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ABSTRACT. Dialysis-related amyloidosis (DRA) involves the aggregatiosmicroglobulin (3;m) into

amyloid fibrils. Using Congo red and thioflavin-T binding, electron microscopy, and X-ray fiber diffraction,

we have determined conditions under which recombinant monorfgricspontaneously associates to

form fibrils in vitro. Fibrillogenesis is critically dependent on the pH and the ionic strength of the solution,
with low pH and high ionic strength favoring fibril formation. The morphology of the fibrils formed
varies with the growth conditions. At pH 4 in 0.4 M NaCl the fibrils ar&0 nm wide, relatively short
(50—200 nm), and curvilinear. By contrast, at pH 1.6 the fibrils formed have the same width and
morphology as those formed at pH 4 but extend to more than 600 nm in length. The dependence of fibril
growth on ionic strength has allowed the conformational properties of monogeni¢to be determined

under conditions where fibril growth is impaired. Circular dichroism studies show that titration of one or
more residues with alfy of 4.7 destabilizes nativ8,m and generates a partially unfolded species. On
average, these molecules retain significant secondary structure and have residual, non-native tertiary
structure. They also bind the hydrophobic dye 1-anilinonaphthalene-8-sulfonic acid (ANS), show line
broadening in one-dimension#i NMR spectra, and are weakly protected from hydrogen exchange.
Further acidification destabilizes this species, generating a second, more highly denatured state that is
less fibrillogenic. These data are consistent with a modeps$or fibrillogenesis in vitro involving the
association of partially unfolded molecules into ordered fibrillar assemblies.

A number of proteins have been shown to aggregate into common and serious complication of long-term hemodialysis,

amyloid fibrils in vivo, leading to a pathological disorder
known as amyloidosislj. This term is generically applied

with deposits of,m amyloid developing in joints within
18 months of the commencement of dialyst. (Serious

to diseases that involve the conversion of normally soluble complications develop in more than 90% of patients under-
proteins or peptides into insoluble fibrillar arrays, although going dialysis for a period of 10 or more yeaf.(Clinical

the clinical manifestations of each disease are specific to thesymptoms of the disease include carpal tunnel syndrome,
identity of the aggregating protein. One such disorder, known destructive arthropathy, and pathological bone fractures.
as dialysis-related amyloidosis (DRA), involves the aggrega-

tion of full-length, wild-type, huma,-microglobulin {3;m)
into amyloid fibrils €, 3). As its name implies, DRA arises
in patients with chronic renal failure and results in the
deposition off3,m amyloid fibrils systemically 4), most

B2mis the light chain of the type | major histocompatibility
complex. The protein is small (99 residues in length) and
nonpolymorphic, and its 7-strand@esandwich structure is
typical of proteins in the immunoglobulin superfamily
(Figure 1). The twgs-sheets are linked by a single disulfide

typically in the musculo-skeletal system. The disease is apgng (7). In vivo, Bm is continuously shed from the surface
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of cells displaying MHC class | molecules. It is then carried
in the plasma to the kidneys, where it is degraded and
excreted. As a consequence of renal failure,Afra levels
accumulate in the plasma [its concentration increases 25
35-fold 8)]. Together with a possible multitude of other
factors, including the age of the patient and the duration of
dialysis, pathogenic amyloid fibrils are formed, (9).
Analyses ofs.m fibrils extracted ex vivo have identified full-
length, as well as truncated, versions of the wild-type protein
(2—4, 10, p.m modified with advanced-glycation end
products, glycosaminoglycangl), and auxiliary proteins
such as apoE and serum amyloid P compong&at-(4). In
addition, amyloid deposits have been observed in patients
prior to the initiation of dialysis, suggesting that the process
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Ficure 1: Primary and tertiary structural featuresfm. (a) Ribbon diagram of the X-ray crystal structure of hurigm (7). The positions

of the 5-strands are taken from NMR measurements of the isolated monomeric protein in salfjiorhe twofS-sheets of thig-sandwich

protein are colored blue and purple. The intersheet disulfide bond connecting residues 25 and 80 is shown in yellow. Residues involved in

salt bridges in nativgs,m that we speculate may be involved in the acid denaturation of the native protein are shown as space-filling

representations. Acidic residues are shaded red, arginine residues are colored green, and His84 is shown in blue. (b) The amino acid

sequence of humafibm. The severB-strands which make up th&sandwich fold and the residues hypothesized to be important in pH-
induced conformational changes shown in panel (a) are highlighted.

of dialysis itself is not a primary factor in the disead®)( relative to partially unfolded forms favor fibrillogenesis in

Although the sequence and structure of proteins that arevitro. By contrast, for gelsolin, fibrillogenesis has been
involved in amyloid diseases are unrelated, amyloid fibrils proposed to involve the self-assembly of more highly
share a common structure involving the ordering-atrands denatured conformer$§).

perpendicular to the fiber long axis into an array commonly . he first identificati .
known as a crosg-structure {6). Fibrils are typically~10 Since the first identification 9f;m in DRA 15 years ago

nm in diameter, long, and unbranching and are formed from (4), & wealth of information has been amassed regarding the
simpler units known as protofilaments and filaments that formation of3om fibrils in vivo (2, 10, 12-14). Alongside
intertwine to form the rope-like structure typical of amyloid this, studies ofsm fibrillogenesis in vitro have shown that
fibrils (17—20). As well as having a distinct X-ray fiber ~amyloid fibrils can be generated from monomefigm
diffraction pattern, amyloid fibrils are identified by their purified from human sourced (, 37, 38. These involved
unique ability to bind the dye Congo red, producing a the dilution of3.m from phosphate-buffered saline (pH 7.4)
characteristic shift in its absorbance spectrum and a greeninto distilled water, followed by its reconcentratiodi7j. In
birefringence when viewed through cross-polarizéts 22. an extension of these studies, Ono and Uchino (1994)
In addition, fibrils also bind the dye thioflavin T (thio-T),  suggested that SAP may play a crucial role in the formation
resulting in a characteristic fluorescence emission at 480 nMof the amyloid-like fibrils of3.m. Finally, Naiki et al. (1997)
(23, 29. _ _ . . demonstrated that ex vivo fibrils gl.m can be elongated

Understanding the mechanism of fibrillogenesis is funda- using monomeric protein under acidic conditions. Despite
mentally important, not only for insight into protein structure ,oe stydies, relatively little is known about the mechanism
and_dynamlcs_ bu_t also for de_velopmg inhibition strategies of f,m amyloidosis at a molecular level. Here we present a
against amyloid diseases. Delineating how normally soluble, . dy of the conditions favoriign fibrillogen-
native proteins transform into the ordered array-atrands sy.ste.majuc study o - gn gen-

esis in vitro and relate these findings to the conformational

typical of amyloid is a crucial first step toward this goal. ’ fih . tein. We show that
For intact proteins that form amyloid, current views suggest Properties of the monomeric precursor protein. Yve snow tha

that unfolding the native protein to form partially unfolded fiPrils of fom can be formed in vitro by incubation of
species or more highly denatured states could be a key steg€combinant, full-length, wild-type protein at low pH and
in the early stages of the polymerization process. Studies ofhigh ionic strength. Under these conditions, partial unfolding
lysozyme 25), transthyretin (TTR)Z6, 27, immunoglobulin ~ of the fom is favored. The data show thatm conforms
light chains 28—30), prions @1—33), and proteins not  with models for amyloid formation based on studies of other
involved in amyloid disease3@#, 35 have shown that proteins @5, 26, 28-30, 32-35) in that partial unfolding of
conditions or mutations that destabilize the native protein the native protein precedes amyloidosis.



Amyloidogenic Properties gf,-Microglobulin
MATERIALS AND METHODS

Materials. Ampicillin, Q-Sepharose, and all other AnalaR

reagents were purchased from Sigma Chemical Co. Butyl-
Sepharose and Superdex 75 were purchased from Pharmad%rotein.

Carbenicillin was purchased from Melford Chemicals.
pm Overexpression and PurificationTwo different
expression systems were used to produce huiBmn.
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formed at lower pH values were stable at pH 8.5 over the
time-course of the measurements. The fluorescence of the
thio-T alone was also measured at each pH, and the value
was subtracted from that value found in the presence of
In experiments to measure the initial rate of
fibrillogenesisB.m (0.59 mg/mL) was prepared as described
above, thio-T (final concentration, 10 mM) was added, and
fibrillogenesis was measured continuously by fluorescence

Material isolated USing each system behaved identica”y in at 480 nm. Control experiments in which a“quots of the

all of the experiments carried out. In the first systgtsm
was overexpressed as a soluble proteirPichia pastoris
by placing cDNA encoding full-length humas,m under
the control of the methanol-inducible alcohol oxidase
promoter. Following induction with methanol, tfflem was

reaction mixture were removed and added to a thio-T-
containing assay buffer at different times after the initiation
of fibril growth showed that the dye had no effect on the
growth rates. No lag phase was observed at the protein
concentrations used. The initial rate of fibril growth was

secreted into a basal salt medium in fermenters at areproducible over several replicates.

concentration of 1 g/L. The secreted protein was purified

by hydrophobic interaction chromatography on a butyl-

Electron MicroscopyColloidon-coated copper EM grids
were placed coated-side-down for 30 s onto sample drops

Sepharose column equilibrated with 10 mM sodium phos- ¢containing the preforme@.m fibrils. The grids were then

phate buffer ad 2 M (NH,),SO,, pH 7.0. The column was

retrieved, excess solvent was removed by blotting with filter

washed with 10 column volumes of equilibration buﬁer, and paper, and the Samp'e was stained with 4% (W/V) urany|
protein was then eluted with 10 mM sodium phosphate buffer acetate for 30 s. Grids were then blotted again and air-dried

and 50% (v/v) ethylene glycol, pH 7.¢8.m-containing

before analysis. All images were taken using a Philips CM10

fractions were pOOIEd and further pUriﬁEd ona SuperdeX 75 electron microscope Operating at 100 keV.

column equilibrated with 0.5 M NHHCO:.
B=m was also produced by overexpressioiircoli using
the plasmid pHN%* (39, 40. TG1-competent cells were

Fiber Diffraction. 8.m fibrils were grown for 2 weeks by
incubation of 5 mg/mL protein at pH 1.6 and 3T at an
ionic strength of 400 mM. Under these conditions, the fibrils

transformed by the plasmid and grown on Luria broth in the form a viscous gel. The samples were centrifuged at 18000

presence of carbenicillin (2503/mL). Cultures were grown
at 37°C for 18 h without induction of protein expression
and were harvested by centrifugation. Overexpregset

for 10 min, resulting in the sedimentation of a noticeably
more viscous layer to the base of the Eppendorf tube. This
layer was mixed with an equal volume of 20 mM HCI and

was sequestered in the cells as inclusion bodies. These wergentrifuged at 10 0a9for another 10 min. The viscous layer

isolated using standard proceduré$)( The inclusion bodies
were washed five times with 10 mM Tris-HCI, pH 8.0, and
resuspended in 10 mM Tris-HCI, pH 8.0, containing 8 M
urea fo 1 h at 4°C. Insoluble material was removed by
centrifugation, and the solubilizeébm was then refolded
by dialysis into 10 mM Tris-HCI, pH 7.0, at 4C. 5,m was
then purified essentially as previously reportéd)( Material
produced inP. pastorisand E. coli was stored as a

sedimented by this procedure was used for further preparation
of samples for diffraction studies. Fibrils grown in 20 mM
sodium acetate buffer at pH 3.6 in the absence of NaCl were
centrifuged at 13 0@for 10 min and then were resuspended
in a minimum of growth solution. Droplets of the two
different fibril-containing solutions were suspended between
the ends of two wax-filled glass capillaries and were allowed
to air-dry, yielding clumps of partially aligned fibrils. X-ray

lyophilized powder. The protein was shown to be authentic fiber diffraction patterns were collected at the Department
B2m by mass spectrometry; the two systems produced proteinof Biochemistry, University of Cambridge, using a Rigaku

that differs only in the presence of an additional methionine Cu Ka rotating-anode source (wavelength, 1.5418 A) and
at the N-terminus of the material produced in bacteria. an R-AXIS IV image-plate X-ray detector.

Thioflayin-T Binding StudiesA final f,m concentration Congo Red BirefringenceDrops of fibril-containing
between 0.5 and 1.0 mg/mL was used in all measurementssolutions were air-dried on gelatin-coated slides. Fibrils
A composite buffer was used throughout. In experiments over produced in vitro by a 10-residue peptide with the sequence
the range pH 5.61.6, a buffer consisting of 50 mM sodium  of the A-strand of TTR and known to form amyloid fibrils
acetate and 50 mM glycine was used. For experiments(43) were used as a positive control. The procedure for
performed at higher pH values, the glycine was replaced with Congo red staining of the samples was adapted from that
50 mM sodium phosphate. In all cases, NaCl was added togiven in ref22. The slides were incubated for 15 min in
each buffer mixture to adjust the ionic strength to a fixed 80% (v/v) ethanol containing 4% (w/v) NaCl and 0.01% (w/
value of 400 mM at each pH. In these experiments, a stockv) NaOH and then were allowed to air-dry. This was

solution of nativef,m was prepared from the lyophilized
protein. This solution was then passed through a@nZilter

followed by incubation for 15 min in 80% (v/v) ethanol
containing 2% (w/v) Congo red, 4% (w/v) NaCl, and 0.01%

and diluted to the desired final conditions. The protein was (w/v) NaOH. The slides were then washed in 100% ethanol

incubated at 37C for 72 h without stirring, after which time

3 times and were allowed to dry before being examined

10uL aliquots were removed, added to a thio-T solution between cross-polarizers on a Leica MZ6 stereo-zoom
(10 uM final concentration) at pH 8.5, and buffered using microscope.

50 mM Tris-HCI. Thio-T binding was measured by averaging  Circular Dichroism (CD) CD experiments were per-
the emission signal over 20 s using a PTI Quantamaster C-61formed on a Jasco J715 CD spectropolarimeter. For mea-
spectrofluorimeter set at 444 nm (excitation) and 480 nm surements in the far-UV (196260 nm), the CD signal was
(emission). Control experiments showed that the fibrils recorded in a 1-mm path-length cell using a protein
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concentration of 0.4 mg/mL. For measurement in the near- samples contained 4 mg/mB,m dissolved in RO. The
UV region (256-350 nm), CD spectra were recorded using sample did not contain additional buffer salts (to inhibit
the same protein concentration and a 1-cm path-lengthprotein polymerization) and was brought to the desired pH
cuvette. pH titration ofs,m was carried out by monitoring by the addition of small amounts of DCI or NaOt NMR
the CD signal of the protein at 220 nm as a function of pH. spectra were acquired using a 40-Hz presaturation field
For this and other experiments involving titration with acid during the 1.5-s recycle delay to suppress the residual water
using optical methods, a composite buffer containing 25 mM signal. The spectral width was 7500 Hz, and 1024 scans were
sodium phosphate and 25 mM sodium acetate was usedaveraged. For hydrogen-exchange experiments, lyophilized
Together, these provide buffering capacity over a wide pH 5.m was dissolved in BED at the appropriate pH, and one-
range [phosphate has twdys of relevance (2.15, 7.20) dimensionalH NMR spectra were acquired at 26 using
and acetate has one (4.76)]. After acidification, protein a spectral width of 8000 Hz and a recycle delay of 1.5 s;
samples were incubated at the required temperature for 301024 scans were averaged for spectra acquired at pH 7.0,
min and the CD signal was then measured. Measurementsand 256 scans were taken for spectra obtained at pH 4.0.
at 220 nm were recorded for 1 min with a 1-nm bandwidth The first spectrum was taken 10 min after the addition of
and interval and response times of 1 and 8 s. The data forD,0O, and each spectrum took either 35 (at pH 7.0) or 9 min
each pH were subsequently averaged. (at pH 4.0) to acquire. All data were processed using FELIX
Assuming that the transitions are fully reversible and that 2.3 (Biosym Technologies, San Diego). The number of
one or more residues with a similakpare involved in each  protected sites remaining at each time was determined by

of two transitions, integration of the amide and aromatic regions of the one-
dimensionalH NMR spectrum, followed by normalization
X+ mH" < XH,"+nH" < XH, . to the intensity of the upfield-shifted methyl resonances
] between—0.4 and—0.6 ppm [which contains the Leu23
the data were fitted to: C%Hs and lle35 CH; resonances4f)]. The contribution
e Tm from the nonexchanging hydrogens that resonate downfield
D220 — LT A+ R HTT 4 15KK, 1) of the water signal was then subtracted. The rate of hydrogen

exchange predicted for an unstructured polypeptide of the
sequence of humasym at pH 4.0 and 18C was calculated
wherely, |5, andl; are the CD signals of acid-denatured, using the parameters determined in 46f
partially unfolded, and nativg.m, respectivelyK; is the
equilibrium constant between X and XK and K, is the RESULTS
equilibrium constant between XH and XH".. [H1] is B=m Fibrillogenesis in Vitro The amyloidogenicity of
the concentration of hydrogen ions) is the number of purified f2m (0.95 mg/mL) was first evaluated as a function
hydrogen ions bound in the first transition, ands the of pH over the range 7:01.6 (total ionic strength of 400
number of hydrogen ions bound in the second transition. In mM). The samples were incubated for 72 h at°87at the
the fit to the experimental data in Figure $aandn were required pH, without stirring, as described in the Materials
free-floated and were determined to be 1.45 and 0.67, and Methods section, and the presence of fibrils was detected
respectively. A similar analysis to this has been used by a number of methods including thio-T fluorescence,
previously @4). Congo red binding, turbidity (at 350 nm), and EM. The

ANS Binding The fluorescence emission spectra of results, using thio-T as a specific probe for amyloid forma-
1-anilinonaphthalene-8-sulfonic acid (ANS) with and without tion, are shown in Figure 2a. Interestingly, at pH 5.0 and
the protein were recorded on a Photon Technology Interna-above, no fibrils were detected by any method. Below pH
tional Quantamaster C-61 spectrofluorimeter at 5. 5.0, however, amyloid fibrils were formed over a wide pH
Protein samples (0.01 mg/mL) in composite buffer were range. The extent of fibrillogenesis was similar over the range
diluted 10-fold into the same buffer containing ANS (final pH ~ 4.0—1.5. Kinetic experiments showed that, although
concentration, 25(M) at the appropriate pH value. The the rate of fibril formation is dependent on the pH (see below
ANS fluorescence was then read immediately using an and Table 1), the fibrillogenesis was essentially complete
excitation wavelength of 389 nm, and the fluorescence within 72 h under the conditions employed. The fibrils
emission was collected between 400 and 600 nm using slitformed bind Congo red, producing the characteristic red-
widths of 5 nm. The fluorescence emission of ANS in buffer shifted absorbance spectrum of the dye typically observed
alone was then subtracted from that obtained in the presenceluring amyloid formationZ1). Attempts were also made to
of fom. The experiment was repeated at 25 andG71In detect the characteristic green birefringence of Congo red
each case, the data were qualitatively similar to those bound to the fibrils of3,m which are formed at pH 1.6 and
obtained at the lower temperature. Control experiments using4.0. Fibrils grown at pH 1.6 at an ionic strength of 0.4 M
thio-T showed that fibrils did not form during the time-course showed the green birefringence characteristic of ordered
of this experiment. The results obtained were independentamyloid fibrils. The fibrils grown at higher pH values,
of the protein concentration (0.6D.24 mg/mLj.m) and however, did not appear to give birefringence. This may have
the precise composition of buffer salts used (experiments been due to difficulties in concentrating these fibrils by
using protein dissolved in the absence of buffer salts, in 20 centrifugation, and consequently, the concentration of these
mM sodium acetate, in 20 mM sodium phosphate buffer, or fibrils may have been too low to yield sufficient oriented-
in the composite buffer were identical). dye molecules to impart birefringence.

NMR SpectroscopyH NMR spectra were recorded at 15 As well as being highly dependent on the pH of the
°C on a Varian Inova 500-MHz NMR spectrometer. The solution,3.m fibrillogenesis is also highly dependent on the

[HT™"+ KHT™ + KiK,
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Table 1: Effect of Growth Conditions on the Morphology and
Initial Rate of 5,m Fibril Formation

conditior?

rate of fibril
formatior?

fibril

thio-T

fibril

length (nm) binding morphology

pH

1.6 28.4
3.4 83
4.6 0

206-1000
>100
none

yes
yes
yes

curved
curved
aggregéate

concn

0.09 13.4
0.18 24.1
141 195.5

=100
=100
=100

yes
yes

curved
curved
curved

Relative Thio-T fluorescence

yes

0.0 {

curved
curved
curved

salt 50 20.8
100 33.4
400 83

pH temg 20

=100
>100
=100

=100
=100
>100

aConcn refers to the mg/mL concentration 8fm (when not
specified,5.,m concentration used was 0.59 mg/mL), and salt concen-
tration is expressed in mM final ionic strength (when not specified,
the ionic strength was fixed as 400 mM). Temperature i&r(when
not specified, the temperature was fixed at°Z5. ° This rate is the
initial rate of fibrillogenesis measured in arbitrary unit3.sThe values
are accurate to within 10% of the calculated vali€his aggregate
appeared to be amorphoudsThe pH used was 4.0, and the ionic
strength was 208 mM.

yes
yes
yes

curved
curved
curved

yes
yes
yes

0.8 1
0.6 1

0.4 1

Normalised Thio-T fluorescence

0.2

3.4, the fibrils formed are relatively short (ranging between
50 and 200 nm in length) and curvilinear. At the more acidic
pH values, however, the fibrils are longer; at the lowest pH
studied (pH 1.6) fibrils exceeding 600 nm in length were
(a) The pH dependence @m fibrillogenesis,3;m (0.59 mg/mi) routinely seen. Thio-T binding indicates that approximately
was incubated at the pH values shown for 72 h at°G7 after the same total amount of fibrillar material is formed at each
which time its ability to bind thio-T was measured. The data were pH below 5.0 (Figure 2a). This suggests that at pH 3.4 many

scaled by taking the thio-T fluorescence value at pH 7 as zero andghort fibrils form. whereas at pH 1.6, fewer, much longer
the value at pH 3.6 as unity and scaling all other values accordingly. fibrils develop ' - '

(b) The ionic strength dependencefai fibrillogenesisf,m (0.59 L L .
mg/mL) was incubated at pH 3.4, 3T, at the ionic strengths TheS,m fibrils formed in vitro are not so straight as those

indicated for 72 h, after which time the samples were assayed for formed from peptides4(, 48 and other amyloidogenic
extent of fibrillization using thio-T as described in the Materials proteins, which are typically straight polymers of indeter-
and Methods section. The fluorescence of thio-T was normalized \;inate length 49). Interestingly, however,8,m fibrils
by subtracting the buffer and scaling the data relative to the value . - : :
obtained at 300 mM. observed directly in the intracellular lysosome-like corpuscles
of mesenchymal cells and macrophages, as well as those
ionic strength (Table 1 and Figure 2b). At an ionic strength extracted from amyloid deposits in patients suffering from
of 8 mM (equivalent to the ionic strength of the composite DRA, are also relatively short in length<600 nm), 6-12
buffer without additional NaCl), no fibrils are observed under nm in diameter, and curvilinea#{50). In accord with this,
the conditions used. By contrast, at the same pH at an ionicX-ray fiber diffraction of thefs,m fibrils grown at pH 1.6,
strength of>50 mM, the fibril growth is rapid (Table 1) using 5 mg/mLj3.m at 37°C and 400 mM ionic strength
and complete, reaching a plateau value identical to thatfor 2 weeks, show the expected dominant reflection at 4.7
formed at higher ionic strengths after an incubation time of A on the meridian and associated equatorial reflections at 9
72 h. In addition to its sensitivity to the pH and ionic strength, and 15 A, typical of those expected for fibrils with a crgkss-
Bm fibrillogenesis is also highly dependent on the protein structure (Figure 4). &9 A reflection may arise from the
concentration. The rates increase with increasing concentraintersheet separation perpendicular to the fiber axis, while
tion (Table 1), as expected for a multimolecular association the 15 A reflection may reflect the superposition of an
event, and with temperature (Table 1). interference function which arises from the close packing
The Morphology off.m Fibrils Varies with pH The data of subfilaments or protofilamentsg1) and L. Serpell and
in Figure 2a show that fibrils g8,m form below pH 5 under M. Sunde, unpublished data]. In addition, a weak reflection
a range of solution conditions. To examine the morphology at approximately 34 A is also observed, which could
of the fibrils formed at different pHs, negative-stain EM correspond to the protofilament diameter (not shown).
images of the fibrils grown from solutions gém incubated Although cross-sectional analysis of thgm fibrils has not
in 0.4 M NaCl at 37°C for 3 days over a range of pH values been carried out, all other amyloid fibrils examined in this
were analyzed. Typical images are shown in Figure 3. In all way have been shown to consist of three to six subfilaments,
cases, the fibrils formed are6—10 nm in diameter, similar ~ which then associate to form the long, unbranched amyloid
to the width of the fibrils formed from other amyloidogenic fibrils observed by EM%2). The data thus confirm that fibrils
proteins 43). No fibrils were observed above pH 4.6 (Table formed from monomeric recombinaf;m are, indeed,
1), in agreement with the results shown in Figure 2a. At pH amyloid.

0 100 200 300
NaCl concentration (mM})
Ficure 2: Fiber growth ofs,m measured by thio-T fluorescence.
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pH 1.6

pH 3.4

Ficure 3: Negatively stained EM images @fm fibrils formed at
pH 3.4 and 1.6. Fibrils were formed by incubatifigm (0.59 mg/
mL) at different pH values at 37C as described in the Materials
and Methods section. The scale bar represents 100 nm.

McParland et al.

Ficure 4: X-ray fiber diffraction pattern of,m fibrils formed in
vitro. The image shows major reflections at 4.7 A on the meridian
and equatorial reflections centered at 9.0 and 15.1 A. The intense
outer rings reflect the presence of residual salt in the sample.

Acid Unfolding of fm. The experiments described in
Figure 2 have established tham fibrils do not form under
conditions of low ionic strength, whereas in the presence of
NacCl, fibrils form readily. These observations allow exami-
nation of the acid-denaturation process of fhen in the
absence of protein assembly. The far- and near-UV CD
spectra of thgg,m at pH 7.0, 4.0, and 1.2 are shown in Figure
5a,b, respectively. The far-UV CD spectrum of natisen
obtained at pH 7.0 is very weak in intensity, as often
observed forp-sheet proteins 53). Nevertheless, clear
negative and positive bands are observed at 218~&@D
nm, respectively, consistent with the known flsheet
structure of the native protei@), The near-UV CD spectrum
of recombinan{m shows positive peaks around 270 and
290 nm, indicating at least some of its aromatic residues are
in fixed conformations in the native state. Acidification of
the solution to pH 1.2 results in more extensive denaturation
of the 3,m, as judged by the large negative peak in the far-
UV CD around 200 nm and the lack of a significant signal
in the near-UV CD (Figure 5a,b). By contrast, at pH 4.0,
them is only partially denatured. The far-UV CD spectrum
of this species has a large negative band centered on 218
nm, suggesting that significafitsheet secondary structure
persists at this pH. The increase in negative intensity24t8
nm relative to that of the native protein could reflect an
attenuation in the contribution of aromatic residues to the
far-UV CD spectrum of the protein at these wavelengths. In
agreement with this, the tertiary structure of thgn is
significantly perturbed at this pH, as reflected by a loss of
near-UV CD, particularly at 275 nm. The near-UV CD
spectrum of the species formed at pH 4.0 cannot be described
by the summation of the spectra of the native protein and
the acid-denatured state formed at pH 1.2, suggesting that a
species with a distinct conformation is populated around pH
4.0.

To investigate further the conformation of tAgm at low
pH, ANS was used to probe the nature of the acid-
denaturation transition. This dye binds to regions of exposed
hydrophobic surface area in a manner which is characteristic
of the formation of partially unfolded speci€s4j. Figure 6
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Ficure 6: ANS binding to acid-denaturggbm. Monomeric/3,m

at the pH values shown was mixed with ANS and the fluorescence
emission spectrum of the fluorescent dye monitored (see Materials
and Methods). Theén. of the dye and the fluorescence emission
intensity at 389 nm are shown.

[-sheet secondary structure (not shown). By contrast, at pH
3.4, the spectrum gf,m is more typical of that of a partially
unfolded state. The chemical shift dispersion is reduced
markedly, and the upfield-shifted methyl resonances char-
acteristic of the native state are no longer resolved. In
addition, resonances are broadened, presumably reflecting

[6] (deg.cm™.dmol™) (x 107) =

260 280 300 320 340 interconversion of molecules in intermediate exchange on
the NMR time scale. Sedimentation velocity experiments
Wavelength (nm) . . .
showed that samples of th&zm prepared in an identical

FIGURES% Far-(ar)ld near-Uv CDﬁSpec(tra of di;fere)nt cohnfofrmational manner to those used for NMR are more than 95% mono-
states offm: () CD spectra ofm (0.2 mg/mL) in the far-UV' meric, with anM, of 11 970 (expecte, = 11 860), ruling
gtn%l_(|b)7.%D(ﬁﬁgzcériﬁlcgzynz)lgoﬁom(%/&la) é?rérg,naeﬁé'gx Tzl'(ﬁled out intgrmolecular associat!op as the reason for the increased
triangle). line widths observed at acidic pH (V. J. McParland, N. M.
Kad, S. E. Radford, A. Baron, G. Howlett, and C. Rieger,
shows the changes in the ANS fluorescence intensity andunpublished results). In agreement with this, no visible
its Amax in the presence gf.m at different pH values. The  aggregation occurred during data acquisition, nor were fibrils
data show that the ANS does not bind to fhen above pH detected by thio-T binding during or after the NMR experi-
5.5. By contrast, a pronounced increase in the intensity of ment.
the ANS fluorescence, as well as a blue shift inlits, are The one-dimensiondH NMR spectra ofs.m denatured
observed at the amyloidogenic pH values between 1.0 andat pH 1.2 and in 7 M urea are also shown in Figure 7. At
5.0. These findings, together with the CD data described pH 1.2, the spectrum resembles closely that obtained at pH
above, suggest that at least two distinct species are populate®.4. Nevertheless, several resonances have shifts distinct from
during acid denaturation of tilm. The first, formed around  those of the fully unfolded protein obtained v M urea,
pH 4.0, retains significant secondary structure and residualand the peaks are broad relative to those in the spectrum of
non-native packing of aromatic side chains and binds the the chemically denatured protein. This suggests that residual
ANS. The second, formed at lower pH, is more highly structure persists in acid-denatuygan, which is consistent
denatured. This species retains little or no secondary structurewith the ability of this species to bind ANS (Figure 6).
and lacks fixed tertiary interactions, but it is collapsed, at To examine whether stable hydrogen bonds persist in
least in that it binds the ANS. Interestingly, fibrils can be different conformational states gi.m, a series of one-
formed at both of these pH values at increased ionic strengthsdimensionatH NMR spectra were obtained at different times
(Figure 2a). after dissolution of the protein in J® solution at pH 7.0
NMR Studies of Partially Unfolded.m. To investigate and 4.0. At each time point, the integrated area of resonances
the conformational properties of acid-denatyfeah in more arising from residual amide hydrogens was measured as
detail, NMR spectra of the protein were acquired at several described in Materials and Methods. The data (Figure 8)
pH values. Representative one-dimensidhaNMR spectra show that natives.m is highly protected from hydrogen
are shown in Figure 7. At pH 7.0, the spectrumgem is exchange; more than 55 amides remain protected after 3 days
typical of that of a native protein. The resonances are sharpin D,O solution. By contrast, at pH 4.0 exchange is rapid.
and well-dispersed (8 upfield methyl resonances are observedll amides exchange within-10 h, even though the intrinsic
between 0.5 and 1.0 ppm). These arise from the side chaingate of hydrogen exchange is reduced 1000-fold at pH 4.0
of residues Leu23, Val37, Leu40, and lle35 and are consistentrelative to the rate at pH 7.01§). Interestingly, however,
with assignments published previousi5). In addition, although the majority of amides exchange rapidly in partially
resonances arising from 37*@ydrogens appear between unfoldeds.m at pH 4.0 (they exchange within the 10-min
4.8 and 5.7 ppm, which is indicative of the existence of a dead-time of the experiment), about 30 amides show
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FIGURE 7: Characterization of partially unfoldggbm by *H NMR. One-dimensionalH NMR spectra of3,m at 15°C at the pH values
shown.f5,m was freshly dissolved in £ solution at the required pH values and one-dimensional NMR spectra wereacquired as described
in the Materials and Methods section. The spectruni.of denaturedri 7 M urea at pH 3.6 is shown for comparison. In this spectrum,

the peak at 9.0 ppm arises from an impurity.

significant protection from hydrogen exchange relative to °C, and aliquots were again assayed for fibril formation by
that calculated for an unprotected polypeptide with the thio-T fluorescence. This time, fibrils were observed between
sequence offi;m under these conditiongd) (Figure 8). pH 3.0 and 4.5, but not in samples incubated at higher or
pH-Mediated Structural Changes aifdm Amyloidosis lower pH values (Figure 9a). The presence of fibrils in the
A more detailed investigation of the acid-unfolding transition sample incubated at pH 4.0 was confirmed by negative-stain
was carried out by monitoring the CD signal of thgn at EM and fiber diffraction. The results indicated that fibrils
220 nm as a function of pH. The data (Figure 9a) show that had formed with the cros§-structure typical of an amyloid
the 8,m undergoes two transitions over the pH range studied and the same morphology as those generated at pH 4 in the
(pH 7.0-1.2). The first involves an increase in the negative presence of 0.4 M NaCl (see above). However, these samples
ellipticity and describes the equilibrium between native and did not show green birefringence with Congo red. The extent
partially unfoldeds.m. The second transition occurs below of fibril formation in the composite buffer (ionic strength,
pH 3.5 and involves a decrease in negative ellipticity relative 23 mM) correlates well with the ionic strength dependence
to that at pH 3.5. This transition reflects the further unfolding of fibrillogenesis shown in Figure 2b. Most importantly, the
of the partially unfolded molecules and the population of pH of maximal fibril growth corresponds with the pH at
the acid-denatured state. Fitting the data to eq 1 (see Methodsvhich partially unfoldeds.m is most highly populated,
and Materials) yields apparenKpvalues associated with  implicating this species as an important amyloid precursor.
the first and second transitions of 4.7 and 3.3, respectively. Although s.m is not fibrillogenic below pH 2.5 at low
To investigate the role of the acid-unfolded stateg.of ionic strength, fibrils form readily in this pH range at an
in fibrillogenesis, thio-T was added to an aliquot of each ionic strength of 0.4 M (Figure 2a). To investigate this
sample from the acid titration described above, and fibril apparent discrepancy, a sampleSafn was incubated for 3
formation was measured immediately by monitoring the days at pH 1.5 in the absence of NaCl. After this time, an
fluorescence of the dye. These data showed that thio-T doesaliquot was removed and its secondary structure and ability
not bind to.m at any pH upon its immediate acidification to form fibrils were assessed using far-UV CD and thio-T
(not shown). Samples were then incubated for 72 h at 25fluorescence, respectively. As expectggm is unfolded at
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Ficure 8: Kinetic profiles of hydrogen exchange @fm at pH

7.0 and 4.05,m was dissolved in BD solution at pH 7.0 (filled
circle) and pH 4.0 (open circle), and the rate of hydrogen exchange
at 15°C was determined by collecting a series of one-dimensional
1H NMR spectra at different times after the dissolution, as described
in the Materials and Methods section. The solid line depicts the
curve predicted for exchange in a sample consisting of 90% of
unprotected molecules [calculated using the intrinsic rates of
exchange for residues in an unstructured protein with the sequence
of fom using standard method46)] and assuming that 10% of
molecules are protected from hydrogen exchange in the small
population of native molecules that persist under these conditions T
[assessed by integration of the upfield-shifted methyl resonances 40 1 . .
that persist at pH 4 (see Figure 6)]. 200 220 240 260
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pH 1.5 (Figure 9b) and does not bind thio-T, in agreement Wavelength (nm)
with the results shown in Figures 5a and 9a. NaCl (0.4 M)
was then added to the initial sample, and its far-Uv CD 80—
spectrum was again acquired. The results showed that the
f-m had partially refolded under these conditions, forming
a species with a CD spectrum similar to that generated at
pH 4 in the absence of NaCl (Figure 9b). The sample was
then incubated fiol h further at 25C, and thio-T was added.
Not surprisingly, the addition of NaCl caused fibrils to form

in this sample (Figure 9a), the extent of fibril formation 20
according with that shown in Figure 2a. The results thus .
suggest that the acid-denatured and partially unfolded forms 0 — T T T T T T
of f.m are in equilibrium, but that the latter is fibrillogenic. 1 2 3 4 5
In agreement with this view, the initial rate of fibrillogenesis pH

is maximal at~pH 3.6 (Figure 9c).

o]

60 -

40—

Initial rate (arb. units / s)

Ficure 9: Acid denaturation of,m and the rate of fibrillogenesis.
(a) Acid denaturation g6,m at 25°C, monitored after acidification

DISCUSSION by far-UV CD at 220 nm (closed circle). The CD data are fitted to
) ) ) eq 1 (see Materials and Methods). Thio-T binding was determined
In this paper we have shown that native, monomgsia (see Materials and Methods) after incubation for 72 h (closed

partially unfolds at acidic pH, forming a species that readily triangles). For one sample at pH 1.2, 0.4 M NaCl was added, and
assembles into amyloid fibrils in vitro. The fibrils formed tio-T binding again was measured (filled square). (b) Comparison

ble th f d . v in Vi hvsioloaical of the far-UV CD spectra gf,m at 25°C at pH 4.0 (filled circle),
resemble those formed previously In vitro at physiological hiy'1 2 (open circle), and pH 1.2 in the presence of 0.4 M NaCl

pH using dialysis methods3( 37) including those formed (filled triangle). (c) Effect of pH on the initial rate of fibrillogenesis.
in the presence of SARY). Akin to studies on other proteins  .m was incubated at different pH values at @5 at a constant
(55—57), we show that the morphology of thsm fibrils ionic strength of 400 mM, and the initial rate of fibril formation
varies wilh the pH at which they are formed. At pH L6, Y25 esimeled fors e change i o T fuorescence meastred i
fibril growth is slow, favoring the formation of fewer, longer

fibrils. The g.m fibrils formed in the present study adhere vesicles of mesenchymal cells and macrophadge®), (

to the classical view of an amyloid. They exhibit a cr@iss- wherein they also retain the curvilinear appearance of their
fiber diffraction pattern, are about 10 nm wide and un- counterparts formed in vitrgg,m fibrils thus have a typical
branching (as viewed by EM), bind Congo red and thio-T, morphology that allows them to be easily distinguished from
and display the classic green birefringence of Congo red fibrils formed from other proteins50Q, 59. Fibrils of f;m
characteristic of an amyloid. Nevertheless, they are unusualhave also been formed in vitro, using monomeric protein,
in that they are curvilinear and are shorter than fibrils formed by the extension of amyloid fibrils extracted from patients
from other proteins. Interestinglyj.m fibrils have been  with DRA (38). In this case, the fibrils formed were also
observed directly within the intracellular lysosome-like 6—10 nm wide but are longer and straighter than those
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prepared in the present work and described above. This raise$25), acylphosphatas&%), and SH3 domains3@). Together
the possibility that the assembled material formed here in with the data presented here ggm, it appears that both
vitro may represent protofilaments, rather than fully as- native-state stability and the population of a partially unfolded
sembled fibrils. In agreement with this view, th#&m state(s) are key features in the formation of amyloid from
assemblies formed in these studies from recombinant proteinall of these proteins.
are shorter than extended fibrils, soluble (forming gels rather Disulfide bonds stabilize the native folds of many extra-
than precipitates), and curvilinear, like the protofilaments cellular proteins, including the amyloidogenic proteins,
found for other proteins and peptidek/( 18, 60. Despite immunoglobulin light chains, lysozyme, prions, insulin, and
exploring a wide range of conditions, however, further g.m.Inimmunoglobulin light chains, reduction of their single
assembly of thgg,m to higher order structures or fibrils of  disulfide bond leads to facile formation of amyloid fibrils
straighter morphology has not been observed, even afterin vitro, consistent with the decrease in stability of the
incubation times of up to 6 months. Further analysis, for reduced native proteir68) and with the general observation
example, by cross-sectional analysi2)(or atomic force that native-state stability and amyloidogenicity are highly
microscopy 20), will be needed to dissect the ultrastructure correlated phenomena%—27, 3Q. A role for disulfide bond
of the .m fibrils generated here at acidic pH in vitro. reduction in amyloidosis in vivo, howevehas not been
The data presented here suggest that partially unfoldedshown. Indeed, native, monomeric protein has been recovered
B2m is a key intermediate in fibrillogenesis. In support of from amyloid deposits of human lysozyni2sf andf.m (2,
this conclusion, the initial rate of fibrillogenesis is maximal 3), suggesting, for these proteins at least, that a significant
around pH 3.6, where the population of partially unfolded proportion of the protein in amyloid deposits is in the
B2m is greatest. Below this pH, further unfolding decreases oxidized form. Moreover, the observation that amyloid can
the population of the amyloid precursor and the initial rate be formed from lysozyme2g), immunoglobulin light chains
of amyloidogenesis is decreased. In addition, acid-unfolded (64), insulin 65), andg.m [(3, 11, 37, 33and this work] in
B.m at pH 1.5 becomes fibrillogenic only upon its refolding their oxidized forms suggests that reduction of these proteins
induced by the addition of salt. This further supports a crucial is not a prerequisite for amyloidosis.
role of partially unfoldegi,m in amyloid formation. Partially We have presented here a case for the population of a
unfoldedB.m possesses features of a ‘molten globule’ state partially unfolded intermediate ¢gfm as a key precursor in
(612). It thus (i) binds ANS; (ii) is weakly protected from amyloidosis. One question that remains is how might such
hydrogen exchange; (iii) has significant levels of secondary an intermediate be formed in vivo? During renal faily#gn
structure; and (iv) has residual non-native, fixed tertiary concentrations in serum increase markedly. Becausgg:the
interactions. This species is in equilibrium with the native shows an affinity for collager6g), the protein accumulates
protein and more highly unfolded forms. Conditions which within joints, resulting in the crowding of macrophages into
favor the population of the partially unfolded species will these area( 67). Subsequent uptake into lysosomes would
thus favor fibrillogenesis, in agreement with the data expose the protein to a reduced pH environement, favoring
presented above. Whether fibrils are formed from a specific the partial unfolding of-m. Within the lysosomes, competi-
intermediate or from a number of intermediates displaying tion between the formation of fibrils angbm degradation
an active polymerization face in the ensemble of partially would then occur. Fibrils that are formed would presumably
folded states cannot be determined from our measurementsbe secreted and reassociate with collagen within joints,
However, it is unlikely that a single, well-defined species, initiating the pathology of DRA. In agreement with this
or a single residue, will be responsible for amyloidosis of model,f-m has been shown to dissociate from MHC class
B=m or other proteins in isolation. Our data suggest, however, | molecules in the acidic environment of early endosomes
that titration of one or more groups with an average pf (68), andp.m fibrils have been observed in lysosomBs)(
4.7 destabilizes the native protein relative to alternative Interestingly,-m is also known to stimulate collagenases
partially folded conformers. Likely candidates are one or from osteoblasts69), resulting in joint degradation and
more of the 8 glutamic acid or 7 aspartic acid residues found eliciting the symptoms of DRASZ,m fibrils may also form
in B.m, although other residues with unusually low(p in vivo at neutral pH, in agreement with the observation that
values cannot be ruled out. His84 is one such possibility. fibrils can be formed in vitro at close to neutral pH by
This residue is buried in the core of the native protein (Figure dialysis procedures3( 11, 37. Under these conditions,
1a) and, accordingly, would be expected to have a lgw p  partially unfolded molecules would be rarely, and transiently,
Indeed, electrostatic calculations suggest this is the case (Spopulated by dynamic excursions from the native state. As
E. Radford, D. Westhead, and J. Nielsen, unpublished a consequence, the probability of intermolecular interactions
results). Asp59 and Glu74 are also possibilities. These would be dramatically reduced and the rate of amyloidosis
residues lie in loops and form salt bridges with residues substantially decreased, in agreement with the data presented
toward the termini of the protein (Arg3 and Arg97, respec- above. Much remains to be learned about the development
tively) (Figure 1a). Interestingly, residues located in a of thes,m amyloid in vivo, but it is clear that insights into
conserved salt bridge in an immunoglobulin light chain have the conformational dynamics of thg&m at the molecular
also been shown to be important in amyloidosis, although level, such as those described above, may pave the way for
individual mutations of the residues involved have a variable future intervention in the progression of this and other
effect on the mode of aggregatiof8, 29. Conditions or amyloid diseases.
mutations that destabilize the native protein but maintain
population of partially unfolded states have been invoked in ACKNOWLEDGMENT
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