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ABSTRACT. The deposition gf-2-microglobulin 2m) as amyloid fibers results in debilitating complications

for renal failure patients who are treated by hemodialysis. In vitro, wild-38® can be converted to
amyloid under physiological conditions by exposure to biomedically relevant concentrations'ofiiCu

this work, we have made comparative measurements of the structural and oligomeric chgiresain

time points preceding fibrillogenesis. Our results show'Cmediates the formation of a monomeric,
activated state followed by the formation of a discrete dimeric intermediate. The dimeric intermediates
then assemble into tetra- and hexameric forms which display little additional oligomerization on the time
scales of their own formation<(1 h). Amyloid fiber formation progresses from these intermediate states
but on much longer time scales { week). Although C# is necessary for the generation and stabilization

of these intermediates, it is not required for the stability of mature amyloid fibers. This suggests that
Cu?t acts as an initiating factor of amyloidosis by inducing oligomer formatitehNMR and near-UV
circular dichroism are used to establish that oligomeric intermediates are native-like in structure. The
native-like structure and discrete oligomeric sizgs@fn amyloid intermediates suggest that this protein
forms fibrils by structural domain swapping.

Amyloid fibers are highly ordered protein assemblies increasing~10 times above the normal level of QuiM.
associated with an increasing number2Q) of human However, elevated concentrations#m are not unique to
diseases, including Alzheimer’s, type Il diabetes, and dialysis renal disease7( 8). Conversion of32m to amyloid fibers
related amyloidosis (DRAY1). For each disease a different, must therefore be related to factors uniquely associated with
normally soluble, protein precursor self-assembles into a hemodialysis therapy.

fibrillar deposit. Despite differences in sequence and tertiary  ap analysis of physiological conditions relevant to uremic
structure of the precursor proteins, amyloid fibers all share patients led to our discovery thg2m is a C&" binding
common features. These include, for example, a crossprgtein. Cd* binding by native and non-native states3@m
f-structure, wherg-strands are arranged orthogonally to the  gjves rise to destabilization and fiber formation at pH 7, 150
fiber axis @), and nucleation-dependent formation kinetics mm potassium acetate, and 3€ (9, 10). An increasing
(3). The paradigm for understanding any chemical reaction nymper of amyloid systems have also been shown to interact
is the identification of intermediate and transition states on yith divalent metal, particularly Cd. These include prion
the reaction pathway. This is essential for fibrillogenesis as protein from Creutzfeldt-Jakob diseaskl(12), A8 from
the intermediates and not the mature fibers are likely ajzheimer's @3), a-synuclein from Parkinson’sl@), and
responsible for cytotoxicity4). It is therefore of fundamental  jjymunoglobulin light chains from light chain amyloidosis
and biomedical importance to understand how seemingly (15) This suggests that divalent metal interactions may
unrelated proteins can adopt a common amyloid structure. represent a motif in inducing amyloidogenic structures. The
DRA is a complication of long-term hemodialysis in which  achanism of C# associated amyloid formation is, how-
f2m accumulates as amyloid fibers in the bones and joints, ayer, |argely unknown. In this work, we have made com-
resulting in a variety of destructive arthropathi&. i2m parative measurements of the structural and oligomeric
is the 12-kDa polypeptide subunit necessary for the cell- changes ig2m at time points preceding amyloid formation.
surface expression of the cla_ss-_l major h|st9compat|b|llty Through the use of NMR, circular dichroism (CD), fluores-
complex (MHC) ). In healthy individuals/2m is released  cence, and analytical ultracentrifugation, we have identified

from the MHC and catabolized by the kidney. Upon kidney anq characterized obligate intermediates formed during
failure, however,52m is not efficiently cleared from the fipyjjlogenesis.

serum. This results in the circulating concentrationg2rh
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MATERIALS AND METHODS repeated for~1.5 h. The presence of 500 mM urea was
included in all NMR samples to match conditions of fiber
. ; o reactions; this allows only the upfield regions to be used for
Aldrich (Mllwaukee,_WI) orJ. T. Bak_er _(Phllllpsburg, NJ), analysis. Diffusion was measured and analyzed as per ref
and cell culture media from Becton Dickinson (Sparks, MD). 19, collecting 8192 points and 2016 transients between
Protein Isolation.Human$2m was expressed iBscheri- gradient strengths of 5 and 23 G/cm. Gradients were
chia coli (10). BL21(DE3) cells transformed with pHN1- G jjibrated using the residual water peak in 99.9%0D
f2m were grown at 37C to an OD at 600 nm of 0.6, then  \jgjecular weights were calculated using Stokes law and
induced with 50Q:M IPTG for 2 h. Protein was solubilized  assuming a spherical shape. NMR data was processed using
from inclusion bodies usn8 M urea, 100 mM tris, 100 ynmr, and SpinWorks (Kirk Marat, University of Manitoba).
mM EDTA, and 10 mM methionine, pH 7.4 and oxidatively tpe apo sample was 1Q6M A2m, 10% DO, 200 mM
refolded by dilution into the absence of urea. Protein was NaGHs0,-ds, 500 mM urea, pH 7.4, 37C. The f2m +
concentrated by tangential flow (Vivascience (Hannover, ¢ 2+ and B2m + znz* samples were collected under the

Germany) vivaflow 50, 5 kDa cutoff). Contaminates were game conditions as apo samples, but contained®0CGUCl,
then removed by size exclusion chromatography (Superdexor 300,M ZnCl,, respectively.
75). Purity of >95% was assessed by SBBAGE. The

oxi(tjjaéigg state of the dcijsulfi((jje bonbd gﬁm b.et(\lxveen Ci25 formed on an Aviv model 215 spectrometer. Near-UV spectra
an was assessed as described previodsly Only (330-240 nm) were collected in a 3-mm path-length cell

projtein with <10% r_e'duced materia}l was used. I_-|uman with 1004M 2m, 25 mM MOPS, 200 mM K05, 500
derived2m was purified from the urine of Dent’s disease mM urea, pH 7.4, 37°C. 2mc, contained 200uM

. . . . ’ Ty . u
patients 9). Urine was filtered (0.2¢m) and cut with 2.1 M CU(GH305). Only near-UV CD is shown as MOPS was

amr{n_(;muntj sulfatg.tr:nsolLIkalﬁ rPatet_rlaI W?S feT“OV‘?tg by included for consistency with other experiments and MOPS
centrifugation, and the soluble fraction cut again with an _p <o n<'in the far-UV.

additional 1.0 M ammonium sulfate. Precipitate was resus-

pended and applied directly to a Cucharged NTA- Fluorescence.Fluorescence measurements were made

Superflow (Qiagen, Germany), washedx(Bwith 5 mM using a PTI Quantamastgr C-61 with 4-nm slit widths. For

potassium phospha,te 10 mM K,CI 1 mM imidazole. 10 mM kinetic experiments monitoring ThT fluorescence enhance-
’ ' ' ment, monochromators were set to 440 and 492 nm for

methionine, pH 7.4, and elutedx% with 10 mM imidazole. S S ) L
excitation and emission, respectively. Excitation scans were

fﬁuzrmecronéz;?elr(;gbfraé?ggr;i mesr;npgﬁ:ﬁ?ﬁaignf:ngrated, and <o rected for lamp intensity and monitored from 300 to 470
p y grapny. nm with emission at 492 nm.

Amyloid Formation/s2m fibers were formed by incubating Calculations and FittingAll curve fitting and calculations

100 uM f2m, 200uM Cu?*, 25 mM MOPS, 200 mM in this work were performed using the NonlinearRegress
KC2H3O,, 500 mM urea, pH 7.4 in quartz cuvettes at 37 function in Mathematica 4.2 (Wolfram Research Inc., Cham-

"C. All components were equilibrated at 3 prior to Cé* paign IL). All experiments represented in this work were
addition, and immediately returned to 3Z after mixing ¢ repeatect 3 times, with errors reported as one SEM.

= 0). Control samples contained 10 mM EDTA and ndCu

ChemicalsBuffers and salts were obtained from Sigma-

Circular Dichroism (CD). CD experiments were per-

Real-time measurements were performed eithét+-bMMR, RESULTS
or by fluorescence using 8M thioflavin T (16). Dead times
of measurement were10 min and~30 s, respectively. The conversion of solublg2m into amyloid fibers will

Electron MicroscopySolutions containing amyloid were  involve structural as well as oligomeric changes. To monitor
centrifuged (1400, 10 min), and the pellet was resuspended these changes, we have designed and conducted a series of
in 10uL of the supernatant. Samples were applied to carbon- experiments to identify intermediates during amyloid forma-
coated copper grids prepared in-house. Grids were stainedion. We first established a standard fibrillogenesis reaction
with 1% phosphotungstic acid for 30 s. Images were collected with an extended time scale to allow investigation and
using a Phillips Technai 12 operating at 120 kV, using a analysis of components during amyloid assembly. Oligomeric
1024 x 1024 pixel Gatan 794 slow scan CCD in underfocus. changes ir82m during assembly were detected by physical

Analytical Ultracentrifugation Sedimentation velocity at ~ approaches including nuclear magnetic resonance (NMR),
40 000 rpm and 20C was performed with human derived analytical ultracentrifugation, and fluorescence. Finally,
p2m ~20 h after the addition of Cti using a Beckman  structural changes during amyloid formation were assessed
XL-A analytical ultracentrifuge. Radial scans were acquired directly using optical and NMR spectroscopies, and indirectly
at 295 nm for~10 h. Data analysis was performed assuming Using reaction kinetics.

a spherical shape using the continuous c(s) distribution In uremic patients2m amyloid forms over a period of
model, independent species model, and confidence intervalyears B). In vitro, incubation for +2 weeks of 10QuM
in M feature in SedFit v8.51(7). p2m in 200uM Cu(CH30.),, 25 mM MOPS, 200 mM

NMR.NMR spectra were recorded in-house using a 500 KC2HzO,, 500 mM urea, pH 7.4, 37C, and no stirring,
MHz Varian Unity Inova. 1D spectra were collected using results in conversion o£50% of the protein into a pelletable
field gradient based water suppressi@8)( sweep width of ~ form. Amyloid fibers are readily apparent in suspensions of
8000 Hz, collecting 8192 points and 400 transiedts s these pellets (Figure 1A). Unless otherwise stated, the above
relaxation delay was used for quantitation in which protein conditions represent our standard reaction used in all assays.
intensity was renormalized to the trimethylsilylpropionate =~ Cw?" associated32m amyloid formation occurs under
(TMSP) internal standard. Real-time measurements wereconditions in which the apparent stability 82m is unaf-
collected with 100 transients at a 1.2 s relaxation delay, fected by the presence of &u Our previous assessments
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Ficure 1: Transmission electron micrograph images #m

amyloid fibers formed after2 weeks at 37C in the presence of
100 uM $2m and 200uM Cu?". The majority of aggregates

Relative Intensity

-B21
observed are filamentous (A, B). Tapes (C), and tubular (D, E) o ,Ha‘”ﬁ m . .
structures are also observed within the same samples. All scale bars PR 30 pa 50 70
are 300 nm. PN
- 5 - 5
of A2m stability in the presence of €uwere made at a Svedbergs

36:1 Cyd*:f2m ratio @). At the 2:1 Cd*:2m ratio used  Ficure 2: Oligomeric states gf2m in the presence of Gt are

here to form amyloid fibers, the apparent stability measured d?&egéede)égF%ggu;'f?n (A) and SV (B). (/?) Refhfesematglgep(lot
; ; ; o u m iffusion measurements in the prese

_by urea denaturation gizm is 28 kT]./mpl (not shown). This and absence of 200M Cu2*™ (O). (B) SV was performed with 86

is comparable to our reported stability in the absence of metal ,\ som in the absence (solid) or presence of 280Cu2* (dash),

(383 kd/mol) 9, 10). The vast majority of aggregates detected and after additon of 10 mM EDTA to the latter (dots). A

by EM are fibrous (Figure 1A). However, large mats of representative maximum entropy fit of these samples is shown.

aligned fibers (Figure 1B), tapes (Figure 1C), and large Subsequent fitting with discrete noninteracting species yielded

tubular structures (Figure 1D,E) are also observed. Interest-molecular weight values shown as bold lines in inset.

ingly, these distinct types of aggregation are all formed in

e o o e . 25-80 KDa (ot show) Tis suggess s pek may
y ' q represent multiple species, such as a combination of tet-

aggregation and acts on conformational states that do not . :
contribute to the global stability, rameric (46.8 kDa) and hexameric (70.2 kO#@m. The

. ) ) . presence of discrete dimer and the absence of trinfi2ic

Intermediates of Cif associategg2m amyloid formation  implies larger oligomeric states are built from dimeric rather
were detected by NMR diffusion measurements using pulsedthan monomeric units. Furthermore, the discrete nature of
field gradients (PFG)1(9, 20). Diffusion constants ofZm the peaks indicates that oligomer interconversions are slow
were assessed in the presence and absence?0fo@er the compared to the time of SV analysis-10 h), and that
firSt ~20 h Of incubation.. The diffusion Constantmm iS 0|igomer assemb|y occurs prior to Centrifugatioﬂzo h)
1.5+ 0.1 x 10°° cn¥/s in the absence, and 12 0.1 x The oligomeric intermediates are amyloid-like as evident
107° cn/s in the presence of Gl (Figure 2A). For apo-  py pinding of the histological dye, thioflavin T (ThT). ThT
f2m, this yields an apparent molecular weight (MW) of 17 s 5 fluorescent dye commonly used to distinguish amyloid
+ 4 kDa, which is in reasonable agreement with the fipers from native protein and amorphous aggregates. Bind-
monomeric MW of 11.9 kDa. The larger apparent MW may ing to the ordered environment of the fiber results in a
be attributed, in part, to a hydration layer surrounding the characteristic excitation shift of 120 nm (Figure 3A)6.
protein. In contrast32m in the presence of €t (52mc,) Under conditions used to monitor oligomer formation by
gives an apparent MW of 3% 8 kDa. The confidence  NMR and SV, 32m gives rise to this characteristic shift
interval and spherical assumption, however, preclude an exac{rigure 3A). This enables kinetic measurements to be made
MW determination for the copper induced species. Neverthe- o the minute time scale. To determine the rate of intermedi-
less, the PFG diffusion measurement plainly indicates that 5¢e formation32m was mixed with C# in the presence of
p2me, is affected by the sampling of oligomeric states.  ThT and monitored over24 h. During the first hour, ThT

A precise determination of the species formeda2ync, fluorescence increases exponentially giving an apparent rate
was elucidated using sedimentation velocity (SV) analytical of 1.6 & 0.04 x 1072 s (Figure 3B). Although a ThT
ultracentrifugation. Intriguingly, SV reveals three discrete fluorescence enhancement is observed after an hour, no
populations following incubation gf2m with Ci#*, but only fibers, protofibrils, or aggregates are detectable by EM from
one population in the absence of €yFigure 2B). In the these samples (not shown). This suggests that oligomers and
presence of CU the first population has a Svedberg (S) full-length fibers bind ThT in a similar manner. Furthermore,
value of 1.3 giving an apparent MW of 135 0.8 kDa. incubation on the amyloid forming time scalewWeek) fails
This is similar to 11.8+ 0.1 kDa determined for the to significantly change the ThT signal. This indicates that
monomeric apg2m control (Figure 2B). The second the ThT signal &1 h is notfrom a subpopulation of amyloid,
population (2.9S) has an apparent MW of 26:@.5 kDa, and that a similar structure may exist between the oligomers
which is within error of dimerigg2m. The apparent MW of  and amyloid fibers. Importantly, ThT itself is not causal to
the third population (4.9S) is 55 5.5 kDa. This is too  this observation as experiments in which a reaction is
large to be attributed to trimerje2m, indicating that trimeric ~ aliquoted at discrete times prior to ThT exposure yields the
A2m is not observed (Figure 2B, inset). In repeat experi- same kinetic profile (not shown). Thus, from ThT fluores-

ents, the confidence interval of 4.9S extends to MWSs as
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FiIGURE 3: 32m oligomers formed in the presence of?Cishow
ThT fluorescence enhancement. (A) ThT excitation of free dye,
and 100uM 2m in the presence and absence of 260Cu?* or
300uM Zn?*. Intensities are renormalized from the blank ThT peak
at 340 nm. (B) Fluorescence enhancement kinetics ofM@2m
in the presence and absence of 2@ Cu?" at 37 °C. In the
presence of Cii, the increase in ThT fluorescence enhancement
is 1.6+ 0.04 x 103 s7L. No change is detected in the presence of
EDTA. The ThT signal of$2mc, does not significantly change

over several weeks (B, dashed line for illustration purposes).
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FiIGURE 4. Changes in the ratio of Gus2m (A) and in the
concentration ofg2m (B) do not affect the rate of oligomer
formation. (A) The proportion of Ci:32m was varied from 1:2

to 4:1 at a fixed32m concentration of 5@M. No change in rate

of oligomer formation was observed (AJ]). The amount of
oligomer formed is estimated by the ThT excitation signal at 440
nm (A, ). (B) Changes in the concentration #2m from 100 to

25 uM, at a constant CU:2m ratio of 1:1, does not affect the
rate of oligomer formation (BJ). Higher protein concentrations
form more oligomer as determined by ThT excitation signal at 440
nm (B, H). Below 25 uM f2m the signal-to-noise ratio is
significantly diminished, inhibiting accurate measurements.

cence enhancement, oligomer formation is apparently com-

plete on a 1-h time scale.

Divalent copper is an essential part of the oligomeric
structure of the intermediates, but not of matyi2m
amyloid. Varying the ratio of Cii:32m from 1:2 to 4:1,
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FIGURE 5: Sensitivity of ThT fluorescence enhancement to EDTA.
(A, O) Addition of EDTA to f2mc, after 1 h of incubation
completely reverses the ThT fluorescence enhancement to that of
apofi2m. The ThT signal does not recover even after weeks of
incubation (not shown). (BM) Addition of EDTA to 32mc, samples
incubated for 14 days does not significantly affect the ThT
fluorescence enhancement. Extended incubation of these samples
(~ week) after EDTA addition does not diminish the ThT
fluorescence enhancement (not shown).

shown), and ThT fluorescence (Figure 5A). By contrast,
incubation for two weeks results in amyloid and ThT
fluorescence, which is no longer fully reversible by the
addition of EDTA (Figure 5B). Therefore, betweé& h and
2 weeks, C&" induced oligomerization of2m loses the
energetic requirement for €u

Oligomeric intermediates g#2m are structurally similar
to nativeg2m. This is evident from the similar near-UV CD
profiles of apop2m and2mg, oligomers which display
positive bands at 270 and 290 nm (Figure 6A). These bands
arise from the packing of aromatic groups into a fixed and
well-defined chiral environment. Therefore, these bands
provide a characteristic fingerprint for native protein struc-
tures @1). Tertiary structural rearrangements accompanying
p2m oligomerization are expected to cause significant
differences in this region of the spectrum. TIF&mc,
intermediates and ape2m also have closely similatH
NMR spectra (Figure 6B,C). Most notably, bgiBmc, and
apofi2m have ring shifted methyl protons at —0.5 ppm
which require a well-defined three-dimensional structure.
Furthermore, no additional peaks are evidentf2me,
although several peaks have disappeared. Isolated peaks in
p2me, are broadened by 10 Hz relative to apg@2m. For
comparison, hen lysozyme peaks are broadenedhyz
under the same solution conditions (not shown). This
indicates that peak broadening can only be attributed in part
to paramagnetic effects of €u To separate line broadening
contributions of unpaired electrons from those derived from
oligomerization, intermediates were also formed by the
addition of diamagnetic Z1. We have previously shown
that $2m can bind and be destabilized by2Znalthough
using >100-fold more ZA" than Cd* (10). Surprisingly,
the addition of ZA" to 2m at a ratio of 3:1 results in
oligomer formation by SV (not shown), and induces ThT
fluorescent enhancement with a rate and amplitude compa-
rable to 2:1 C&":52m (Figure 3A). In the presence of Zn
IH NMR spectra are identical to ag#2m with respect to

results in no change in the rate of intermediate formation chemical shifts; however, peaks are broadened (Figure 6D).

(Figure 4A, open bars). This suggests thatChinding is
not rate-limiting in the formation of intermediates. By

This suggest®2mc, oligomers have increased correlation
times, but the structure remains similar to g§#m. In both

contrast, the total ThT signal shows a dose dependentanalyses, the closely simildH NMR and near-UV CD

increase with Cti concentration, which appears to saturate
at a ratio of 3:1 (Figure 4A, closed barg2m oligomers
formed afte 1 h fully revert to monomer after EDTA
addition. This is apparent by SV (Figure 2B), NMR (not

spectra are consistent with the maintenance of native structure
by 2mc, oligomers.

Oligomerization is responsible for formation of amyloid-
like ThT fluorescence enhancement. Oligomer formation was
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Ficure 6: [32m oligomers are native-like in structure as determined by near-UV COHaridMR. Near-UV CD spectra gf2m in the
presence and absence of2Care shown in (A). CD spectra are 1o 2m, 500 mM urea, 25 mM MOPS, 200 mM KiB30,, 37 °C.
Apo-52m is shown in black, and2mc, is in gray. NMR spectra between 3.8 and.4 ppm of32m in the presence and absence of'Cu
or Zr?t are shown (B-D). All NMR spectra are 10@M protein in the presence of 500 mM urea, 200 mM Na{€D,)-ds;, 10% D,O, 100
uM TMSP, 37°C, and are referenced to TMSP. (B) gi@m (C)52me, (D) 2m in the presence of Z2h. The (*) denotes a region where
peak broadening differences are readily apparent.
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additionally quantitated usintH signals normalized against

an internal standard (TMSP). Relative to gi#m, 60% of

the 2mc, NMR signal is lost (Figure 6B,C). By contrast,
no signal loss is observed for lysozyme in the presence of
CW'. CW' is a paramagnetic ion and can cause resonances
near bound Cif to relax during the 50@s delay preceding
data acquisitionq2). Signal loss was therefore assessed for
A2m incubated with Zff (see above). Oligomer formation
using Zrt™ similarly resulted in 40%H signal loss (Figure 10 20 30 40 50 60

6D). This indicates that signal loss is the result of increased Time (min)

correlation times associated with O“gomerization_ The oli- Ficure 7: The formation of O”gomers occurs with the same rate

it : " s the ThT fluorescence enhancemgBtne, forms oligomers with
gomerlzatlon process was assessed in real-time by measureg rate of 1.9+ 0.1 x 102 s as monitored bYH NMR signal

ment of *H NMR signal loss.’H signal loss is clearly o5 () over time. Peaks were integrated between 1.12 and 0.7
observed to occur at a similar rate as ThT fluorescence ppm. This rate is similar to the rate of 1460.04 x 103 s from

enhancement (Figure 7). The loss'ef signal intensity of ~ the gain in ThT fluorescence enhancemeat. (

A2m in the presence of Guor Zr?* (not shown) occurs at

rate of 1.9+ 0.1 x 103 and 3.3+ 0.4 x 104 s which do not strongly contribute to th#d NMR signal.
respectively. These rates compare well with the gain in ThT Further loss ofH signal continues for days at a much slower
fluorescence enhancement of 3#60.04 x 102 and 8.0+ rate (not shown). The signal decrease over the first hour is
1.2 x 104 s7%, respectively. After~1 h in the presence of  therefore due to formation of oligomems > 4, and
Cu?* 35% of the2m H signal is lost. This loss in signal ~ subsequent loss likely derives from formation of larger
correlates well with the 40% signal loss observed ifZn oligomers and subsequent fibers.

and the 25% of thg2m observed by SV in the 4.9S peak The reaction order of the rate-limiting step for oligomer
(Figure 2B). This suggests that the 4.9S peak includes speciesormation was assessed by measuring the concentration
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dependence of the kinetics. Kinetic profiles of ThT enhance-
ment were performed at three protein concentrations, 25, 50,

amyloid-like

1

1

1
and 100uM, at a 1:1 C&":82m ratio. The relative amount M+Cu?*= M.Cu2+‘1hr\ M= G §
of intermediate formed scales in direct proportion to the - 2. 415
protein concentration. This is consistent with*Cucting : "+ I §
as a constituent of the oligomeric structures. Surprisingly, M<tEDTAY 2 4. |6 3
the rate of fluorescence enhancement is not significantly 1
affected by changes in protein concentration (Figure 4B). ' 2 weeks
This suggests the ThT fluorescence enhancement in the +EDTA 1
presence of CU is rate limited by a conformational M‘H(—:l n > critical size
rearrangement. : Ij + |k ik
DISCUSSION not amyloid ; amyloid

o L . . Ficure 8: Model for 52m amyloid fo;mation. M is nativé2m,
Identifying and characterizing intermediates is central to p1.c2+ is Cl2* bound native statg2m, M* is activated protein.

understanding the mechanism of fibril assembly and toxicity |2, 1416 are di-, tetra-, and hexamey#m, respectively. Formation

in amyloid diseases. Here, we have performed a series ofof these oligomers is dependent on?CuOligomers of critical size
experiments that reveal intermediates of amyloid formation |“I. are no |t9ngerftse?siti\{e to th$ af'd!tion. of ED'TA'H Further
by 2m. Seven key observatons conribute strongy to our SISeTEratlr ster frming o el sz s genecaly epr
structural and energetic understanding of this system: (i) dotted line delineates states with enhanced ThT fluorescence as
Cw*-induced amyloid formation does not require global fibers and oligomeric intermediates (right side), from ThT negative
destabilization of32m. (ii) f2mc, forms amyloid with a 1 states such as natiy#2m, M (left side). The gray line delineates
week to 1 month time constant under near-physiological conversion of prefibrillar oligomeric intermediates to amyloid fibers.
conditions. (i) Intermediate conformations and oligomers
are formed wih 1 h time constants. (iv) The rate of
intermediate formation is insensitive to €uand protein
concentrations. (v) Rapidly formed intermediates but not
mature amyloid require Cut for stability. (vi) Intermediate
oligomers assemble with discrete, dimeric additions. (vii)
Intermediates are native-like in structure.

In the presence of Ctl, a monomeric activated state of
A2m is formed (M). This is a direct consequence of our
observation that oligomer formation kinetics are insensitive
to protein concentration (Figure 4B) Concentration inde- fibril deposits_ Rather, Gﬂ[ is 0n|y required for fiber
pendence may result from either a rate-limiting unimolecular nycleation, the probable site of which is contact with
step which precedes oligomerization, or a conformational dialysate 9, 23).
change which occurs after assembly has taken place. A A minimal model that summarizes our results and asser-
preceding step is more likely since oligomerization detected tions is shown in Figure 8. In this model, natig@m (M)
by ThT fluorescence enhancement is correlated to oligo- hinds C@*+ (M-Cu?*) and over 1 h forms the Mactivated

would result in an eventual slowing of oligomer formation.

It is tempting to further use this construct to reconcile the
~1 h formation of intermediates with the2 week time scale

of amyloid formation. However, oligomeric intermediates
are fully reversed by addition of EDTA while fibers are not
(Figure 5). This suggests that in the formation of oligomeric
intermediates, a critical size of (n > 6) is reached J),
where the free energy of intermolecular contacts exceeds that
provided by C&". In addition, this result indicates that in
vivo levels of C@" are irrelevant to the stability gf2m

merization detected b{H signal loss (Figure 7). A82m is
not globally destabilized by the levels of €uused here,
the formation of32m oligomers likely derives from copper
bound native32m (M-Cw?"). CW?* binding is not, however,
the rate limiting step since we have previously showd"Cu
binding to natives2m occurs in the dead time-(L min) of
assessmen®( 10). Here, we also observe that fluorescent
enhancement kinetics are insensitive to@Ceoncentration
(Figure 4A). This indicates that the rate-limiting step to

oligomer formation is mediated by a copper bound state.

Rapid formation €1 min) of M-Cw?" is therefore followed
by slow (~1 h) transition to an activated state, M*, which
subsequently gives rise to oligomeric assembly.

During amyloid formation, oligomeric intermediates build
to a critical size, 1, which no longer requires Gt for
stability. The observation of dimer?| but not trimer by
SV, suggests that’lis the building unit of higher order
oligomers (Figure 2B inset). Furthermore, oligomeric as-

state. Di-, tetra-, and hexamerié,(I4, and P) oligomers are
formed following the conversion to MThe formation of
these oligomers is fast relative to the formation of &hd
is CL#t dependent (see above). The assembly of oligomers
occurs in discrete units of two. Upon reaching a critical size,
I", oligomers are no longer sensitive to EDTA addition. Fiber
elongation is generically represented by assuming annealing
of oligomers of sizg and k. Oligomer annealing, as for
repolymerization of actin24) and microtubules25) after
shearing, requires the diffusional encounter of two oligomers.
Since the molar concentration of oligomers decreases as the
size of oligomers increases, oligomer annealing slows over
time. In the case of2m, we conjecture that this process
contributes to the slow formation of amyloid from oligomers.
The oligomeric intermediates have native-like conforma-
tion. This is most clearly observed in their native-like
NMR spectra and near-UV CD signal (Figure 6). The effect
of chemical exchange on apparéht intensities must be

sembly occurs on a faster time scale (Figure 7) than the negligible, since interconversion is slow on the SV time scale

formation of M* (1.6 x 1072 s1). However, the oligomers
of n < 6 continue to dominate the solution for at leasg0

(hours). This indicates tHé&l and CD spectra observed after
>1 h C&* incubation are a sum of spectra from each of the

h as measured by SV (Figure 2B). This suggests oligomeric states observed by SV. Oligomeric assemblyp@g, is

assembly is Cti dependent since consumption of Cu

also observed iAH spectra as an apparent signal loss, due
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FiGure 9: (A) Structure off2m (2CLR) showing all histidine (green) and cystine (yellow) residues. The N- and C-terminal strands are
shown in red. His13 is on the loop following the N-terminal strand and His84 is on the loop prior to the C-terminal strand. (B) Schematic
of the suggested model f62m domain swapped oligomers. Native monomgém (1) binds Cé&" at His31 and forms annealed oligomers

(2a). Cé*-dependent annealing of oligomers continues in discrete units of two (2b). Interactions of His13 or His843witatalyze the

release of a terminal strand to initiate domain swapping (3). Promotion of strand release could occur by His13 or His84 interacting with
Cu?* bound at the native binding site (His31) or from interactions with addition&t Gtollowing strand release, domain swapped structures

are formed (4). Annealed oligomers (2) and oligomers with a released strand (3) are reversed to mgé@menion the addition of

EDTA, i.e., C&" is required for stabilization of these states. Domain swapped structures, however, are stable even after chel&tion of Cu
ions (5).

to increased correlation times of larger species (Figure 7). N- (His13), and C- (His84) termingl-strands (Figure 9A).
1H spectra are, therefore, dominated by contributions from In addition, both of these residues have previously been
monomeric and dimerig2m, the latter of which is~45% shown to coordinate Cti in non-native statesl(). These
of the population by SV. Tetra- and hexamefizm will strands also have been implicated in protecting monomeric
also contribute to th&H spectra but with diminished apparent 2m from fibril formation 33—35). Loss of native contact
intensity. Thus, while oligomers of2m are necessarily  with these strands causes loss of the edge strand protective
contributing to observedH NMR spectra, they are indis- features and can promote aggregation. Further, destabilization
tinguishable from native stag2m. of these strands through specific point mutations has caused
The presence of oligomers whose subunits have native-$2m to form amyloid fibers at neutral pF8g). The release
like structure suggests that the mechanismgam fiber at the C- or N-terminus as a single strand is also structurally
formation is either through subunit annealing, or domain favorable since the C25C80 disulfide bond tethers the
swapping. The domain swap model is based on studies ofadjacent stands. Therefore, we conjecture that copper coor-
intertwined dimers observed crystallographicalg)( This dination by f2m at His13 or His84 induces structural
model postulates that a chain can be formed by eachrearrangements of the protein, which frees either the N- or
monomer swapping a strand or subdomain into the sameC-terminus, allowing the formation of a domain swapped
environment of an identical monome27-29). Evidence structure (Figure 9B). Once such a structure is formed, the
of domain swapping as a mechanism of amyloid formation requirement for C# is lost.

has been observed in prion prote80) and cystatin CZ1, The oligomeric species characterized here are particularly
32). In addition, domain swapping has previously been important in determining the structural and dynamic proper-
proposed as a mechanism f&2m amyloid formation 3). ties of 2m in DRA. In addition, the general importance of

Several observations reported here are consistent with theselivalent cations affecting protein conformations is consider-
mechanisms. These include: (1) Amyloid and intermediates ably more widespread. For example, 2Znproductively
are formed without the requirement for significant destabi- mediates a variety of structures through bridging of cystine
lization of the protein. (2) Oligomeric intermediates are thiols, as for example in 2n finger proteins 86). Pathologi-
composed of domains with native-like structure. (3) ThT cally, Ci?* plays a structural role in other amyloid diseases
fluorescence enhancementA#m amyloid is closely similar  including Creutzfeldt-Jakoll(), Alzheimer's @7), Parkin-
to that of its amyloidogenic intermediates. In addition, we son’s (14), and light chain amyloidosid p). In addition, C&*
report a time-dependent rearrangement in which oligomershas been shown to induce structure in natively unfolded
become resistant to dissociation with EDTA (Figure 5). o-synuclein from Parkinson’s diseas&4), and the N-
Taken together, these observations suggest the mechanisrterminal unstructured region of prion protein from Creutzfeldt-
of f2m amyloid formation is structural domain swapping. Jakob disease8, 39. Determining the mechanism of €u

No consensus sequence has been identified amongdfhe  mediated oligomeric assembly is therefore important to a
proteins with domain swapped structures. However, in most wider understanding of amyloid assembly. F&2m in
cases the swapped domain is located at a termi2®)s I particular, structural characterization of oligomeric interme-
p2m, copper is likely coordinated by histidine residyg2m diates should allow for the development of therapeutic
has histidine residues located on the loops prior to both the strategies against DRA.
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