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ABSTRACT. In S-microglobulin-related (£2M) amyloidosis, partial unfolding gf,-microglobulin (32-

m) is believed to be prerequisite to its assembly inf2& amyloid fibrils in vivo. Although low pH or
2,2,2-trifluoroethanol at a low concentration has been reported to induce partial unfold#2gnofand
subsequent amyloid fibril formation in vitro, factors that induce them under near physiological conditions
have not been determined. Using fluorescence spectroscopy with thioflavin T, circular dichroism
spectroscopy, and electron microscopy, we here show that at low concentrations, sodium dodecyl sulfate
(SDS) converts natively folded2-m monomers into partially foldedy-helix-containing conformers.
Surprisingly, this results in the extension gf2M amyloid fibrils at neutral pH, which could be explained
basically by a first-order kinetic model. At low concentrations, SDS also stabilized the fibrils at neutral
pH. These SDS effects were concentration-dependent and maximal at approximately 0.5 mM, around the
critical micelle concentration of SDS (0.67 mM). As the concentration of SDS was increased above 1
mM, the a-helix content of32-m rose to approximately 10%, while thfesheet content decreased to
approximately 20%, a change paralleled by a complete cessation of fibril extension and the destabilization
of the fibrils. Detergents of other classes had no significant effect on the extension of fibrils. These findings
are consistent with the hypothesis that in vivo, specific factors (e.g., phospholipids) that affect the
conformation and stability of2-m and amyloid fibrils will have significant effects on the kinetics of
AS2M fibril formation.

In S>-microglobulin-related (£2M)* amyloidosis, a fre- 7), but details of the mechanism of the deposition of these
gquent and serious complication in patients on long-term dial- amyloid fibrils still remain unknown. Although the retention
ysis (1), carpal tunnel syndrome and destructive arthropathy of 52-m in the plasma appears to be prerequise gther
with cystic bone lesions ensue on the deposition G2K factors, such as the age of the patient, the duration of dialysis,
amyloid fibrils in the tissueZ, 3). Intact 3,-microglobulin and the type of dialysis membrane used, may also be
(62-m) is a major structural component of amyloid fibrils involved ©@—11).
deposited in the synovial membrane of the carpal turhel ( A nucleation-dependent polymerization model has been
proposed to explain the general mechanism of amyloid fibril
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1 Abbreviations: 48, amyloid 8-protein; AﬁZM,ﬁg-microglobulin- of them is b_elleved to be_ prerequisite to its assembly into
related; ANS, 1-anilinonaphthalene-8-sulfonic agi@:m, -micro- amyloid fibrils both in vitro and in vivo 17—20). The

globulin; CD, circular dichroism; CMC, critical micelle concentration;  extension of A2M amyloid fibrils, as well as the formation

DTAC, dodecyl trimethylammonium chloride; GAG, glycosaminogly- i m i
can; GM1, GM1 ganglioside; PG, proteoglycarni2-m, recombinant of the fibrils from 52-m, is greatly dependent on the pH of

f2-m; SB12, lauryl sulfobetain; SDS, sodium dodecyl sulfate; TFE, the reaction mixture, the optimum pH be!ng around—2..O
2,2,2-trifluoroethanol; ThT, thioflavin T; Tx100, Triton X-100. 3.0 (16, 17). On the other hand, they readily depolymerize
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into monomerig32-m at neutral pH18). At pH 2.5, where Louis, MO). 1-Anilinonaphthalene-8-sulfonic acid (ANS)
the extension of A2M amyloid fibrils is optimum,52-m was obtained from ICN Biomedicals Inc. (Aurora, OH).
loses much of the secondary and tertiary structures observed Preparation of A2M Amyloid Fibrils and SeeddJn-
at pH 7.5 (7, 18). Once incorporated into #2M amyloid modified A32M amyloid fibrils composed solely of recom-
fibrils at pH 2.5,32-m becomes highly rich in #-sheet binant$2-m (r{32-m) were formed by the repeated extension
structure and shows secondary and tertiary structures strik-reaction at pH 2.5 with 52-m expressed in methyltrophic
ingly different from monomerigg2-m at both pH 7.5 and  yeastPichia pastoris(39) and the patient-derived SO seeds
2.5 (21). Recently, we reported that 2,2,2-trifluoroethanol as described previously(). By repeating the algorithmic
(TFE) at a low concentration causes the extensiong#h protocol six times, F6 fibrils were obtained from S5 seeds.
amyloid fibrils at neutral pH, inducing a subtle change in S6 seeds were prepared by the extensive sonication of F6
the tertiary structure g82-m, as well as stabilizing the fibrils  fibrils.
(19). However, factors that induce partial unfolding@#-m Extension Assay of M Amyloid Fibrils. The reaction
and subsequent amyloid fibril formation under the near mixture was prepared on ice and containees0 ug/mL S6
physiological conditions in vitro remain to be determined. seeds, 825uM r-52-m, 50 mM phosphate buffer (pH 7.5),
Thus, to understand the molecular pathogenesis AZM\ 100 mM NacCl, and various concentrations of detergents: that
amyloidosis, we need to find and characterize the biological is, 0—10 mM SDS or 0.+5.0 mM DTAC, SB12, or Tx100.
molecules that could induce amyloid fibril formation by After being mixed by brief vortexing of the mixture, 3Q
affecting the conformation and stability 2-m and amyloid aliquots were put into oil-free PCR tubes (0.5 mL in size,
fibrils. Takara Shuzo Co. Ltd., Otsu, Japan) on ice. The reaction
AB2M amyloid deposits in patients contain many kinds tubes were then transferred into a DNA thermal cycler
of amyloid-associated molecules, for example, glycosamino- (PJ480, Perkin-Elmer Cetus, Emeryville, CA) and incubated
glycans (GAGs), proteoglycans (PG&p(23), apolipopro- at 37°C without agitation. After incubation for 0 to 120 h,
tein E (24), serum amyloid P componer2g), and plasma  the reaction was stopped by placing the tubes on ice. From
proteinase inhibitors2p). The earliest deposition of #2M each reaction tube, &L aliquots were removed in triplicate
amyloid fibrils is observed in the cartilage tissue highly rich and subjected to fluorescence spectroscopy with TI6J. (
in GAGs and PGs27, 28). Previously, we reported that The mean value of each triplicate was determined.
GAGs and PGs acceleratg32M amyloid fibril formation Measurement of Critical Micelle Concentration of Deter-
at an acidic pH29) and that apolipoprotein E, GAGs, and gents Using Fluorescence Spectroscopic Analysis with ANS.
PGs stabilize the fibrils and inhibit their depolymerization The critical micelle concentrations (CMCs) of SDS, DTAC,
at neutral pH 18, 29). Furthermore, some GAGs, especially SB12, and Tx100 were determined using the fluorescence
heparin, enhance the extension g#2M amyloid fibrils at ~ probe ANS @#1). Optimum fluorescence measurements of
neutral pH in the presence of low concentrations of TFE, ANS bound to the micelle were obtained at the excitation
suggesting that they bind to the fibrils and enhance their and emission wavelengths of 385 and 475 nm, respectively,
deposition in vivo 19). on a Hitachi F-4500 fluorescence spectrophotometer. The

Recently, many groups have reported that lipid molecules fluorescence of the reaction mixture containing106 mM
may be involved in the conformational change of various detérgents, 50 mM phosphate buffer (pH 7.5), and 100 mM
amyloid precursor proteins, as well as in the amyloid fibril NaCl was first measured at 3T as a blank. After addition

formation in vitro B0—32). Sodium dodecyl sulfate (SDS) ©f 10 uM ANS, the fluorescence of the mixture was
is an anionic detergent that mimics some characteristics of Measured at 37C, and the average and standard deviations
biological membranes and is considered to be a good modelof three independent experiments were determined. Two
for anionic phospholipids. SDS binds to various kinds of straight Ilnes_ defining the_fluoresgence in an essentially
proteins 83) and changes both their secondary and tertiary 2Ju€ous environment ar_ld in the.mlcellar environment were
structures 34—36). Furthermore, SDS induces some proteins traceq, and the point of intersection of these lines was used
or peptides to form aggregates or amyloid-like fibrils in vitro to define the CMC. _

(37, 38). These results suggest that the interaction of certain  CD Spectra of 152-m in the Presence of SDBar-UV

lipid molecules with32-m may induce partial unfolding of ~ CD spectra (198250 nm) of r52-m were recorded on a

2-m and subsequent amyloid fibril formation under the near Jasco 725 spectropolarimeter (Jasco) at@%@s described
physiological conditions. previously (L8). The reaction mixture contained 281 r-52-

In this study, we investigated the effects of SDS and other g]_’ f(()) ml\l>l/l s‘,)gg,s%ate bu?;er (pH 7.5), 10d0 'mi\/l NaCIf, and
detergents on the conformation B2-m, the stability of m - 1 NE resulls are expressed in terms of mean

Af2M amyloid fibrils, and the extension of amyloid fibrils residue ellipticity. Secondary structure content was calculated

; ; : ; ing CDPro software packagé? available at http://
at neutral pH, using fluorescence spectroscopy with thioflavin using .
T (ThT), circular dichroism (CD) spectroscopy, and electron Iamar.colostate.eduSreeram/CDPro/maln._htmI. The spectral
microscopy. data ranged from 198 to 240 nm at 1-nm intervals were used

for the calculation with three programs, that is, CONTINLL,
EXPERIMENTAL PROCEDURES SELCONS, and CDSSTR, included in the CDPro package.
Two different reference data sets supplied with the package
Materials.SDS and Triton X-100 (Tx100) were obtained were used for the analysis. Each of the three programs was
from Nacalai Tesque Inc. (Kyoto, Japan). Dodecyl trimethyl- run using these reference sets. As a consequence, Six
ammonium chloride (DTAC) was obtained from Avocado independent estimates were obtained for each experimental
Research Chemicals (Lancashire, England). Lauryl sulfo- spectrum. For the measurement of near-UV region {250
betain (SB12) was obtained from Sigma Chemical Co. (St. 350 nm), the CD signals were recordedi5 mmpath length
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quartz cell. Sixteen consecutive readings at a bandwidth of A 100
1 nm, a response of 1 s, and a resolution of 0.2 nm were
taken from each sample and averaged, baseline-subtracted,
and noise-reduced.

Depolymerization Assay ofs®M Amyloid Fibrils in the
Presence of SD%:resh F6 fibrils extended at pH 2.5 were
centrifuged at 18 500« g for 2 h at 4°C. The precipitate
was washed and resuspended in ice-cold 100 mM NaCl. The
reaction mixture was prepared on ice and contained.@@0
mL F6 fibrils, 50 mM phosphate buffer (pH 7.5), 100 mM
NaCl, and 0, 0.5, 1.0, or 10 mM SDS. After being mixed by
pipetting, 30uL aliquots were put into PCR tubes. The
reaction tubes were then transferred into a DNA thermal
cycler and incubated at 37C without agitation. After a |
0—24-h incubation, the reaction was stopped by placing the
tubes on ice. From each reaction tube, thred Sliquots
were subjected to fluorescence spectroscopy and the mean 01
of each triplicate was determined. 10F [

Detection of the Aggregates off2-m in the Presence of oI
SDSThe reaction mixture containing 28 r-52-m, 50 mM 1007 o8 10 20
phosphate buffer (pH 7.5), 100 mM NacCl, and 0.5 mM SDS 02 05 08 15 50
was incubated at 37C for 0, 24, and 48 h, then analyzed SDS (mM)
by size exclusion chromatography. A Superose 12 HR10/30Ficure 1. Extension of #82M amyloid fibrils in the presence of

column (Amersham Biosciences Corp.) was attached to anSDS at neutral pH. In panel A, the reaction mixture contained 30
X - . . ug/mL S6 seeds, 2BM r-32-m, 50 mM phosphate buffer (pH 7.5),
Akta Purifier HPLC system (Amersham Biosciences Corp.). 100 mM NaCl, and4) 0, () 0.5, () 1.0, or ©) 10 mM SDS.

One-hundred microliters of the solution was loaded on the The reaction mixture was incubated at&7for 0—120 h. At each
column equilibrated at 20C with 50 mM phosphate buffer  incubation time, the reaction mixture was analyzed by fluorescence
(pH 7.5), 100 mM NaCl, and 0 or 0.5 mM SDS. The column spectroscopy as described in Experimental Procedures. Each point

was calibrated in the absence of SDS with molecular weight and bar represents the average and standard deviation of three
independent experiments, respectively. In panel B, the reaction

markers for gel filtration chromatography (Sigma Chemical | itire contained 30g/mL S6 seeds, 2&M r-42-m, 50 mM
Co.). phosphate buffer (pH 7.5), 100 mM NaCl, angd®0 mM SDS.
Other Analytical ProceduresElectron microscopy and  The reaction mixture was incubated at¥7for 72 h and analyzed

Congo red staining of £2M amyloid fibrils were performed by fluorescence spectroscopy as described in Experimental Proce-
d ibed . V1 Protei trati ; dures. Each column and bar represents the average and standard

as aescribed previously @' Frotein concentrations 0 deviation of three independent experiments, respectively.

r-f2-m and A32M amyloid fibrils were determined by the o

method using bicinchoninic aci#4® and a commercial mM SDS (data not shown). Moreover, the fibrils in Figure

protein assay kit (code 23235, Pierce). Statistical analysis2B Were stained positively with Congo red and showed
was done by one-way analysis of variance with the post- Orange-green birefringence under polarized light (data not
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hoc test by Dunnett and linear least-squares fit. shown). o _ _
As shown in Figure 3A, the initial rate of the extension
RESULTS of S6 seeds was linear in relation to the seed concentration

(0—60ug/mL) in the presence of 0.5 mM SD&+ 0.998),

Extension of £2M Amyloid Fibrils in the Presence of SDS  while it was not linear in relation to thef2-m concentration
at a Neutral pHAs shown in Figure 1A, S6 seeds incubated (0—25 uM) (Figure 3B). These data suggest that, although
with 25uM r-$2-m at pH 7.5 in the absence of SDS, showed the extension of the seeds in the presence of 0.5 mM SDS
a slight decrease in ThT fluorescence, as described previouslytould be explained basically by a first-order kinetic model
(18). On the other hand, in the presence of 0.5 and 1.0 mM (12, 14, 16), SDS may significantly modify the extension
SDS, the fluorescence increased without a lag phase andinetics by affecting the conformation and stabilityas-m
proceeded to equilibrium after a 120-h incubation. However, and extending fibrils, vide infra.
in the presence of 10 mM SDS, the fluorescence disappeared CMC of SDSThe fluorescence probe ANS was used to
immediately after the initiation of the reaction. In the absence measure the CMC of SDS under the present experimental
of the seeds, no fluorescence increase was observed throughcondition, that is, 50 mM phosphate buffer (pH 7.5) and 100
out the reaction, regardless of the presence or absence ofnM NaCl at 37°C. As shown in Figure 4, two straight lines
SDS (data not shown). of the fluorescence intensity were defined in the range of

The fluorescence signal increased with SDS concentration,0—0.6 mM and 0.71.6 mM SDS, respectively. These two
peaking at 0.5 mM before steadily decreasing above this levelphases indicate that the SDS solution is essentially aqueous
of SDS (Figure 1B). Above 1.5 mM SDS, the fluorescence and micellar at 68-0.6 and 0.71.6 mM, respectively. We
signal decreased, indicating the destabilization of the seedsestimated the CMC of SDS to be 0.67 mM from the point
by SDS. An electron microscopic study revealed that the of intersection of these two lines. This was in good agreement
fibrils extended with the helical filament structure in the with the CMC of SDS previously reporte@7, 44).
presence of 0.5 mM SDS (Figure 2A,B), while no fibrils Effect of SDS on the Conformation /@g-m. Far-Uv CD
were observed after a 72-h incubation in the presence of 10spectra of 152-m were measured at pH 7.5 in the presence
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Ficure 3: Effects of (A) seed concentration and (-m monomer
concentration on the initial rate of#®M amyloid fibril extension.

In panel A, the reaction mixture contained 28l r-32-m, 50 mM
phosphate buffer (pH 7.5), 100 mM NacCl, 0.5 mM SDS, and
indicated concentrations of S6 seeds. The reaction mixture was
incubated at 37°C for 12 h and analyzed by fluorescence
spectroscopy as described in Experimental Procedures. Each point
and bar represents the average and standard deviation of three
independent experiments, respectively. Linear regression and cor-
relation coefficient were calculated € 0.998). In panel B, the
reaction mixture contained 3/mL S6 seeds, 50 mM phosphate
buffer (pH 7.5), 100 mM NaCl, 0.5 mM SDS, and indicated
concentrations off2-m monomers. The reaction mixture was
incubated at 37C for 12 h. Each point and bar represents the
average and standard deviation of three independent experiments,
respectively.

Ficure 2: Electron micrographs of extende@2M amyloid fibrils

in the presence of SDS. The reaction mixture containing:&0

mL S6 seeds, 2&M r-32-m, 50 mM phosphate buffer (pH 7.5),
100 mM NacCl, and 0.5 mM SDS was incubated at°87for (A)

0 or (B) 72 h. These samples were prepared for electron microscopy
as described in Experimental Procedures. Bars are 250 nm long.

[
(=)

N
(=]
T

of 0—10 mM SDS (Figure 5A). In the presence of0.1

mM SDS, the spectra of #2-m exhibited a positive peak at
202 nm and a negative peak at 221 nm immediately after
the addition of SDS at 25C. In the presence of 0:9.75

mM SDS, which is close to the CMC, the spectra exhibited 0 04 08 12 16

a transition state. When the concentration of SDS was SDS (mM)

increased to_ 1.610 mM, a major negative peak at 206 nm Ficure 4: CMC of SDS determined by fluorescence spectroscopic
and a negative shoulder around 220 nm were observed. INgnalysis with ANS. The reaction mixture containing 4 ANS,

the presence of 0-:51.0 mM SDS, the spectra changed 50 mM phosphate buffer (pH 7.5), 100 mM NacCl, and106 mM
according to the incubation time (Figure 5B). As shown in SDS was analyzed by fluorescence spectroscopy as described in

Figure 5C,D, r82-m in the absence of SDS was estimated Experimental Procedures. Each point and bar represents the average

to be rich i heet struct hil taini heli and standard deviation of three independent experiments, respec-
o be rich inf-sheet structure, while containing ehelix tively. Two straight lines defining the fluorescence in an essentially

structure, consistent with the data of the X-ray crystal- aqueous environment and a micellar environment were traced. The
lography @5). With the increase in SDS concentration, the point of intersection of these lines was used to define the CMC.

fraction of 5-sheet structure decreased significantly, while

the fractions ofo-helix and random structures increased SDS, which is close to the CMC, the spectra exhibited a
significantly, reaching a plateau at about 5 mM. In the transition state. When the concentration of SDS was in-
absence of SDS, the near-UV CD spectrum ¢f2rm creased to 5010 mM, the ellipticities of the above-
exhibited positive peaks at 258, 261, 264, 270, and 294 nmdescribed peaks generally decreased, reaching a plateau at
with a shoulder at 288 nm and negative peaks between 272about 5 mM. Thus, the data in Figures 1B, 4, and 5 clearly
and 286 nm (Figure 5E). In the presence of-0110 mM indicate that a kinetic and structural intermediate3@fm

-
o
T

ANS Fluorescence (arbitrary unit)

o
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Ficure 5: Far and near-UV CD spectra off2-m in the presence of SDS. In panel A, far UV CD spectra of the reaction mixture containing

25 uM r-32-m, 50 mM phosphate buffer (pH 7.5), 100 mM NacCl, aned10 mM SDS were recorded at 2& immediately after the

addition of SDS as described in Experimental Procedures. The results are expressed in terms of the mean residue ellipticity. In panel B, the
reaction mixture containing 26M r-32-m, 50 mM phosphate buffer (pH 7.5), 100 mM NacCl, and 0.75 mM SDS was analyzed®@t 25

after the 15-min to 15-h incubation. In panels C and D, the fraction®mpéthelix, (O) random, @) S-sheet, and4) turn structures were

calculated as described in Experimental Procedures and plotted against SDS concentration. Each point and bar represents the average anc
standard deviation of six independent estimates, respectively. Two astez$ldefotep < 0.01 (one-way analysis of variance, post-hoc

test by Dunnett). In panel E, near-UV CD spectra of the mixture containing\2%-32-m, 50 mM phosphate buffer (pH 7.5), 100 mM

NaCl, and 6-10 mM SDS were recorded at 2& immediately after the addition of SDS as described in Experimental Procedures.

for the fibril extension reaction may be formed around the  Effect of Various Detergents on the Extension g2

CMC of SDS. Amyloid Fibrils at a Neutral pHDTAC, SB12, and Tx100
Effect of SDS on the Aggregation gi2-m. When 25uM are the cationic, amphipathic, and nonionic detergents,

r-$2-m was incubated at 3TC for 24 or 48 h in the presence respectively, and the lengths of the acyl groups of DTAC,

of 0.5 mM SDS, then injected into the column equilibrated SB12, and SDS are equal to each othep(he CMCs of

with the buffer containing 0.5 mM SDS, a major peak DTAC, SB12, and Tx100 under the present experimental

corresponding to monomeric A#2-m and a minor peak condition were determined to be about 1.0, 1.0, and 0.1 mM,

corresponding to the aggregate gf2-m (elution volume respectively. As shown in Figure 8, the fluorescence was

12—-15 mL) were observed (Figure 6A). About 60% of the not significantly increased by incubation of the S6 seeds with

peak area corresponding to 0-h incubation was recovered a®5 uM r-42-m at pH 7.5 in the presence of 6:5.0 mM

a monomer peak after 48-h incubation. When the sameDTAC, SB12, or Tx100.

incubation mixtures were injected into the column equili-

brated with the buffer containing no SDS, only a single peak DISCUSSION

corresponding to monomerig32-m was observed regardless Extension of £2M Amyloid Fibrils at a Neutral pH in

of the incubation time (Figure 6B). These data suggest thatthe Presence of SDB2-m adopts a compagt-sheet rich

at least some $2-m may weakly and reversibly aggregate conformation at neutral pH, where the de novo formation or

in the presence of 0.5 mM SDS. extension of A2M amyloid fibrils does not occurlg—18).
Effect of SDS on the Depolymerization ¢f2ii Amyloid Moreover, A32M amyloid fibrils readily depolymerize into
Fibrils at a Neutral pH.As shown in Figure 7, when 2M monomeric2-m at neutral pH18). Thus, to observe the

amyloid fibrils extended at pH 2.5 (F6 fibrils) were incubated extension reaction of A&2M amyloid fibrils at neutral pH,

at pH 7.5 in the absence of SDS, the ThT fluorescence we needed to unfold the compact structuref@fm to an
decreased immediately after the initiation of the reaction, as amyloidogenic conformer and stabilize the extended fibrils
described previouslyl®). On the other hand, in the presence by modifying the solution, adding other factors or both. At
of 0.5 and 1.0 mM SDS, the fluorescence retained more thanlow concentrations, TFE caused the extension @R
90% and 80%, respectively, of the initial fluorescence amyloid fibrils, inducing a subtle change in the tertiary
throughout the reaction. However, in the presence of 10 mM structure of$2-m, and stabilized the fibrils at neutral pH
SDS, the fluorescence disappeared completely after the(19). TFE is known as a cosolvent to weaken the hydrophobic
reaction. interactions within a polypeptide chain and to strengthen the
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Ficure 6: HPLC analysis of the effect of SDS on the aggregation SDS~  Tx100

of f2-m. In panel A, 2%M r-$2-m was incubated at 37C for 0,

24, or 48 h in the presence of 0.5 mM SDS, then injected into the
column equilibrated with the buffer containing 0.5 mM SDS as FicuRre 8: Effect of various detergents on the extension g2M
described in Experimental Procedures. In panel B, the sameamyloid fibrils. The reaction mixture contained 86/mL S6 seeds,
incubation mixtures as in panel A were injected into the column 25 uM r-32-m, 50 mM phosphate buffer (pH 7.5), 100 mM NaCl,

Detergent Concentration (mM)

equilibrated with the buffer containing no SDS. and 0.5 mM SDS or 65.0 mM (A) DTAC, (B) SB12, or (C)
Tx100. The reaction mixture was incubated at°&7for (open) O,
120 (hatched) 24, and (closed) 48 h and analyzed by fluorescence
g § 100 T spectroscopy as described in Experimental Procedures. Each column
cg and bar represents the average and standard deviation of three
% % 8ot independent experiments, respectively.
o 3
%j—é eor of TFE, some GAGS, especially heparin, dose-dependently
£E£ 40f enhance the fibril extension by uniformly binding to the
e 3 o0t I"I surface of extended/#2M amyloid fibrils (19). Since GAGs
= constitute an extended and rigid structure, one GAG molecule
o o5 10 10 would bind to the surface of the fibrils over map2-m
SDS (mM) molecules by the electrostatic interaction between the nega-
FiGURE 7: Effect of SDS on the depolymerization of2M tive charges of GAGs and the positive charges of the specific
amyloid fibrils. The reaction mixture contained 306/mL fresh residues of32-m molecules.
F6 fibrils, 50 mM phosphate buffer (pH 7.5), 100 mM NaCl, and ~ The present study revealed that SDS at concentrations
0—10 mM SDS. The reaction mixture was incubated af@or slightly below or around the CMC accelerates the extension

24 h and analyzed by fluorescence spectroscopy as described i
Experimental Procedures. Each column and bar represents theOf Af52M amyloid fibrils at neutral pH not only by unfolding

average and standard deviation of three independent experimentsthe compact structure g§2-m to an a-helix-containing
respectively. aggregation-prone amyloidogenic conformer but also by

stabilizing the extended fibrils (see Figures®. SDS is
intramolecular hydrogen bonds between residues close toknown to interact with various types of proteins between
each other46). As a result of these effects, TFE changes the alkyl chain of SDS and the hydrophobic side chains of
the conformation of various proteins, often producing the the proteins, as well as between the negatively charged sulfate
o-helical structure stabilized by intramolecular hydrogen group of SDS and the positively charged side-chains of the
bonds 47, 48). However, it is also known that the formation  proteins 86). The submicellar concentration of SDS optimal
of intermolecular hydrogen bonds in the presence of TFE for the extension reaction (see Figure 1) may indicate that
results in the aggregate4? or amyloid fibrils @9). These the interaction occurs between SDS @2dm/amyloid fibrils
dual properties of TFE may well explain the effect of TFE mainly in an agueous environment, rather than in a micellar
to accelerate A2M amyloid fibril extension at neutral pH.  environment. Moreover, both the alkyl chain;fCand the
TFE would weaken the hydrophobic interactions witB2im negatively charged sulfate group of SDS may be essential
and makes2-m an amyloidogenic conformer by unfolding for the interaction between SDS ap@-m/amyloid fibrils
the tertiary structurel@). At the same time, TFE could because DTAC (§), SB12 (G, and Tx100, cationic,
strengthen the intermolecular hydrogen bonds betys@em amphipathic and nonionic detergents, respectively, have no
molecules in the fibrils and stabilize the extended fibrilg) effects on the extension reaction (Figure 8). On the other
We also reported that in the presence of low concentrationshand, at a high concentration, SDS is known to form micelles
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and attack various kinds of native proteins causing them to 2. Charra, B., Calemard, E., Uzan, M., Terrat, J. C., Vanel, T., and

unfold 37). As shown in Figures 5 and 7, SDS at concentra-
tions higher than CMC causes th2-m molecules to unfold

to the a-helix-rich, nonamyloidogenic conformer, as well
as the destabilization of the fibrils.

Biological Releance of Lipids to £2M Amyloid Deposi-
tion in Vivo. Various lipid molecules and a detergent, namely,
SDS, have been reported to induce the conformational change
of various amyloid precursor proteins, as well as to initiate
the amyloid fibril formation in vitro 80—32, 38, 50—52).

For example, GM1 ganglioside-bound amylgsdprotein
(GM1/ApB), found in brains exhibiting early pathological
changes of Alzheimer’s disease including diffuse plaques,
has been suggested to be involved in the initiation of amyloid
fibril formation in vivo by acting as a seed1). Kakio et

al. reported that (1) A recognizes a GM1 “cluster” in
membranes, the formation of which is facilitated by choles-
terol and (2) an increase in membrane-bouriticAncentra-
tion triggers its conformational transition froozhelix-rich

to -sheet-rich structure$p). Pertinhez et al. reported that
SDS significantly affects fibril formation by a peptide from
human complement receptor 38j. In an agueous solution,
the peptide is unfolded but slowly aggregates to form fibrils.
In submicellar concentrations of SDS, the peptide is initially
a-helical but converts rapidly tofasheet structure and large
guantities of fibrils form. In SDS above the CMC, the peptide
adopts a stable-helical structure and no fibrils are observed.
Although A52M amyloid deposition takes place predomi-
nantly in the cartilaginous and tendinous tissugg @8),

the SDS effects described in this paper support the hypothesis

that lipid molecules (e.g., phospholipids) that affect the 11
12.

conformation and stability gf2-m and amyloid fibrils may
have significant effects on the kinetics of32M fibril
formation in vivo. This hypothesis is consistent with the
observation that hemodialysis patients have a notably higher
molar ratio of the plasma lysophosphatidylcholine/phos-
phatidylcholine and significantly higher concentrations of
plasma phosphatidylethanolamine and lysophosphatidic acid
as compared to healthy contro&s3}. Further studies on this
abnormal phospholipid metabolism seen in hemodialysis
patients may significantly contribute to the understanding
of the pathogenesis of M amyloidosis.

In conclusion, low concentrations of SDS around the CMC
not only converted natively folded2-m monomers into
partially folded, a-helix-containing conformers but also
stabilized the fibrils, resulting in the extension of;2M
amyloid fibrils at neutral pH. These findings demonstrate
the sensitivity of A2M fibril formation to solution condi-
tions and suggest a possible role for lipid molecules in the
development of £2M amyloidosis. A challenging subject
for future study is to elucidate the culprit lipid molecules
that induce partial unfolding g#2-m and subsequent amyloid
fibril formation both in vitro and in vivo.

ACKNOWLEDGMENT

The authors thank Dr. T. Konno, University of Fukui, for
CD spectrum analysis. The authors also thank H. Okada, H.
Kurooka, and N. Takimoto for excellent technical assistance.

REFERENCES

1. Koch, K. M. (1992) Dialysis-related amyloidosksidney Int. 41
1416-1429.

3.

Laurent, G. (1985) Carpal tunnel syndrome, shoulder pain and
amyloid deposits in long-term haemodialysis patieRtsc. Eur.
Dial. Transplant. Assoc. 21291—295.

Gejyo, F., and Arakawa, M. (1990) Dialysis amyloidosis: current
disease concepts and new perspectives for its treat@entrib.
Nephrol. 78 47—60.

4. Gejyo, F., Yamada, T., Odani, S., Nakagawa, Y., Arakawa, M.,

5

Kunitomo, T., Kataoka, H., Suzuki, M., Hirasawa, Y., Shirahama,
T., Cohen, A. S., and Schmid, K. (1985) A new form of amyloid
protein associated with chronic hemodialysis was identified as
B2-microglobulin, Biochem. Biophys. Res. Commun. 1201—
706.

. Gorevic, P. D., Munoz, P. C., Casey, T. T., DiRaimondo, C. R.,

Stone, W. J., Prelli, F. C., Rodrigues, M. M., Poulik, M. D., and
Frangione, B. (1986) Polymerization of intgé-microglobulin

in tissue causes amyloidosis in patients on chronic hemodialysis,
Proc. Natl. Acad. Sci. U.S.A. 83908-7912.

. Campistol, J. M., S6leM., Bombi, J. A., Rodriguez, R., Mirapeix,

E., Mufoz-Gomez, J., and Revert, O. W. (1992) In vitro
spontaneous synthesis @h-microglobulin amyloid fibrils in
peripheral blood mononuclear cell cultusem. J. Pathol. 141
241-247.

. Campistol, J. M., Bernard, D., Papastoitsis, G., Sdle Kasirsky,

J., and Skinner, M. (1996) Polymerization of normal and
intact 3.-microglobulin as the amyloidogenic protein in dialysis-
amyloidosis Kidney Int. 50 1262-1267.

. Gejyo, F., Homma, N., Suzuki, Y., and Arakawa, M. (1986) Serum

levels of 3,-microglobulin as a new form of amyloid protein in
patients undergoing long-term hemodialydisEngl. J. Med. 314
585—-586.

. Chanard, J., Bindi, P., Lavaud, S., Toupance, O., Maheut, H., and

Lacour, F. (1989) Carpal tunnel syndrome and type of dialysis
membraneBr. Med. J. 298 867—868.

10. van Ypersele de Strihou, C., Jadoul, M., Malghem, J., Maldague,

13.

14.

15.

16.

17.

18.

19

20.

21.

22.

B., Jamart, J., and the Working Party on Dialysis Amyloidosis
(1991) Effect of dialysis membrane and patient’s age on signs of
dialysis-related amyloidosiKidney Int. 39 1012-1019.

Davison, A. M. (1995p,-Microglobulin and amyloidosis: who

is at risk?Nephrol. Dial. Transplant. 1@Suppl. 10), 48-51.

Naiki, H., Higuchi, K., Nakakuki, K., and Takeda, T. (1991)
Kinetic analysis of amyloid fibril polymerization in vitrd,ab.
Invest. 65 104-110.

Jarrett, J. T., and Lansbury, P. T., Jr. (1993) Seeding “one-
dimensional crystallization” of amyloid: a pathogenic mechanism
in Alzheimer’s disease and scrapi€ell 73 1055-1058.

Naiki, H., and Nakakuki, K. (1996) First-order kinetic model of
Alzheimer’s 8-amyloid fibril extension in vitroLab. Invest. 74
374-383.

Naiki, H., Gejyo, F., and Nakakuki, K. (1997) Concentration-
dependent inhibitory effects of apolipoprotein E on Alzheimer's
B-amyloid fibril formation in vitro,Biochemistry 366243-6250.
Naiki, H., Hashimoto, N., Suzuki, S., Kimura, H., Nakakuki, K.,
and Gejyo, F. (1997) Establishment of a kinetic model of dialysis-
related amyloid fibril extension in vitroAmyloid 4 223-232.

Kad, N. M., Thomson, N. H., Smith, D. P., Smith, D. A., and
Radford, S. E. (2001j,-Microglobulin and its deamidated variant,
N17D form amyloid fibrils with a range of morphologies in vitro,

J. Mol. Biol. 313 559-571.

Yamaguchi, |., Hasegawa, K., Takahashi, N., Gejyo, F., and Naiki,
H. (2001) Apolipoprotein E inhibits the depolymerization/#-
microglobulin-related amyloid fibrils at a neutral pBiochemistry

40, 8499-8507.

. Yamamoto, S., Yamaguchi, |., Hasegawa, K., Tsutsumi, S., Goto,

Y., Gejyo, F., and Naiki, H. (2004) Glycosaminoglycans enhance
the trifluoroethanol-induced extension/i#microglobulin-related
amyloid fibrils at a neutral pHJ. Am. Soc. Nephrol. 13.26—
133.

Kelly, J. W. (1996) Alternative conformations of amyloidogenic
proteins govern their behaviogurr. Opin. Struct. Bial 6, 11—

17.

Hoshino, M., Katou, H., Hagihara, Y., Hasegawa, K., Naiki, H.,
and Goto, Y. (2002) Mapping the core of tfie-microglobulin
amyloid fibril by H/D exchangeNat. Struct. Bial 9, 332-336.
Ohishi, H., Skinner, M., Sato-Araki, N., Okuyama, T., Gejyo, F.,
Kimura, A., Cohen, A. S., and Schmid, K. (1990) Glycosamino-
glycans of the hemodialysis-associated carpal synovial amyloid
and of amyloid-rich tissues and fibrils of heart, liver, and spleen,
Clin. Chem. 3688—91.



11082 Biochemistry, Vol. 43, No. 34, 2004

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Ohashi, K., Hara, M., Yanagishita, M., Kawai, R., Tachibana, S.,
and Ogura, Y. (1995) Proteoglycans in haemodialysis-related
amyloidosis,Virchows Arch. 42749-59.

Yamada, T., Kakihara, T., Gejyo, F., and Okada, M. (1994) A
monoclonal antibody recognizing apolipoprotein E peptides in
systemic amyloid deposit&nn. Clin. Lab. Sci. 24243-249.
Garca-Garca, M., Garta-Valero, J., Mourad, G., and Argde

A. (1994) Protein constituents of amyloid deposits in beta
2-microglobulin amyloidosisRev. Rhum. [Engl. Ed.] 6XSuppl.

9), 7—11.

Campistol, J. M., Shirahama, T., Abraham, C. R., Rodgers, O.
G., Sole M., Cohen, A. S., and Skinner, M. (1992) Demonstration
of plasma proteinase inhibitors if.-microglobulin amyloid
depositsKidney Int. 42 915-923.

Ohashi, K., Hara, M., Kawai, R., Ogura, Y., Honda, K., Nihei,
H., and Mimura, N. (1992) Cervical discs are most susceptible to
beta-microglobulin amyloid deposition in the vertebral column,
Kidney Int. 41 1646-1652.

Garbar, C., Jadoul, M., Nbé., and van Ypersele de Strihou, C.
(1999) Histological characteristics of sternoclavicyf@rmicro-
globulin amyloidosis and clues for its histogenesiginey Int.

55, 1983-1990.

Yamaguchi, I., Suda, H., Tsuzuike, N., Seto, K., Seki, M.,
Yamaguchi, Y., Hasegawa, K., Takahashi N., Yamamoto, S.,
Gejyo, F., and Naiki, H. (2003) Glycosaminoglycan and proteo-
glycan inhibit the depolymerization @h-microglobulin amyloid
fibrils in vitro, Kidney Int. 64 1080-1088.

Andreola, A., Bellotti, V., Giorgetti, S., Mangione, P., Obici,
L., Stoppini, M., Torres, J., Monzani, E., Merlini, G., and Sunde,
M. (2003) Conformational switching and fibrillogenesis in the
amyloidogenic fragment of apolipoprotein Adl,Biol. Chem. 278
2444-2451.

Morillas, M., Swietnicki, W., Gambetti, P., and Surewicz, W. K.
(1999) Membrane environment alters the conformational structure
of the recombinant human prion proteid, Biol. Chem. 274
36859-36865.

Ji, S., Wu, Y., and Sui, S. (2002) Cholesterol is an important factor
affecting the membrane insertion gfamyloid peptide (41—

40), which may potentially inhibit the fibril formation]. Biol.
Chem. 2776273-6279.

Reynolds, J. A., and Tanford, C. (1970) The gross conformation
of protein-sodium dodecyl sulfate complexésBiol. Chem. 245
5161-5165.

Jirgensons, B. (1967) Effect ofpropyl alcohol and detergents
on the optical rotatory dispersion afchymotrypsinogenj-casein,
histone fraction F1, and soybean trypsin inhibithrBiol. Chem.
242 912-918.

Mattice, W. L., Riser, J. M., and Clark, D. S. (1976) Conforma-
tional properties of the complexes formed by proteins and sodium
dodecyl sulfateBiochemistry 154264-4272.

Yonath, A., Podjarny, A., Honig, B., Sielecki, A., and Traub, W.
(1977) Crystallographic studies of protein denaturation and
renaturation. 2. Sodium dodecyl sulfate induced structural changes
in triclinic lysozyme,Biochemistry 161418-1424.

Hagihara, Y., Hong, D., Hoshino, M., Enjyoji, K., Kato, H., and
Goto, Y. (2002) Aggregation ofi,-glycoprotein | induced by
sodium lauryl sulfate and lysophospholipiddiochemistry 41
1020-1026.

Pertinhez, T. A., Bouchard, M., Smith, R. A. G., Dobson, C. M.,
and Smith, L. J. (2002) Stimulation and inhibition of fibril

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

Yamamoto et al.

formation by a peptide in the presence of different concentrations
of SDS,FEBS lett. 529193-197.

Ohhashi, Y., Hagihara, Y., Kozhukh, G., Hoshino, M., Hasegawa,
K., Yamaguchi, ., Naiki, H., and Goto, Y. (2002) The intrachain
disulfide bond of S>-microglobulin is not essential for the
immunoglobulin fold at neutral pH, but is essential for amyloid
fibril formation at acidic pH,J. Biochem. 13145-52.

Yamaguchi, I., Hasegawa, K., Naiki, H., Mitsu, T., Matuo, Y.,
and Gejyo, F. (2001) Extension of @M amyloid fibrils with
recombinant humagi2-microglobulin, Amyloid: J. Protein Fold-

ing Disord. 8§ 30—40.

Ortner, M. J., Sik, R. H., Chignell, C. F., and Sokoloski, E. A.
(1979) A nuclear magnetic resonance study of compound 48/80,
Mol. Pharmacol. 15179-188.

Sreerama, N., and Woody, R. W. (2000) Estimation of protein
secondary structure from circular dichroism spectra: comparison
of CONTIN, SELCON, and CDSSTR methods with an expanded
reference setAnal. Biochem. 287252—260.

Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K.,
Gartner, F. H., Provenzano, M. D., Fujimoto, E. K., Goeke, N.
M., Olson, B. J., and Klenk, D. C. (1985) Measurement of protein
using bicinchoninic acidAnal. Biochem. 15076—85.

Helenius, A., McCaslin, D. R., Fries, E., and Tanford, C. (1979)
Properties of detergentdjethods Enzymol. 5434—749.
Bjorkman, P. J., Saper, M. A., Samraoui, B., Bennett, W. S.,
Strominger, J. L., and Wiley, D. C. (1987) Structure of the human
class | histocompatibility antigen, HLA-A2\ature 329 506—
512.

Buck, M. (1998) Trifluoroethanol and colleagues: cosolvents come
of age. Recent studies with peptides and prot€nhsie. Biophy.

31, 297-355.

Shiraki, K., Nishikawa, K., and Goto, Y. (1995) Trifluoroethanol-
induced stabilization of the-helical structure of-lactoglobulin:
implication for nonhierarchical protein folding, Mol. Biol. 245
180—-194.

Hamada, D., Chiti, F., Guijarro, J. |., Kataoka, M., Taddei, N.,
and Dobson, C. M. (2000) Evidence concerning rate-limiting steps
in protein folding from the effects of trifluoroethandat. Struct.
Biol. 7, 58—61.

Ohnishi, S., Koide, A., and Koide, S. (2000) Solution conformation
and amyloid-like fibril formation of a polar peptide derived from

a (-hairpin in the OspA single-layes-sheet,J. Mol. Biol. 301
477—489.

Shao, H., Jao, S., Ma, K., and Zagorski, M. G. (1999) Solution
structures of micelle-bound amyloid-(1—40) and -(1—-42)
peptides of Alzheimer's diseasé, Mol. Biol. 285 755-773.
Yanagisawa, K., Odaka, A., Suzuki, N., and Ihara, Y. (1995) GM1
ganglioside-bound amyloig@i-protein (A5): a possible form of
preamyloid in Alzheimer’'s diseasblat. Med. 1 1062-1066.
Kakio, A., Nishimoto, S., Yanagisawa, K., Kozutsumi, Y., and
Matsuzaki, K. (2001) Cholesterol-dependent formation of GM1
ganglioside-bound amyloi@-protein, an endogenous seed for
Alzheimer amyloid,J. Biol. Chem. 27624985-24990.

Sasagawa, T., Suzuki, K., Shiota, T., Kondo, T., and Okita, M.
(1998) The significance of plasma lysophospholipids in patients
with renal failure on hemodialysisl. Nutr. Sci. Vitaminol. 44
809-818.

BI1049262U



