and then used to calculate the equilibrium binding

amount Reg) (see Experimental Procedures). Values are meaB&M (0 = 3). Data for the freshly prepared samples are represented by

the filled symbols and the dashed lines, while data for the aged samples are represented by the empty symbols and the solid lines. Panel
| has a scale different from that of the other panels.

To examine whether TTR may bind to lipids in the plasma binding of TTR was studied over a range of TTR concentra-
membrane, a lipid fraction was extracted from the membranetions (1-40xM). The binding curves obtained in this manner
by a chloroform/methanol treatment. The membrane-derivedwere compared with those obtained using the plasma
lipid extract was then applied to an L1 biosensor chip to membrane.
form a lipid bilayer, and the binding of TTR was examined. Like the results obtained from the plasma membrane
A larger amount of TTR bound to the lipid fraction than to preparations, TTR bound to the artificial lipid membrane in
the intact plasma membrane or to the carbonate-treateda complex fashion, resulting in curvilinear Scatchard plots
plasma membrane (Figure 4@®. The affinity of binding containing both high-affinity and low-affinity interactions
to the lipid fraction, i.e., the slopes of the Scatchard plots, (Figure 5). The results with the artificial lipid membrane
was similar to that of binding to the intact membrane. The supported the conclusion that TTR binds principally to lipids.
effect of aging on TTR binding was also similar. Aging The binding of TTR to the artificial lipid membrane was
increased the extent of binding of the amyloidogenic mutants, very similar to the binding obtained with the plasma
and the amount of binding was higher for aged L55P TTR membrane preparation. As observed previously with the
than for V30M TTR. Therefore, as binding to the membrane- plasma membrane, there was a marked increase in the
derived lipid extract was similar to that obtained with the amount of TTR binding to the artificial lipid membrane after
intact membrane, it seemed likely that TTR bound principally aging for the amyloidogenic mutants, and the same relative
to a lipid component in the plasma membrane. order of L55P> V30M > WT TTR was observed in the

To confirm that TTR binds to lipids, synthetic lipid amount of binding to the artificial lipid membrane (Figure
liposomes containing a mixture of phospholipids, sphingo- 5).
myelin, and cholesterol (DMPC, DMPE, DMPS, SM, and Effect of lonic Strength on TTR Membrane Bindifig.

CL in a 6:5:2:2:5 molar ratio) were prepared. The lipid determine whether the binding of TTR to the plasma
composition was based on the known data of the gray mattermembrane was ionic or hydrophobic in character, the effect
of the brain 84). The synthetic lipid liposomes were then of ionic strength on TTR binding was examined. TTR

applied to an L1 biosensor chip to form a bilayer, and the binding was assessed at 0, 150, and 500 mM NacCl in the
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Aged TTR (5uM) was applied to the membranes at 0 mM (white 028 k
bars), 150 mM (cross-hatched bars), and 500 mM NacCl (black bars) ) \@
in the running buffer. Bars show meags SEM (h = 3). The A N
presence of NaCl significantly inhibited binding in all incubations *.f;\ N
(P < 0.001, ANOVA). | 'Q,i‘\
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running buffer. The amount of bindingr{,) was determined gozo V»}é\' \
at different salt concentrations. The amount of TTR binding z ‘@.\E\%
to the plasma membrane inversely correlated with salt e 2&\
concentration (Figure 6A). A similar relationship between 0.16 } v \‘i
ionic strength and binding was observed with the artificial A ~
lipid membrane (Figure 6B), indicating that the binding of
0.12

TTR to the plasma membrane lipids is predominantly
mediated by electrostatic interactions.
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Effect of TTR Binding on Membrane Fluidith close Ficure 7: Effect of aged TTR (1Q:M) on the fluidity of the
correlation was observed among TTR aggregation, the synthetic lipid liposomes (A) and the plasma membrane preparation
amount of membrane binding, and cytotoxicity, suggesting (B). Incubations without TTRE) and with WT (), V30M (a),
that the binding of aggregated TTR to the plasma membrane@nd L55P ¥) TTR are shown. The membrane fluidity was
may cause cytotoxicity by altering the properties of the ﬁ%g;ﬁ%g&m(nth:e 1flou)orescence anisotropy of DPH. Values are
membrane. It has been reported that the binding of the '
amyloid protein of Alzheimer's disease @\ to lipid calculated from the point of inflection of the cun@gj, was
membranes can change membrane fluidy, 86). There- observed (Figure 7A). No apparent, was observed with
fore, we examined the effect of TTR binding on the fluidity the plasma membrane (Figure 7B). Incubation with aged WT
of SH-SY5Y cell plasma membranes and the synthetic lipid TTR did not significantly alter the DPH fluorescence
liposomes. anisotropy of either the synthetic lipid liposomes or the

To assess membrane fluidity, fluorescence anisotropy of plasma membrane. However, at 37, incubation with aged
a lipophilic probe (DPH) was examined. DPH fluorescence V30M decreased the DPH anisotropy of the synthetic lipid
anisotropy provides a measure of the relative lateral andliposomes and the plasma membrane by #(0.01) and
rotational mobility of molecules in a phospholipid bilayer 6% (P < 0.01), respectively, while aged L55P TTR
(37). The synthetic lipid liposomes and the plasma membrane decreased the DPH anisotropy of the synthetic lipid lipo-
were incubated with aged TTR before the addition of DPH, somes and the plasma membrane by 124<(0.01) and
and the fluorescence anisotropy of DPH was measured overl0% (P < 0.01), respectively, indicating increased membrane
the temperature range of-55 °C. For the synthetic lipid  fluidity in all cases. The effect was seen at temperatures up
liposomes, a phase transition temperaturg) (of 37 °C, to 45-50 °C, where the fluorescence anisotropy curves



TTR Neurotoxicity and Membrane Binding Biochemistry, Vol. 44, No. 34, 2003.1625

started to merge. Consistent with the results of cytotoxicity tions were observed. The complex nature of TTR binding
and membrane binding, the relative order of effect on was probably due to the heterogeneous composition of the

membrane fluidity was as follows: L55P V30M > WT TTR preparations, because after aging, TTR forms a mixture

TTR = control (no TTR). of tetramers, monomers, and high-molecular mass aggregates.
As aging increased the proportion of aggregates in the

DISCUSSION amyloidogenic TTR mutants, the difference in binding

affinity after aging seen for the mutants is likely to be the
consequence of an increased level of aggregation. Each of
the TTR aggregates may bind with different affinity to the
plasma membrane, making it difficult to define the exact
affinity. Nonetheless, the equilibrium dissociation constants

the plasma membrane. The amount of TTR membrane Were in the micromolar range, the same magnitude as the

binding correlated closely with the degree of neurotoxicity Physiological concentration of TTRIY.
generated in cell culture, indicating that binding of TTR to ~ Binding of TTR to the plasma membrane also caused an
the plasma membrane is an important step in the inductionincrease in membrane fluidity. This increase in membrane
of TTR neurotoxicity. Binding of TTR to the plasma fluidity with binding may be an important step in the
membrane also increased the membrane fluidity. As mem-induction of TTR neurotoxicity. Alterations in membrane
brane fluidity is known to be important for normal cell fluidity have also been reported forfAalthough there are
function and viability 89), we suggest that interaction of conflicting data. 48:-40 has been reported to increase
TTR with the plasma membrane may alter the dynamic neuronal membrane fluidity36), but a decrease in membrane
properties of the plasma membrane, thereby causing afluidity has been reported for artificial lipid membrandg,
decrease in cell viability. In addition, binding of PrP decreases the membrane fluidity
After aging, the amount of binding to the plasma mem- of neuroblastoma cellstg). It is now well established that
brane was higher for the amyloidogenic TTR mutants than membrane fluidity plays a crucial role in the regulation of
for WT TTR. The relative order of the amount of binding to cell function @6, 47). Changes in membrane fluidity can
the plasma membrane, cytotoxicity, and aggregation was asaffect the activity of a variety of membrane proteins that
follows in each case: L55P V30M > WT TTR. The are vital for cell viability. Regions of low fluidity containing
observation that membrane binding correlated with cytotox- high concentrations of cholesterol and sphingolipids as well
icity and aggregation is consistent with early reports. For as specialized membrane receptors have been found on the
example, we recently showed that the binding ¢fta lipid surface of membrane8%). These regions (i.e., lipid rafts)
membranes and the cytotoxicity ofsAvere correlatedl(7). are important for membrane receptor clustering and signal
Similarly, conversion of the native nontoxic form of the prion transduction through intracellular mediators such as the Rho
protein (PrP) to the toxic amyloid form (Prf® causes a  GTPase which regulates cytoskeletal morpholetf).(Other
10-fold increase in the amount of membrane bindi#@).( studies have suggested that lipid rafts may be involved in
Thus, although amyloidogenic proteins have little similarity ApS production and the induction of the cytotoxicity of3A
in their primary sequences, they may all share a common (49, 50). Since alterations in the membrane microenviron-
mechanism by which they induce cytotoxicity, i.e., by ment via changes in membrane fluidity can have profound

While previous studies3@) have shown that the neuro-
toxicity of TTR is correlated with its amyloidogenicity, the
mechanism by which TTR exerts cytotoxic effects has not
been examined in detail. This study demonstrates, for the
first time, that TTR can bind electrostatically to lipids of

binding to the plasma membrane. effects on cell function and viability3Q), it is possible that
Although putative membrane receptors for TTR have been TTR binding disrupts lipid raft-mediated cell signaling.
reported 41—43), prior to this study, the identity of the In FAP, extracellular TTR amyloid deposits are located

components within the plasma membrane that bind TTR hadj, the endoneurium, invariably accompanied by axonal

not been determined. Our data clearly indicate that TTR gegeneration and disrupture of neuronal cell morpholgy (
principally binds to lipids in the plasma membrane. This 14 sq far, the only treatment available for FAP is liver
conclusion is supported by the finding that removal of anspjantation to stop further production of misfolded TTR
peripheral membrane_pro_telns by carbonate treatment did not(51)_ However, after liver transplantation, mutant TTR
alter the membrane binding of TTR, and that removal of all gy hesized in the choroid plexus will continue being secreted
membrane proteins, including integral proteins, resulted in iy the cerebrospinal fluid, and subsequently cause dementia
an increase in the amount Qf TTR binding. Moreover, the (4). This study provides further evidence for the mechanism
b_mc_jmg of TTR to an artificial lipid membrane Was Very - of neurotoxicity caused by TTR amyloid. Elucidation of the
similar to that 9f the plasma.membrane preparatl(?n.. ~downstream events associated with TTR membrane binding
Membrane binding of TTR inversely correlated with ionic  yay eventually lead to the identification of new targets for
strength, supporting the view that TTR binds to the plasma drug development. Furthermore, as the mechanism of cyto-
membrane predominantly through electrostatic interactions.toxicity may be similar for different amyloidoses, this study

Electrostatic interactions may also mediate the membraneg g sheds light on the mechanism of pathogenesis of other
binding of A5 and prion proteins (PrP)1y, 40). TTR amyloidoses.

probably binds to the polar region of phospholipid head-

groups on the surface of the plasma membrane. However,nckNOWLEDGMENT

it is not clear which lipid species are involved in TTR

binding. We thank Dr. Andrew H. Clayton (Ludwig Institute of
The membrane binding of TTR was composed of multiple Cancer Research, Melbourne, Australia) for assistance with

components, and both high-affinity and low-affinity interac- the fluorescence anisotropy experiments.
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