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Polyphosphate (polyP), which is found in various microorganisms
and human cells, is an anionic biopolymer consisting of inorganic
phosphates linked by high-energy phosphate bonds. Previous
studies revealed that polyPs strongly promoted the amyloid forma-
tion of several amyloidogenic proteins; however, the mechanism of
polyP-induced amyloid formation remains unclear. In the present
study using p,-microglobulin ($2m), a protein responsible for dialysis-
related amyloidosis, we investigated amyloid formation in the pres-
ence of various chain lengths of polyPs at different concentrations
under both acidic (pH 2.0 to 2.5) and neutral pH (pH 7.0 to 7.5)
conditions. We found that the amyloid formation of g2m at acidic
pH was significantly accelerated by the addition of polyPs at an
optimal polyP concentration, which decreased with an increase in
chain length. The results obtained indicated that electrostatic inter-
actions between positively charged p2m and negatively charged
polyPs play a major role in amyloid formation. Under neutral pH
conditions, long polyP with 60 to 70 phosphates induced the amyloid
formation of $2m at several micromoles per liter, a similar concen-
tration range to that in vivo. Since $2m with an isoelectric point of
6.4 has a slightly negative net charge at pH 7, polyPs were unlikely to
interact with f2m electrostatically. PolyPs appear to dehydrate water
molecules around $2m under the unfolded conformation, leading to
the preferential stabilization of less water-exposed amyloid fibrils.
These results not only revealed the pH-dependent mechanism of the
amyloid formation of f2m but also suggested that polyPs play an
important role in the development of dialysis-related amyloidosis.
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ggregates of denatured proteins may be classified into two

types: amyloid fibrils and amorphous aggregates (1-5).
Amyloid fibrils, in which p-strands are aligned perpendicularly to
the fibril’s axis (6, 7), are associated with a wide range of human
diseases, such as Alzheimer’s disease, Parkinson’s disease, and
dialysis-related amyloidosis (8, 9). Amorphous aggregates with-
out an ordered f-sheet structure are common to denatured
proteins and are also associated with diseases such cataracts
caused by a-crystallin aggregation (10). We proposed that amy-
loid fibrils and amorphous aggregates are similar to the crystals
and amorphous aggregates (or glass) of solutes or substances (1,
2, 5, 11). We suggested a competitive mechanism of protein
aggregation in which supersaturation-limited amyloid formation
competes with supersaturation-unlimited amorphous aggrega-
tion, to obtain a more comprehensive understanding of protein
aggregation (1, 2, 5, 11).

To address the mechanism of protein aggregation accommo-
dating both amyloidogenic and nonamyloidogenic aggregates, the
effects of additives, including various salts, have been investigated
(12-14). Polyphosphate (polyP) (Fig. 14), a biopolymer consisting
of phosphate groups linked by high-energy phosphoanhydride
bonds, was more recently reported to induce the amyloid fibrils of
several amyloidogenic proteins (15). PolyPs are frequently found in
nature, including microorganisms and mammals (16, 17), and are
assumed to be essential for organisms to live and mainly function
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as a reservoir of phosphate groups. In rodent tissues (the brain,
heart, kidneys, liver, and lungs), polyP concentrations are 25 to
120 pM in phosphate units with an average length of ~50 to 800
phosphate units (16). PolyPs with 70 to 75 phosphates have been
identified at a concentration of 1.1 mM in phosphate units in the
human platelets (18). PolyPs released from activated platelets ac-
celerate blood clotting by the thrombin stimulation (18, 19). After
full platelet activation, human blood contains 1 to 3 pM polyP (20).
However, the mechanism underlying polyP-induced amyloid for-
mation remains unclear.

Bo-Microglobulin (p2m), which consists of 99 amino acid res-
idues, is a light chain of major histocompatibility complex class I
(8, 21). p2m is steadily metabolized and degraded in the kidneys
after being released into the blood. In hemodialysis patients, the
concentration of f2m increases up to 50 mg/L because it is not
degraded in patients with kidney disorders and cannot pass
through a dialysis membrane (8, 21). Amyloid fibrils of f2m are
deposited in the peritenons and synovial membranes of the carpal
tunnel, causing dialysis-related amyloidosis, a serious complication
of long-term hemodialysis therapy (8, 21). Nevertheless, the risk
for dialysis-related amyloidosis in Japan decreased significantly
from 1998 to 2010, suggesting that improvements in dialysis tech-
nology, in particular, introduction of membranes that reduce p2m
in blood, contributed significantly to the decreased risk (22).

In vitro studies on the amyloid formation of f2m have been
extensively performed under acidic pH conditions, under which
f2m was unfolded and easily converted into amyloid fibrils (1,
23-25). In contrast, amyloid formation under neutral pH con-
ditions, under which patients develop diseases, did not occur easily
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PolyP-induced amyloid formation of $2m at acidic pH. (A) Chemical structure of polyP. n is the degree of polymerization of the phosphate group. (B)

Repeated measurements of spectra with an excitation at 445 nm in the presence of polyP-L. Inset shows an expanded image of ThT fluorescence. (C and D)
Kinetics of amyloid formation monitored by ThT fluorescence at 485 nm (blue) and total aggregation monitored by LS at 442 nm (red) at various concen-
trations of orthoP (C) and polyP-L (D) at 37 °C under ultrasonication. f2m was added at the time indicated by the arrowhead.

because of the stable native conformation (13, 26). Based on
previous studies performed with N-terminal truncated or mutant
p2m (13, 27) or those in the presence of additives, such as colla-
gen, heparin (28), sodium dodecyl sulfate (SDS) (29), or glycos-
aminoglycans (21), the denaturation or local enrichment of p2m
on biological membranes or extracellular matrix molecules has
been suggested to trigger amyloid formation in vivo. However, the
mechanism of amyloid formation in patients under neutral pH
conditions remains unclear.

We herein investigated the amyloid formation of 2m in the
presence of various chain lengths of polyPs. Orthophosphate
(orthoP), diphosphate (diP), tetraphosphate (tetraP), short poly-
phosphates with 10 to 15 phosphate groups (polyP-S), and long
polyphosphates with 60 to 70 phosphate groups (polyP-L) were
used to systematically examine the amyloid formation of $2m under
acidic and neutral pH conditions. To accelerate supersaturation-
limited amyloid formation, we performed experiments under ul-
trasonic irradiation (1, 2, 5). We found that, under both acidic and
neutral pH conditions, the amyloid formation of p2m was signifi-
cantly accelerated by polyPs. The results obtained revealed the
underlying pH-dependent distinct mechanisms: under acidic pH
conditions, attractive charge—charge interactions between positively
charged p2m and negatively charged polyPs accelerated amyloid
formation, whereas the preferential stabilization of amyloid fibrils
in the presence of dehydrating polyP anions played a major role
under neutral pH conditions.

Results

PolyP-Induced Amyloid Formation of $2m at Acidic pH. Amyloid
formation of p2m in the presence of various concentrations (0 to
2.0 M) of orthoP in 10 mM HCI (pH 2.0 to 2.5) was monitored by
thioflavin T (ThT) fluorescence and light scattering (LS), at 485
and 442 nm, respectively, upon exiting at 445 nm (Fig. 1B and SI
Appendix, Supplementary Materials and Methods). Because ThT
fluorescence specifically detects amyloid fibrils, while LS detects
the total amount of aggregates, including amyloid fibrils and
amorphous aggregates, we can distinguish amyloid formation
and amorphous aggregation. In the presence of 50 mM orthoP,
ThT fluorescence and LS intensities both increased after a lag
time of 4.5 h, although no significant change occurred in the
absence of orthoP during an incubation period of 24 h (Fig. 1C).
At 200 or 600 mM orthoP, ThT fluorescence and LS intensities
increased with a lag time of ~0.5 h. In contrast, at 2.0 M orthoP,
only LS intensity immediately increased with the addition of p2m
monomers into the reaction mixture, which indicated amorphous
aggregation without amyloid fibrils.

We then examined the effects of polyP-L with 60 to 70
phosphates. ThT and LS intensities both increased markedly at a
polyP-L concentration as low as 2 pM (Fig. 1D). At 10 pM polyP-L,
LS markedly increased, and this was followed by an increase in
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ThT fluorescence after a lag time of 2 h. In the presence of 20 or
80 pM polyP-L, LS intensity increased above the detection limit
immediately after starting the reaction, indicating that rapid
amorphous aggregation dominated.

We also investigated the effects of polyPs with various chain
lengths between orthoP and polyP-L, i.e., diP, tetraP, and polyP-S
with 10 to 15 phosphates (SI Appendix, Fig. S1). Although low
concentrations of polyPs effectively induced amyloid fibrils, high
concentrations induced amorphous aggregates. At certain con-
centration ranges (Fig. 2 and SI Appendix, Fig. S1 B and C), we
observed a rapid increase in LS followed by a delayed increase in
ThT fluorescence after a lag time, indicating kinetic competition
between rapid amorphous aggregation or oligomer formation
and the slow conversion to amyloid fibrils, as predicted by the
competitive mechanism of amorphous aggregation and amyloid
formation (1, 2, 5, 11). However, we have no structural or
morphological evidence for transient amorphous aggregation,
and further studies are required to verify this.

The effectiveness of polyPs at accelerating amyloid formation
critically depend on chain lengths:

polyP-L > polyP-S > tetraP > diP > orthoP. [1]

We plotted the maximum values of ThT fluorescence and LS
intensities after the conformational transition against polyP
concentrations (Fig. 24). ThT fluorescence reached a maximum
at 100 mM orthoP and gradually decreased at a concentration
higher than 200 mM orthoP. LS intensity gradually increased and
exceeded the detection limit at 2 M orthoP, at which amorphous
aggregates dominated. Previous studies showed that although
low concentrations of NaCl produced amyloid fibrils, high con-
centrations of NaCl (e.g., 1.0 M) produced amorphous aggre-
gates, making an optimum for amyloid formation at ~0.2 M
NaCl (1, 2, 5, 12). Thus, the effects of orthoP on amyloid for-
mation are similar to those of NaCl, although amyloid fibrils
remained even at 1 M orthoP. ThT fluorescence in the presence
of diP, tetraP, polyP-S, and polyP-L reached a maximum at
~10 mM, 0.2 mM, 100 pM, and 10 pM, respectively, and then
gradually decreased (Fig. 24). In contrast, LS continued to in-
crease and often exceeded the detection limit, suggesting that
amorphous aggregates prevailed.

Transmission electron microscopy (TEM) showed that the
amyloid fibrils that formed in the presence of polyPs in 10 mM
HCI were straight with a diameter of 10 to 15 nm and were
slightly fragmented by ultrasonic irradiation (Fig. 2 B, Inset). We
observed small amorphous aggregates coexisted particularly at
10 mM diP and 100 pM polyP-S. Amorphous aggregates were
observed at high polyP concentrations: 2 M orthoP, 1 M diP, 2 mM
tetraP, 1 mM polyP-S, or 80 pM polyP-L (SI Appendix, Fig. S2).

Zhang et al.
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Fig. 2. Amyloid formation in the presence of various types of polyPs. (A) Maximum values of ThT fluorescence (blue) and LS (red) at acidic pH (10 mM HCl) in
the presence of orthoP, diP, tetraP, polyP-S, and polyP-L. (B) Lag times of ThT fluorescence (blue) and LS (red) in the presence of orthoP, diP, tetraP, polyP-S,
and polyP-L. Insets show TEM images of amyloid fibrils formed at 100 mM orthoP, 10 mM diP, 0.2 mM TetraP, 100 pM polyP-S, and 10 uM polyP-L. (Scale bars,
200 nm.) (C and D) Phase diagrams for the polyP-induced aggregation of $2m. The aggregation of p2m depending on concentrations of polyP units (C) and
inorganic phosphate (Pi) units (D) as a function of the chain length of polyP. PolyP concentrations showing ThT fluorescence of more than 300 (blue bars) and
LS exceeding the detection limit (red bars) at acidic pH in A are plotted. The boundary lines between monomer and amyloid and between amyloid and

amorphous aggregate are depicted in blue and red, respectively.

We also examined the secondary structure of p2m aggregates
using circular dichroism (CD) spectroscopy (SI Appendix, Supple-
mentary Results and Fig. S3). Although CD spectra showed that
soluble f2m at low concentrations of polyPs assumed a disordered
conformation, they were converted to a p-sheet-rich amyloid con-
formation with a minimum at ~213 to 220 nm, which is consistent
with the transition monitored by ThT. At higher concentrations of
polyPs, CD intensities decreased to almost zero, indicating the
formation of amorphous aggregates (SI Appendix, Fig. S3).

Lag times monitored by ThT fluorescence and LS in the
presence of low concentrations of orthoP, diP, tetraP, polyP-S,
and polyP-L agreed well (Fig. 2B). However, a clearer delay in
the lag time monitored by ThT fluorescence than that monitored
by LS was observed at high concentrations of polyPs. These re-
sults indicated that polyP-dependent rapid amorphous aggrega-
tion kinetically competed with the slow formation of amyloid
fibrils, producing a kinetic complexity predicted by the compet-
itive mechanism of amyloid formation (1, 2, 5).

PolyP-Induced Amyloid Formation at Neutral pH. We investigated
the amyloid formation of 2m at neutral pH (pH 7 to 7.5) using
tetraP, polyP-S, and polyP-L at concentrations of 200, 100, and
20 pM, respectively, which were the optimal concentrations for
fibril formation at acidic pH. ThT fluorescence significantly in-
creased in the presence of 20 pM polyP-L after an incubation for
25 h (SI Appendix, Fig. S4 A and B). The intensity of ThT
fluorescence at neutral pH was approximately 10-fold stronger
than that at acidic pH, exceeding the detection limit after an
incubation for 30 h. It is possible that the intrinsic increase in
ThT fluorescence at neutral pH contributes to the observed
strong ThT fluorescence. At fivefold higher concentrations of
tetraP, polyP-S, and polyP-L, ThT fluorescence slightly increased
for tetraP (1 mM) and polyP-S (0.5 mM) and significantly in-
creased for polyP-L (0.1 mM) (SI Appendix, Fig. S4 C and D).
TEM observations showed that f2m formed a large number of
straight fibrils at 0.1 mM polyP-L (Fig. 34), while a small number
of fibrils were observed at 1 mM tetraP and 0.5 mM polyP-S (S
Appendix, Fig. SAE). The amyloid fibrils that formed at neutral
pH with a diameter of 10 to 25 nm, particularly those in the
presence of polyP-S (SI Appendix, Fig. SAE) or polyP-L (Fig. 34),
were thicker than those that formed at acidic pH with a diameter
of 10 to 15 nm (Fig. 2 B, Insets).

Zhang et al.

We focused on amyloid formation in the presence of polyP-L
at various concentrations at neutral pH (Fig. 3). Even at 2 pM polyP-
L, ThT fluorescence increased after a lag time of 15 h (Fig. 34). At
100 pM polyP-L, ThT exceeded the detection limit of 10,000 (arbi-
trary units). At a high concentration of polyP-L (2 mM), ThT fluo-
rescence was lower than those at lower polyP-L concentrations.
Regarding all concentrations of polyP-L, LS and ThT fluorescence
increased simultaneously, which was distinct from the separate in-
creases observed at acidic pH (Fig. 1 and SI Appendix, Fig.S1). The
plots of the maximum values of ThT fluorescence and LS intensities
against polyP-L concentrations showed that ThT fluorescence and
LS increased at a concentration of 1 pM and then both decreased at
~1 mM (Fig. 3B). The lag times showed that amyloid formation was
promoted at 1 to 1,000 uM polyP-L (Fig. 3C).

The CD spectrum showed that p2m formed a native p-sheet
conformation in the absence of polyP-L at neutral pH (Fig. 3 D
and E). In the presence of polyP-L at 10 pM to 2 mM, p2m
exhibited CD spectra with a large minimum at ~220 nm, in-
dicating that p2m formed typical p-rich amyloid fibrils. The CD
spectrum at 8 mM polyP-L showed the native-like p-sheet con-
formation, which is consistent with the assumption that compe-
tition between the stabilization of the native state and induction
of amyloid fibrils occurred at high polyP-L concentrations.

As a comparison, we measured the amyloid formation of f2m
in the presence of 0.5 mM SDS at pH 7.0 with ultrasonication,
where f2m readily formed amyloid fibrils since SDS partially
destabilized the native conformation of 2m (Fig. 3F) (29). The
lag time of 2.5 h was markedly shorter than that of polyP-L—
dependent amyloid formation. TEM revealed highly associated
amyloid fibrils (Fig. 3F, Inset). Even without ultrasonication,
polyP-L at 20 or 1,000 pM induced amyloid formation (Fig. 3G).
Although they showed weak ThT fluorescence and LS in-
tensities, TEM confirmed the straight and rigid amyloid fibrils
(Fig. 3G, Inset).

Interaction between polyPs and $2m Revealed by Isothermal Titration
Calorimetry Experiments. To examine the affinity between polyPs
and p2m, we performed isothermal titration calorimetry (ITC) ex-
periments under acidic and neutral pH conditions using tetraP and
polyP-L. At acidic pH, the titration of tetraP or polyP-L with 2m
showed a saturating titration curve, with the strength of the in-
teraction for polyP-L being stronger than that for tetraP (Fig. 44).
However, the exothermic heat effect observed for each injection of
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Fig. 3. PolyP-.-induced amyloid formation of p2m at neutral pH. (4) Ki-
netics of amyloid formation monitored by ThT fluorescence at 485 nm (blue)
and aggregation monitored by LS at 442 nm (red) at concentrations of 2,
100, and 2,000 M polyP-L at 37 °C. A TEM image of amyloid fibrils formed at
100 pM polyP-L is shown. (Scale bars, 200 nm.) (B and C) Maximum values of
ThT fluorescence at 485 nm (blue circles), LS at 442 nm (red circles) (B), and
lag time (C) at various concentrations of polyP-L. In C and E, the dotted line
represents the maximum ThT fluorescence in B. (D) CD spectra obtained
after amyloid formation at various concentrations of polyP-L. Dotted line
shows CD spectrum in polyP-L without ultrasonication. The dashed line shows
CD spectrum in 0.5 mM SDS with ultrasonication. (E) CD ellipticities at 220 nm
with ultrasonication (solid circles) and without ultrasonication (solid triangles)
at various concentrations of polyP-L. (F and G) Kinetics of amyloid formation
monitored by ThT fluorescence (blue) and aggregation monitored by LS (red)
at 0.5 mM SDS with ultrasonication (F) and at 20 (solid lines) and 1,000 uM
(dashed lines) polyP-L without ultrasonication (G). Insets show EM images of
amyloid fibrils formed at 0.5 mM SDS with ultrasonication (F) and 20 pM polyP-L
without ultrasonication (G). (Scale bars, 200 nm.)

f2m was independent of polyP concentrations, suggesting that af-
finity was independent of polyP concentrations. The stoichiometry
of binding was 1 mol of $2m interacting with 19.8 mol of tetraP and
2.2 mol of polyP-L with a dissociation constant, Kp, of 13.0 and 7.5
nM, respectively, revealing exothermic strong binding (Fig. 4 C and
D). The enthalpy change (AH) and free energy change (AG) for
binding were —121.5 and —45.0 kJ/mol for tetraP, respectively,
and —137.2 and —46.0 kJ/mol for polyP-L, respectively (Fig. 4G).
TetraP and polyP-L contained 4 and 60 to 70 negative charges,
respectively, and f2m had a net charge of +18 at pH 2. The larger
number of binding sites for tetraP (19.8 mol) than polyP-L (2.2 mol)
was consistent with the dominant role of electrostatic interactions.

In contrast, at neutral pH, under which polyPs and p2m were
both negatively charged, the titration of tetraP or polyP-L with f2m
showed endothermic heat (Fig. 4 B, E, F, and H). Endothermic
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heat was not observed when p2m was titrated into a solution
without polyPs (SI Appendix, Fig. S5). The apparent stoichiometry
of binding tentatively obtained assuming a binding mechanism was
1 mol of f2m interacting with 41.7 mol of tetraP with Kp, of 3.7 uM,
respectively (Fig. 4E). The AH and AG values for binding were
220.1 and -31.0 kJ/mol, respectively (Fig. 4H). Thermodynamic
parameters indicated that the driving force for favorable AG arises
from the positive entropy change (AS), implying that the de-
hydration of water molecules around f2m occurred upon the
mixing of polyPs and 2m.

We measured 'H-"’N heteronuclear single quantum co-
herence NMR spectra of p2m in the presence and absence of
20 pM polyP-L (SI Appendix, Fig. S6). However, no chemical
shift perturbation was observed for any cross-peaks. Thus, direct
binding between p2m and polyP-L at neutral pH was not ob-
served by NMR as well as ITC experiments.

Effects of PolyPs on the Conformational States. We examined the
stability of native p2m monomers at neutral pH in the presence
of various concentrations of polyP-L by performing thermal or
urea-induced unfolding experiments (SI Appendix, Supplementary
Results, Fig. S7 A and C, and Table S1). However, the stabilizing
effect of polyP-L on p2m was not observed for either. As a model
compound with strong Hofmeister salting-out effects, we also
investigated the effects of (NH4),SO, on the urea-induced
unfolding of p2m (SI Appendix, Fig. STB and Table S1). As
reported previously with (NH4),SO, (30), the addition of
(NH,4),SO, stabilized 2m against urea-induced unfolding.
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Fig. 4. Interaction between polyPs and p2m revealed by ITC experiments. (A
and B) Direct heat effects for the injection of 2m into 100 uM tetraP (red)
and 5 uM polyP-L (black) under acidic (A) and neutral (B) pH conditions. (C—F)
Total heat effects (AH) for each injection at 100 pM tetraP (C and E) and
5 pM polyP-L (D and F) under acidic (C and D) and neutral (E and F) pH
conditions. (G and H) Thermodynamic parameters (AH, —TAS, and AG) at
acidic (G) and neutral (H) conditions, respectively. Parameters not assessed
because of a poor fit are indicated by asterisks.
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Amyloid fibrils of p2m that form at acidic pH are known to
depolymerize with increases in pH to neutral pH (23, 26). We
examined the effects of polyP-L on the depolymerization of
preformed fibrils at acidic pH (SI Appendix, Fig. STD). We ob-
served the marked retardation of depolymerization in the pres-
ence of polyP-L, suggesting that polyPs stabilize amyloid fibrils,
thereby changing the conformational equilibria toward amyloid
fibrils. Similar stabilizing effects have been reported for other
biological additives, including glycosaminoglycans, proteogly-
cans, and lipids (21).

Discussion

Possible Effects of PolyPs on Amyloid Formation. Considering the
presence of a large number of negatively charged phosphate
groups, the marked effects of polyPs on the amyloid formation of
f2m may be caused by the salt effects. Three major mechanisms
generally participate in salt or ion effects on proteins (31, 32).

The first is the Debye—Hiickel ion screening effect, which is
proportional to the square root of ionic strength, independent of
salt species, and generally plays a role at low ion concentrations.

The second is the Hofmeister effect, in which water structure-
making kosmotropic ions (e.g., fluoride or sulfate anions) exert
stronger effects than water structure-breaking chaotropic ions on
protein stabilization, precipitation, and crystallization. For an
example, a Hofmeister series for anions (33) is:

Sulfate?~ > phosphate?~ > fluoride™ > chloride™ > bromide~

>iodide™ > perchlorate™ > thiocyanate’~.

(2]

The third is the counter ion-binding effect, which follows the
electroselectivity series representing the affinities of charge—
charge interactions. An electroselectivity series for anions to
positively charged groups is:

Sulfate’~ > perchlorate™ > thiocyanate™ > iodide™ > nitrate™
> bromide™ > chloride™ > acetate™ = fluoride™.

[3]

These three types of salt or ion effects on proteins may be
distinguished from the concentration range and order of
effectiveness of various salts or ions (31, 32).

Mechanism of PolyP-Induced Amyloid Formation under Acidic
Conditions. Charge—charge interactions clearly contribute to the
effects of polyPs under acidic conditions, under which acid-
denatured proteins are highly positively charged and polyPs are
highly negatively charged (Fig. 5). To demonstrate the role of the
charge—charge interaction, we made a phase diagram of acid-
denatured p2m monomers, amyloid fibrils, and amorphous ag-
gregates dependent on polyP concentrations (mM) and polyP
lengths (Fig. 2 C and D).

Regarding orthoP and diP, the maximum value of ThT fluo-
rescence was observed at a phosphate concentration that was
approximately 10-fold lower than that for the detection limit of
LS, separating the phases for amyloid fibrils and amorphous
aggregates, with the former clearly being observed at the lower
concentrations of orthoP and diP. The clear separation of the
amyloid and amorphous phases was not observed for tetraP,
polyP-S, or polyP-L. However, kinetics for DiP, TetraP, PolyP-S,
and PolyP-L monitored by ThT were slower than those moni-
tored by LS, indicating competition between rapid amorphous
aggregation and supersaturation-limited slow amyloid formation
(Fig. 2B). Thus, polyP-dependent amyloid formation under
acidic conditions follows a competitive mechanism between
amyloid fibrils and amorphous aggregates, as established for f2m
with various salts (1, 2, 5) and additives, including SDS (24) and
heparin (25).
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Fig. 5. Schematic models of the interaction between polyPs and $2m. At acidic
pH, the electrostatic interaction between polyPs and unfolded p2m (U) stabilized
amyloid fibrils (AF) and amorphous aggregates (AA) competitively depending on
the concentration of polyPs. At neutral pH, under which $2m and polyPs were
both negatively charged, hydration around the phosphate groups of polyP led to
the preferential stabilization of dehydrated amyloid fibrils over amorphous ag-
gregates. Although the native state was also likely to be stabilized, the net ef-
fects shifted the equilibrium toward the formation of amyloid fibrils.

Mechanism of PolyP-Induced Amyloid Formation under Neutral pH
Conditions. Attractive charge—charge interactions may not play a
dominant role in amyloid formation at neutral pH because f2m
(isoelectric point, 6.4) and polyPs are both negatively charged.
Moreover, f2m forms the native conformation, which prevents
amyloid formation. Hofmesister series (Eq. 2) showed that phosphate
is one of the anions with strong hydration (33) and, thus, stabilizing
effects against proteins. Thus, polyPs with a large number of phos-
phate groups appeared to induce amyloid fibrils based on
Hofmeister effects. According to the underlying mechanism of
Hofmeister effects, hydration around phosphate groups and conse-
quent preferential hydration around exposed hydrophobic groups,
which is energetically unfavorable, leads to a conformational shift to
a compact conformation with less exposed hydrophobic surfaces.
Among the four equilibrium conformational states expected for f2m
at pH 7 (Fig. 5), the extent of the exposed surface is as follows (34):

unfolded state > amorphous aggregate
> amyloid fibril > native state. 4]

Contrary to our expectation, we did not observe the evident
stabilization of the native state by polyPs monitored by urea (S/
Appendix, Fig. STA) or heat-dependent denaturation (SI Appen-
dix, Fig. S7C); however, slight stabilizing effects were observed
with (NH,4),SO,4, which was monitored by urea-induced dena-
turation (SI Appendix, Fig. STB). Although significant retarda-
tion of the lag time of amyloid formation with increases in
the polyP-L concentration at pH 7 and ultimate prevention at
8 mM polyP-L (Fig. 3) still argue the stabilization of the native
state by polyP-L, the exact effects on the native state are unclear
at this stage. On the other hand, polyP-L strongly prevented the
depolymerization of amyloid fibrils prepared at pH 2 (SI Appendix,
Fig. S7D). Moreover, the addition of NaCl retarded the amyloid
formation (SI Appendix, Fig. S8). These results indicated that
polyPs at neutral pH induce amyloid fibrils by the preferential
stabilization of amyloid fibrils with less exposed hydrophobic sur-
faces over more exposed unfolded states or amorphous aggregates
(Fig. 5). Possible Hofmeister effects induced by polyP may func-
tion at neutral pH irrespective of the protein net charge.
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Implications for Dialysis-Related Amyloidosis. Various biological
molecules have been reported to have the potential to interact
with p2m to induce amyloid fibrils at neutral pH, ultimately
resulting in the development of dialysis-related amyloidosis in
patients (13, 21, 28). However, polyPs, which strongly induced
amyloid formation at several pM at neutral pH (Fig. 3), were
never previously considered as a risk factor of dialysis-related
amyloidosis. On the other hand, the concentration of orthoP in
the blood of patients receiving long-term hemodialysis is con-
trolled at 3.5 to 6.0 mg/dL to prevent the formation of poorly
soluble calcium phosphate. Moreover, in those patients, high
serum orthoP level is strongly associated with mortality (35-37).

However, the detailed mechanism of the interactions between
phosphates and tissues is incompletely understood. Furthermore,
short polyPs consisting of less than a few dozen phosphate residues
are often included in foods and beverages to prevent drying and
improve taste. Due to the strong in vitro ability of polyPs to induce
the amyloid formation of p2m at neutral pH, even at a micromolar
concentration, we cannot exclude the possibility that polyPs play a
role in amyloid deposition in patients receiving long-term hemo-
dialysis. Furthermore, accumulation of phosphates is associated
with acceleration of vascular calcification with the progression of
kidney diseases as well as the long-term hemodialysis (38). The
present results argue that it will be important to carefully examine
the effects of various phosphate-related compounds including
polyphosphates and calcium phosphate (39) on the development
of dialysis-related amyloidosis. To achieve this goal, it will be im-
portant to establish a system that monitors the concentrations of
polyPs in long-term hemodialysis patients. Concomitant increases
in serum concentrations of p2m and polyPs may synergistically
trigger the formation of amyloid fibrils, leading to the development
of dialysis-related amyloidosis.
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In conclusion, we herein found that polyPs induced the amy-
loid fibrils of f2m under both acidic and neutral pH conditions.
PolyP-dependent amyloid formation under acidic conditions was
consistent with the competitive mechanism of amyloid formation
and amorphous aggregation by attractive charge—charge inter-
actions. On the other hand, polyP-dependent amyloid formation
at neutral pH was likely to occur through the strong Hofmeister
effects of condensed phosphate groups. Although the pathogenic
mechanism of dialysis-related amyloidosis in patients has been
studied extensively, the substances responsible or mechanisms
that break the supersaturation of p2m in patients remains un-
clear. The present results suggest an important role of polyPs in
the amyloid formation of f2m in vivo, providing insights into the
pathogenesis of dialysis-related amyloidosis.

Materials and Methods

Expression and purification of recombinant human p2m are described in SI Ap-
pendix. The formation of fibrils and amorphous aggregates was characterized by
various methods including ThT fluorescence, LS, CD, and TEM. Interactions between
polyPs and p2m were studied by ITC and NMR experiments. The details are de-
scribed in SI Appendix.
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