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Abstract We show that f,-microglobulin solutions in
physiological conditions contain a tiny fraction of
aggregates, which can hardly be filtered out and tend to
re-form spontaneously. At physiological pH the frac-
tional amount and size distribution of the latter aggre-
gates do not depend on temperature. Conversely, in the
pH range typical of the peri-articular tissue acidosis that
often occurs in hemodialysis, temperature increase leads
to fast and irreversible growth of the aggregates. Quite
similar, but strongly enhanced aggregation effects can be
induced even in physiological conditions by adding a
very small amount of ANG6, a naturally occurring trun-
cated isoform of f,-m known to promote fibrillogenesis.

Introduction

A large number of severe human pathologies, ranging
from Alzheimer’s and Parkinson’s diseases to familial
polyneuropathy and cardiomiopathy, are known to be
induced by protein aggregation into large, organized
structures known as amyloid fibrils (Merlini and Bellotti
2003). All these diseases, in spite of their manifold
clinical aspects, bear in common the accumulation of
fibrils in one or more types of tissue, leading to systemic
disorder. Dialysis-related amyloidosis (DRA), involving
the amyloid deposition of plasmatic f,-microglobulin
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(fo-m), represents an inescapable complication of all
dialytic methods making up for chronic renal failure. In
such substitutional procedures f5,-m reaches a plasma
concentration that is 20-50 times higher than its physi-
ological level, and in more than 90% of the patients
undergoing long-term dialysis, ,-m amyloid fibrils start
accumulating after a time lag of a few years in collagen-
rich tissues such as bones, ligaments and sinovia, leading
to clinical manifestations such as carpal tunnel syn-
drome, destructive arthropathy, and pathological bone
fractures (Drueke 2000).

Hemodialysis is associated with systemic effects com-
parable to an inflammatory reaction: in fact the interac-
tion between the blood and the dialysis membranes primes
the activation of mononuclear cells leading to the pro-
duction of inflammatory cytokines. The extent of activa-
tion is dependent on the dialyzer material used and is
considered as an index of biocompatibility. Cytokines,
such as interleukin-1 (IL-1), tumor necrosis factor-o
(TNF-«), and IL-6, may induce an inflammatory state
that acts as an underlying pathophysiologic event in he-
modialysis-related acute manifestations, such as temper-
ature increase and hypotension (Pertosa et al. 2000).
Control of temperature is a key issue in the dialytic pro-
cedure because even independently from the inflamma-
tory effect, the patient temperature tends to increase
(Schwalbe et al. 1997). Another crucial side effect of he-
modialysis is metabolic acidosis, always requiring medical
correction (Kovacic et al. 2003). In the course of inflam-
mation, pH reduction can be very significant in joints,
especially in the presence of arthritis and high leukocyte
count in the articular fluid (Ward and Steigbigel 1978).

Among the different questions related to fibrillogen-
esis, the dependence of fibril growth on the solution
chemico-physical state and the role played by the solu-
tion micro-heterogeneity (possibly triggered by the
presence of conformational variants) in promoting
aggregation, take on a special role. A number of factors
favoring f,-m fibrillar conversion in vitro have been
identified. Connors et al. (1985) have shown that incu-
bation of highly concentrated f,-m for 5-6 days at
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physiological pH and 7=20°C leads, in addition to
extensive amorphous aggregation, to the formation of
regular fibrils, while rapid aggregation at very low pH
has been observed both in the presence (Naiki et al. 1997)
and in the absence (McParland et al. 2000) of natural
fibril nuclei. Yet, so far no systematic study exists on the
effects of temperature on fi,-m aggregation, in particular
as a function of the solution pH, which tunes electrostatic
effects on the protein structure. Incorrect protein folding
has been recognized in many cases as responsible for the
formation of fibrillar aggregates (Dobson 1997). Con-
cerning f,-m, the rapid elongation of fibril seeds in the
presence of wild-type (WT) ff,-m conformers, populating
the slow phase of the refolding pathway, highlights the
role played by the partially folded protein in the genesis
of amyloid fibrils (Chiti et al. 2001). In addition, a
truncated species of f,-m lacking the 6 N-terminal resi-
dues (AN6 f>-m), which is normally present in natural
fibrils, can self-aggregate and make fibrils even in neutral
pH conditions (Esposito et al. 2000). A final question is
whether fibrils grow from protein monomers associating
through a simple monomer-aggregate binding kinetics,
or if their nucleation requires ‘precursor’ aggregates
acting as natural ‘cradles’ for fibril growth (such a
behavior has, for instance, been found for Alzheimer’s A-
f peptides (Soreghan et al. 1995; Lomakin et al. 1996). A
related mechanism, dubbed nucleated conformational
conversion (NCC) has also been proposed for the yeast
prion determinant Sup35 (Serio et al. 1996) and recently
extended to f>-m (Corazza et al. 2004).

The main aim of this work is exploiting dynamic light
scattering (DLS) to show that, in physiological condi-
tions, f>-m solutions are intrinsically micro-heteroge-
neous: indeed, a tiny fraction of aggregates in the
100 nm size range, which can hardly be detected by
other investigation methods, is unavoidably present. At
physiological pH, the latter aggregates are relatively
stable in size and concentration although, even if care-
fully filtered out, tend to re-form on a time scale of a few
days. Yet, when the solution pH falls in the range typical
of the tissue acidosis conditions frequently reported in
f>-m amyloid pathologies, a much faster and irreversible
growth of the aggregates takes place at physiological
temperature. Conversely, no aggregates, and conse-
quently no growth, are observed for a f/,-m recombinant
variant that is specifically stabilized against misfolding.
Finally, quite similar, but strongly enhanced aggregate
growth can be induced even at physiological pH and
temperature by adding to WT f,-m solutions a very
small fraction of the recombinant variant ANG6.

Materials and methods
Protein preparation and purification
Recombinant WT and AN6 f,-m were prepared as

previously described (Esposito et al. 2000). The variant
obtained by His-Tyr exchange of the 31st residue

(henceforth referred to as Tyr31) was obtained by site
directed mutagenesis of fi,-m cDNA as recently reported
(Rosano et al. 2004). The protein was purified by a
combination of gel filtration in 0.05 M phosphate buffer,
6 M GdnHCL in a Sephacryl S-300 column, refolding of
the eluted product in 0.1 M phosphate, 1 mM PMSF
2 mM EDTA buffer at pH 7. Refolded f,-m was then
dialyzed in 0.02 M phosphate buffer at pH=7.5, loaded
onto an anion exchange chromatography column
(UNO-BioRad), and finally eluted through a NaCl
gradient: by increasing the salt concentration from 0.02
to 0.25 M NaCl, f,-m iso-forms were progressively
eluted as single peaks. The purified protein was then
extensively dialyzed against distilled H,O and analyzed
by SDS-PAGE and mass spectrometry as previously
described (Esposito et al. 2000).

Static and dynamic light scattering

Let us simply recall that, for solutions of monodisperse
particles, the time-correlation function (CF) of the scat-
tered field g(¢) obtained in a DLS measurement has a
simple exponential shape with a decay rate I' = Dg,
where D is the particle diffusion coefficient, ¢ = (47 n/
A) sin(¥/2) is the scattering wave-vector, and n is the
refractive index of the solution (Berne and Pecora 1976).
An estimate of the size of the scattering objects is given by
their hydrodynamic radius Ry = kgT/6mnD, where 7 is
the solvent viscosity, to be interpreted as the radius of an
effective sphere with the same diffusion coefficient. For
more complex suspensions, g(¢) allows reconstructing in
principle, via an inverse Laplace transform, the whole size
distribution of the scattering particles, although very low-
noise data are required to avoid artifacts. An overall
description of our setup has been given elsewhere (Piazza
et al. 1998). In the present experiment, measurements
were taken at A=532 nm using a 70 mW frequency-
doubled Nd“YAG laser. In order to limit the sample
amount, we used a rectangular micro-volume (25 pl)
flow-through cell. This cell geometry allows measure-
ments to be taken only at a scattering angle 3 =90°, which
is fully adequate for detecting mesoscopic aggregates and
following the early aggregation stages, but precludes a
detailed analysis of the form factor of the scattering ob-
jects. Full discussion of the growth kinetics at a later
stage, requiring measurements taken with a small-angle
light scattering setup, will be discussed in a future work.
In the present paper, we shall only present a preliminary
investigation, aimed at marking out the main features of
temperature and pH effects on f,-m aggregation.

Results
Micro-heterogeneity at physiological pH

We shall first consider DLS results obtained as a func-
tion of temperature on WT f,-m solutions in phosphate



buffers at pH=7.4. After extensive cell cleaning with
filtered buffer, freshly-prepared samples were injected in
the cell, kept at T, =20°C, via a syringe terminated with
0.2 um low protein-binding polysulfone membranes.
The temperature was then raised in steps and kept fixed
for about 1 h for each step, before measuring DLS
correlation functions. Figure 1, displaying the DLS data
obtained at pH =7.4, shows that, even at physiological
pH, the CFs are far from being simple exponentials:
rather, after a first rapid decay, they display a long,
slowly decaying ‘tail’, suggesting the presence of parti-
cles much larger than the protein monomer. A first
qualitative analysis of the size distribution performed
using CONTIN, a standard DLS size-analysis software,
reveals indeed the simultaneous presence of small par-
ticles, with a typical size of a few nm, together with a
small amount of much larger aggregates in the 100 nm
size range. However, all correlation functions approxi-
mately superimpose on a single curve when plotted as a
function of the rescaled time 1~ = (7 1o/ Ton) t, where 1,
is the solvent viscosity at To=20°C, to get rid of the
trivial dependence of Brownian diffusion on 7 and 7. At
physiological pH, therefore, the fractional amount and
the size distribution of the aggregates does not show any
meaningful temperature dependence. We also point out
that no relevant change in the correlation function is
observed when samples are filtered through 0.8 um in-
stead of 0.2 um filters (data not shown), suggesting that
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Fig. 1 DLS field correlation functions g(¢) for ¢=5 g/l (0.4 mM)
WT f,-m solutions at pH = 7.4, plotted as a function of the rescaled
time ¢ defined in the text. The symbols refer to measurements
performed at T=25°C (open circle), 30°C (filled circle), 38°C (open
square), 40°C (filled square), 50°C (open triangle), and 55°C (filled
triangle). Inset Correlation functions at 7=25°C for WT f,-m
solutions before (open circle) and after (filled circle) extensive
filtering with 0.02 pm membranes. Spontaneous aggregate growth
upon storage at 7=25°C is shown by the CFs taken 32 (open
square) and 96 h (filled square) after filtering
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the observed size distribution is an intrinsic property of
the aggregates, rather than a maximum value imposed
by the filter cutoff.

Dynamic light scattering measurements show there-
fore that WT f,-m solutions are, to a certain extent,
microscopically heterogeneous. Aggregates are indeed
present (albeit in varying amount) regardless of the
protein batch storage method (either lyophilization or
freezing followed by concentration via ultrafiltration).
Preliminary DLS measurements on WT f,-m directly
purified from human amniotic liquid' display similar
aggregates, proving that the observed micro-heteroge-
neity is not a peculiar feature of recombinant f,-m. It is
important to point out that the fraction of protein in the
aggregate state is anyway very low: a rough estimate,
assuming a globular shape for the aggregates gives an
upper limit of 107° of the total monomer content.
Therefore, for instance, no significant decrease in NMR
signals can be expected as a result of aggregation. One of
the crucial questions is whether this micro-heterogeneity
simply arises from the presence of a small amount of
conformational variants, either naturally present in the
expressed protein or artificially generated along the
purification process. If this were this the case, and pro-
vided that the aggregates are carefully filtered out, no
further aggregation should take place. In order to settle
this point, we have performed the following experiment.
After extensive centrifugation and pre-filtering, a 2 g/l
WT f>-m solution was filtered twice through 0.02 pm
Anopore™ nanofilters (Whatman Inc., UK), and fed
into the light scattering cell. The upper inset of Fig. |
shows that this filtration protocol is highly efficient in
removing all aggregates: the CF obtained just after fil-
tering (full dots) is indeed almost exponential, yielding a
much smaller hydrodynamic radius Ry=2.2 nm, which
is consistent with the size of a f,-m monomer. Yet, when
the sample is stored for sufficiently long time at 25°C,
aggregates form progressively again: after 4 days, DLS
results essentially coincides with those obtained before
filtering through the Anopore membrane. This evidence,
which should however be supported by a detailed anal-
ysis of the aggregate slow-growth kinetics, suggests that
aggregation ‘seeds’ may spontaneously arise in WT f,-m
solution over long time scales.

Thermally-activated aggregate growth at lower pH

As stated in the Introduction, ff,-m amyloid pathologies
are often associated with tissue acidosis: for instance,
clinically observed values of the local pH in joint fluid
for arthritides of various kinds may be as low as 6.3—6.4
(Ward and Steigbigel 1978). It is therefore interesting to
inquire about possible pH effects on fi,-m micro-heter-
ogeneity. The DLS results, obtained following the same
temperature step increases as in Fig. 1, show indeed that
the behavior of WT f,-m solutions at pH=06.4 is strik-

'Courtesy of M. Galliano, data not shown.
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ingly different. As shown in Fig. 2, changes in the CFs
are found to be rather modest up to 7=38°C. However,
by further increasing 7, a rapid and dramatic increase of
both the total scattering intensity and of the relative
contribution of the ‘slow’ component is observed. While
the relative fraction and the size distribution of the
aggregates observed at physiological pH do not essen-
tially depend on temperature, these results suggest that
acidosis condition triggers the onset of a rather fast and
extensive aggregation process. A very simplified analysis
of temperature effects on the latter can be obtained by
fitting the correlation functions as a double exponential

g1(1) = (1 = f) exp(=Lnt) + f exp(—Taget), (1)

where Iy, is the decay rate associated with monomers
having a hydrodynamic radius R, and I, is the
average decay rate of the aggregates yielding an hydro-
dynamic radius R,s.. Figure 3 shows that both R4, and
the fractional contribution f of the slowly decaying
component to g(¢) display a rapid increase as a function
of T, which can be tentatively fitted as

% = Agexp(krT) )
Hh = Apexp(kT),

where R, and f; are the hydrodynamic radius and the
fractional contribution at 7,=20°C. Albeit this should
be considered just as empirical fit, it is interesting to
notice that both the amplitudes (4z= 4.4x1072, A,=4.5x
107%) and the exponential constants (kz=0.11°C ",
k= 0.10°C™ ") attain very similar values.
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Fig. 2 DLS field correlation functions g(¢) for WT f,-m solutions
at pH=06.4 obtained at T=25°C (open circle), 30°C (filled circle),
38°C (open square), 40°C (filled square), 50°C (open inverted
triangle), and 55°C (filled inverted triangle). Full lines are double-
exponential fits according to Eq. 1
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Fig. 3 Temperature dependence (at pH=6.4) of the aggregate
contribution f to g(¢) (filled circle, right axis) and of the average
aggregate radius R,g, (open circle, left axis). Lines are fits according
to Eq. 2

The strong sensitivity on pH of aggregate growth is
further emphasized by the results shown in Fig. 4, which
shows the temperature dependence of the aggregate ra-
dius obtained at three different pH values. In particular,
we can notice that at pH =6.2 aggregates grow very fast
even at physiological temperature. We finally point out
the observed aggregation process is fully irreversible:
albeit growth is quenched by bringing the solution back
to low temperature, no aggregate dissolution is indeed
observed.

Comparison with other f/,-m variants

The distinctive behavior of WT f,-m, and its possible
relation with a weak propensity to unfolding, is further
highlighted by a comparison with the behavior of Tyr31,
which is known to be significantly more stable than the
WT variant (Rosano et al. 2004). The main body of
Fig. 5 shows that, for 25°C < T < 45°C, the correlation
functions obtained in the same conditions of Fig. 2
display no sign of large aggregates, and essentially
coincide with the CF obtained for WT f,-m after fil-
tering with Anopore 0.02 pm filters.

The striking difference between WT and Tyr3l1
behavior is further marked out in the inset, where the
intensity /g of the light scattered by the two variants at
¥=90° is reported as a function of concentration ¢
(notice that data are taken at much lower concentration
values than in DLS measurements). While the linear
behavior of Ig for Tyr31 yields a constant average
molecular weight, WT f,-m shows a larger slope even in
the very dilute limit, and possibly a further increase of
My, around 30-40 pg/ml (2.5-3.5 uM), which may
correspond to a stronger tendency to aggregation taking
place beyond a finite concentration threshold. Since the
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Fig. 4 Temperature dependence of the aggregate hydrodynamic
radius at three different pH values, fitted according to Eq. 2

latter range compares rather well with the enhanced
f>-m concentration values observed in f,-m hemodial-
ysed patients, this finite concentration effect may be of
particular interest.

Conversely, the presence of even a small fraction of
the natural variant AN6, known to have a high pro-
pensity to form fibrils around physiologic pH (Esposito
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Fig. 5 Main body DLS field correlation functions for the Tyr31
variant of fi-m at ¢=35 g/l and pH=6.45, obtained at T=25°C
(filled circle), 30°C (filled triangle), and 45°C (filled square),
compared to the CF for WT f,-m at 20°C filtered with 0.02 pm
filters (open circle). Inset Scattered intensity versus concentration
for WT (filled circle) and Tyr31 (open circle) f>-m solutions
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et al. 2000), has a dramatic effect on WT f,-m aggre-
gation. Pure AN6 shows such a spontaneous tendency to
aggregation that pre-filtering through Anopore™™
membranes is hardly feasible. Therefore, to get prelim-
inarily rid of spontaneous WT aggregates, AN6 insertion
was performed as follows. A pure WT f,-m solution
(pH=7.4) was fed through 0.02 um membranes into a
much larger volume (1 ml) cell. Small volumes of a pre-
centrifuged AN6 solution (up to a maximum of 50 pl,
corresponding to a AN6 relative concentration of 2.5%)
were then progressively injected into the cell via a micro-
volume Hamilton syringe, and DLS correlation func-
tions measured at 7=25°C just after mixing. Figure 6
shows that DLS correlation functions display the pres-
ence of a large amount of aggregated f,-m even at the
lowest amount (0.5% of the total protein concentration)
of added ANG6. In Fig. 6, full lines are fits according to
Eq. 1 fixing I',, to the value obtained for pure f,-m,
which allows extracting the relative contribution f of the
aggregates to the total scattering intensity (shown in the
inset).

Discussion

Notwithstanding the extensive studies in vitro discussed
in the introductory section, the links between f,-m
amyloid conversion in vivo and the physiopathologic
conditions associated to hemodialysis are still very
poorly understood. The evidence we have reported in
this study might represent a step towards understanding
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Fig. 6 DLS correlation functions at 7=25°C for wild-type f,-m,
pre-filtered with 0.02 um membranes(filled circle), and after the
addition of 0.5% (open circle), 1.5% (filled square), and 2.5% (open
square) ANG6 variant. Inset Aggregate fractional contribution f to
the total scattered intensity
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the molecular basis for the well-known inverse correla-
tion between ‘biocompatibility’ of the hemodialytic
procedure and risk of amyloid complication. We have
shown that, in physiological conditions, fi,-m displays a
spontaneous propensity to associate into large aggre-
gates that elude detection by conventional biochemical
methods, but are easily detected by DLS. The occur-
rence of nucleated oligomeric ff,-m was already sug-
gested on the basis of NMR studies (Corazza et al.
2004). Yet, DLS data show that spontaneous f,-m
aggregation proceeds well beyond the formation of small
oligomers, and rather leads to the formation of meso-
scopic aggregates. NMR data and other analytical evi-
dence also suggest that ff,-m oligomerization is strongly
enhanced for the truncated protein species AN6. Con-
sistently, the present data show that the addition of tiny
amounts of AN6 to WT f,-m rapidly leads to the for-
mation of large aggregates, demonstrating a seeding
capacity of this species in promoting f;,-m aggregation.
Our results also suggest that a pathological enhancement
of f,-m concentration may be a factor promoting
aggregation. Aggregation seems indeed stronger when
the protein concentration reaches values that are easily
exceeded in the solvent surrounding the collagen-rich
structures that represent the molecular target of f,-m
amyloidosis.

However, the most significant evidence put forward
by the present work is probably the strong dependence
of f,,-m spontaneous association on pH and tempera-
ture. In particular, we have shown that two commonly
occurring conditions in chronic hemodialysis, such as
fever beyond 38°C and metabolic acidosis or arthritis,
may concur to yield a dramatic increase of the number
and size of f,-m aggregates. The observed strong tem-
perature dependence, suggesting an entropic origin of
the aggregation process (possibly related to hydrophobic
effects), further supports a close relation between
aggregation and f,-m partial unfolding (Chiti et al.
2001; Esposito et al. 2000; Corazza etal. 2004).
Enhancement of aggregation in acidic conditions is
moreover consistent with the key role played by Hys
residues in the folding stability and dynamics of f5,-m
(Corazza et al. 2004; Rosano et al. 2004; Villanueva
et al. 2004; Verdone et al. 2002). In particular, the pK,
shift of His31 side chain, from 4.17, when f,-m is bound
to the MHCI complex, to 5.4+0.5 for the isolated
protein in solution (Corazza et al. 2004) provides the
chemical mechanism to destabilize electrostatically the
packing of the region encompassing His31 with the N-
terminal edge of the sequence, and to trigger the amyloid
transformation cascade (Rosano et al. 2004; Verdone
et al. 2002). Conversely, when Hys31 is missing, as in the
Hys31Tyr variant, no aggregation is observed upon
slight pH lowering.

A final important question concerns the specific role
played by the presence of spontaneous nanoscale
aggregates on f,-m fibrillogenesis in vivo. It is tempting
to suggest that these aggregates, representing local pro-
tein reservoirs, may act as ‘seeds’ for fibril nucleation.

This ansatz is further supported by the observed strongly
cooperative nature of the aggregation process: indeed,
the presence of already aggregated protein triggers fur-
ther ff,-m monomer association. f,-m aggregates may
therefore act as natural ‘cradles’ for fibril nucleation.
Yet, the specific path that leads from the observed
unstructured aggregates to the formation of amyloid fi-
brils in vivo is still unraveled. As a matter of fact, in our
experiments we have never observed the formation of
regular fibrils, which would be easily detectable by
polarized microscopy. Conversely, the deposit that
progressively builds up at the cell bottom shows little
birefringence by polarized microscopy inspection (pos-
sibly ascribable to multiple scattering effects).” The sit-
uation in vivo may, however, be very different: recently,
Relini et al. (in preparation) have observed that globular
fo-m aggregates spontaneously restructure into amyloid
fibrils only in the presence of a suitable substrate, like for
instance collagen or polylisine (A. Relini et al., in
preparation). The presence of amorphous pre-fibrillar
aggregates could anyway have a direct biological effect
on target cells in vivo. It has indeed been extensively
shown that oligomers of amyloidogenic peptides (Lam-
bert et al. 1995) and proteins (Olofsson et al. 2002) can
play a direct toxic effect in vitro on target cells, while
cytotoxic activity has been already attributed to f,-m,
which may induce cell apoptosis at large enough dosage
(Mattson and Goodman 1995; Gordon et al. 2003).
Further and more extensive investigation is, however,
needed in order to fully assess this crucial point.
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