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ABSTRACT: Amyloid deposits in vivo are complex mixtures
composed of protein fibrils and nonfibrillar components, including
polysaccharides of the glycosaminoglycan (GAG) class. It has been
widely documented that GAGs influence the initiation and
progress of self-assembly by several disease-associated amyloido-
genic proteins and peptides in vitro. Here we investigated whether
the GAG heparin can serve as a cofactor to induce amyloid-like
fibril formation in a peptide predicted to have a weak propensity
to aggregate and not associated with amyloid disorders. We
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selected the 23-residue peptide PLB(1—23), which corresponds to the acetylated cytoplasmic domain of the phospholamban
transmembrane protein. PLB(1—23) remains unfolded in aqueous solution for >24 h and does not bind thioflavin T over this
time period, in agreement with computer predictions that the peptide has a very low intrinsic amyloidogenicity. In the presence
of low-molecular mass (S kDa) heparin, which binds PLB(1—23) with micromolar affinity, the peptide undergoes spontaneous
and rapid assembly into amyloid-like fibrils, the effect being more pronounced at pH 5.5 than at pH 7.4. At the lower pH, peptide
aggregation is accompanied by a transition to a f-sheet rich structure. These results are consistent with the polyanionic heparin
serving as a scaffold to enhance aggregation by aligning the peptide molecules in the correct orientation and with the appropriate
periodicity. PLB(1—23) is toxic to cells when added in isolation, and promotion of fibril formation by heparin can reduce the
toxicity of this peptide, consistent with the notion that amyloid-like fibrils represent a benign end stage of fibrillization. This work
provides insight into the role that heparin and other glycosaminoglycans may play in amyloid formation and provides therapeutic
avenues targeting the reduction of cytotoxicity of species along the amyloid formation pathway.

myloid fibrils are classified by their characteristic cross-f

structure, in which fS-strands are positioned perpendicular
to the fibril axis and interchain hydrogen bonds are aligned
approximately parallel to the fibril axis.' To date, 30 human
proteins are associated with systemic or localized amyloid.” In
addition, functional amyloids identified in a range of organisms,
including insects, bacteria, fungi, and human skin, are thought
to have evolved to exploit the strength and protease resistance
properties of amyloid for biological purposes.” Moreover, some
globular proteins when denatured can convert to fibrils,
implying that an extended amylome of proteins may be capable
of assembling into amyloid-like fibrils under the appropriate
conditions.* Several computational methods devised to predict
the aggregation propensity of a given protein sequence provide
a convenient starting point for exploring the size of the
amylome.>”’

Proteoglycans and glycosaminoglycans (GAGs) are extrac-
ellular matrix components that associate ubiquitously with
amyloid deposits in vivo.* ' GAG mimetics are being evaluated
clinically as Alzheimer’s disease therapies'' or for use as
diagnostic agents.'> Heparin is a highly sulfated GAG that has
been shown to enhance the fibrillar assembly of several
amyloidogenic proteins into fibrils, including a-synuclein,"
amylin,14 transthyretin,10 and tau,’ by reducing the length of
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the lag phase, enhancing elongation, and/or increasing fibril
yield. It is becoming apparent that the acceleration of fibril
formation can reduce the cytotoxicity associated with the
intermediate species formed along the fibril formation path-
way.'®"” The enhancement of fibril formation may thus
provide, in some cases, a therapeutic avenue for targeting
amyloid-related diseases.'® Heparin has also been shown to
induce amyloid fibril formation by a range of hormone
peptides," suggesting that GAGs play a role in the storage of
hormones as functional amyloid in secretory granules of the
endocrine system. The helical protein apomyoglobin readily
forms amyloid-like fibrils in vitro under conditions that
destabilize the native fold, and Vilasi and co-workers*® showed
that heparin promotes fibrillization of folded wild-type
apomyoglobin. It was suggested that the GAG-—protein
interaction is highly specific because alternating basic and
nonbasic residues in the apomyoglobin turn regions are capable
of binding heparin molecules.*

Here we investigated whether heparin could induce amyloid-
like self-assembly in vitro by a normally unfolded peptide that
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Figure 1. Amyloid propensity predictions for PLB(1—23) (left) and Af,_,, (right) using TANGO (A and B), AGGRESCAN (C and D), and

Zygreggator (E and F).

alone has a low intrinsic amyloidogenicity as determined by
predictive and experimental methods. We chose the 23-residue
peptide PLB(1—23), which corresponds to the natively N-
terminally acetylated cytoplasmic domain of the phospholam-
ban transmembrane protein that is expressed predominantly in
the sarcoplasmic reticulum of cardiac myocytes.”' PLB(1-23)
has previously been shown to bind heparin-derived oligosac-
charides with micromolar affinity.>” The peptide is unstructured
in aqueous solution and is predicted to have little or no
propensity to spontaneously aggregate into amyloid-like fibrils,
as we confirm experimentally here. We show that heparin
induces virtually instantaneous fibrillization of PLB(1—23) and
in doing so reduces the cytotoxicity associated with the soluble
peptide. Although PLB(1-23) and heparin are not physio-
logical binding partners, these results strengthen the argument
that many, if not all, proteins can assemble into amyloid-like
fibrils under suitable conditions, and with biological chaper-
ones, and suggest that predictions of amyloidogenicity should
consider GAG binding as a potential factor.
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B METHODS

Aggregation Prediction. The sequences of PLB(1—23)
and, for comparison, the amyloid-f peptide (Af,_4) were
evaluated by three aggregation prediction servers. TANGO
calculates a cross-p-aggregation propensity for each residue
within the input sequence.””*** AGGRESCAN calculates an
aggregation propensity value for each residue within the input
sequence and provides a graphical output of the results.” Areas
of the profile above a precalculated threshold are termed
aggregation “hot spots”. Zyggregator calculates an aggregation
profile of a sequence based on the physicochemical properties
of its constituent amino acids.*** Residues with a score of >1
are thought to promote aggregation of the sequence. TANGO
and Zygreggator aggregation profiles were determined for the
peptides at pH 7.4 and S.5.

Preparation of Peptide Solutions. AccMEKVQYLTRS-
AIRRASTIEMPQQ-NH, [PLB(1-23)] (95% pure) was
purchased from Peptide Protein Research (Fareham, U.K.).
The peptide was dissolved in 5% p-mannitol (pH 5.5)"* or 20
mM sodium phosphate (pH 7.4 or S.5) at a concentration of
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2.0 mg/mL (0.72 mM). Additional samples were prepared
using buffered solutions of low-molecular mass heparin
[approximately S kDa (Fisher)] also at a concentration of 2.0
mg/mL (0.4 mM), or heparin disaccharide (Sigma) (0.4 mM).
Samples were incubated at 37 °C while being shaken at 200
rpm for 5 days.

Isothermal Titration Calorimetry. Heat flow resulting
from binding of low-molecular mass heparin to peptide was
measured using a high-sensitivity VP-ITC MicroCalorimeter
(MicroCal LLC, Northampton, MA). The reaction cell volume
and total injection volume were 1.5 mL and 279.5 uL,
respectively. Experiments were performed at 25 °C, at a power
reference setting of 15 pcal/s (VP-ITC) with stirring at 307
rpm. Data analysis was conducted using Origin version 7
(MicroCal). The reaction cell contained a SO uM solution of
peptide in 10 mM Tris and 1 mM EDTA (pH 7.4). A solution
of heparin was prepared in the same buffer at a concentration of
250 or 500 uM and injected via the syringe. Titrations were
conducted at intervals of up to 10 min in 10 uL aliquots
following an initial discard aliquot of 3 uL. Each injection
generates a heat of reaction, determined by integration of the
individual peaks from the heat flow trace. The heat of dilution
was determined in control experiments whereby low-molecular
mass heparin was titrated into a buffer solution without the
peptide. Subtraction of the heat of dilution values from
experimental values allows the determination of heat flow
resulting from peptide binding.

Thioflavin T Fluorescence. Fluorescence was measured on
a Flexstation 3 (Molecular Devices), with excitation at 430 nm
and emission at 480 nm using clear bottom, black 96-well plates
(Nunc) covered with a lid. Peptides were incubated at a
concentration of 2 mg/mL with 20 yM thioflavin T at 37 °C
alone or with heparin at 2 mg/mL (0.4 mM) or heparin
disaccharide at 0.4 mM. Readings were taken every 5 min while
the samples were shaken for 5 s before each reading. Control
wells of heparin with thioflavin T in each buffer were included
on each plate. Experiments to examine the effect of salt on
aggregation kinetics had 150 mM NaCl and 500 mM NaCl
added to the buffers. An additional experiment was conducted
in which heparin was added at 5.5 h to a final concentration of
2 mg/mL. Kinetics were analyzed assuming a sigmoidal growth
curve, using the equation

a
1+ (1)

where F, is the fluorescence at time ¢, F, is the initial
fluorescence, F,, is the maximal fluorescence, T is the inflection
point of the sigmoidal, and the slope 1/7 is the rate of
polymerization.”

Transmission Electron Microscopy. Morphologies of the
peptide solutions were analyzed by transmission electron
microscopy (TEM) using negative staining with 4% uranyl
acetate. Peptide suspensions (10 L) were loaded onto carbon-
coated copper grids and visualized on a Tecnai 10 electron
microscope at 120 kV.

Circular Dichroism. Samples were loaded into a quartz
cuvette (Hellma), with a path length 0.2 mm, and the
synchrotron radiation circular dichroism (SRCD) spectra
were recorded from 190 to 260 nm on beamline B23, Diamond
Light Source,”” with 1 nm increments using a slit width of 0.5.
Peptides were incubated at 2 mg/mL while being continuously
shaken for up to S days at 37 °C and diluted to 0.5 mg/mL with
buffer immediately prior to being transferred to the cuvette

E=K+

(with shaking) to reduce sample absorbance. Spectra were
recorded as the average of four scans and are presented
following subtraction of buffer or heparin control spectra.

Cell Viability. SH-SYSY cells (ATCC) were plated on 96-
well plates at a density of 30000 cells/well and grown for 24 h.
Peptide samples were diluted to 20 #M in buffer and added to
cells. Following incubation for 48 h, 10 L of the Cell Counting
Kit-8 (CCK-8) solution was added and further incubated for 2
h, prior to measurement of the absorbance at 450 nm. The
percentage cell viability was calculated from the absorbance of
cells in the presence of the peptide with or without heparin
measured relative to the absorbance of cells exposed to buffer
alone or buffer containing 2 mg/mL heparin.

B RESULTS

PLB(1-23) is predicted to have a low intrinsic amyloidoge-
nicity according to three predictive software packages:
AGGRESCAN,® Zyggregator,”>* and TANGO.”**** All pack-
ages gave values below the thresholds for the predicted
amyloidogenicity, which are shown in Figure 1 alongside
predictions for Af, ,, for comparison. Zygreggator and
TANGO aggregation profiles determined for the peptides at
pH 7.4 and 5.5 showed no pH dependence (Figure 1AE).
TANGO allows the inclusion of the N-terminal acetyl and C-
terminal amide groups, and these were predicted to have no
appreciable effect on amyloidogenicity.

ITC was used to determine whether low-molecular mass
heparin interacts with PLB(1—23) in aqueous solution (Figure
2). The ITC isotherm indicates that heparin binds to the
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Figure 2. ITC data for SO uM PLB(1-23) titrated with heparin at 25
°C. Raw data of power vs time (top) and titration curves of integrated
enthalpy vs reactant mole ratio (bottom).
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peptide with an association constant (K,) of 2.20 X 10° M.
Negative values for the change in binding enthalpy (AH)
(—10.60 kcal/mol) and the change in entropy (AS) (—11.2
kcal K™! mol™!) are consistent with electrostatic interactions
and/or hydrogen bond formation. The stoichiometry (N) of
0.18 indicates that each heparin molecule binds approximately
five peptide molecules, presumably because of the large size and
high charge of the saccharide (—18 compared to +4 for the
peptide).

Several methods were used to investigate whether heparin
increased the propensity of PLB(1—23) to aggregate. We
initially employed the sample medium and concentrations
reported by Maji and co-workers,"” who showed that heparin
induced amyloid-like fibril formation by a range of hormone
peptides under these conditions. PLB(1—23) was dissolved to a
concentration of 2 mg/mL (0.72 mM peptide) in D-mannitol
buffer (pH 5.5) alone or with 2 mg/mL (~0.4 mM) low
molecular-mass heparin. Samples were also prepared at the
same concentrations in phosphate buffer (pH 7.4) for
comparison. Thioflavin T fluorescence measurements were
performed to monitor the aggregation properties of PLB(1—
23) in the absence or presence of heparin. Incubation of
PLB(1—23) alone at pH 5.5 or 7.4 did not enhance thioflavin T
fluorescence over 24 h (Figure 3A, solid and dashed lines),
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Figure 3. Time course of PLB(1—23) aggregation monitored by
thioflavin T fluorescence. (A) Relative fluorescence units (RFU) at
480 nm for PLB(1—23) alone in phosphate at pH 7.4 (—), in D-
mannitol at pH 5.5 (---), and in the presence of heparin in phosphate
at pH 7.4 (---) and p-mannitol at pH 5.5 (---). (B) RFU upon addition
of heparin added to PLB(1—23) after 5.5 h (black arrow) at pH 7.4
(—) and pH §.5 (--). Data are averages of four repeats. Controls of
heparin alone showed no increase in fluorescence over the time period
examined.

suggesting that amyloid-like fibril formation did not occur over
this time period. A small increase in ThT fluorescence [to
~1000 relative fluorescence units (RFU)] in phosphate at pH
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7.4 was observed after 30 h, but at pH $.5, the fluorescence
remained at the baseline until the measurement was stopped at
36 h (data not shown). Incubation of PLB(1-23) in the
presence of heparin at pH 5.5 resulted in an enhanced
thioflavin T fluorescence from the first measurement point
onward (Figure 3A, dotted—dashed line). Incubation of
PLB(1-23) in the presence of heparin at pH 7.4 resulted in
a smaller increase in thioflavin T fluorescence, and after a lag
period of approximately 20 h (Figure 3A, dotted line). We
considered whether D-mannitol itself might play a role in
inducing aggregation at pH 5.5, so a fresh sample was prepared
in phosphate buffer at pH S5.5. In phosphate at pH 5.5, the
thioflavin T fluorescence in the presence of heparin was
enhanced from ~4000 RFU from the initial measurement to
>10000 RFU after 24 h. In the absence of heparin, the relative
fluorescence remained close to zero for 16.5 h, after which the
fluorescence increased to ~4000 RFU (Figure S1 of the
Supporting Information). Hence, these data confirm that p-
mannitol is not responsible for the rapid aggregation of
PLB(1—23) in the presence of heparin, although in phosphate
at pH S.5 and 7.4 some aggregation occurs in the absence of
heparin after incubation for several hours. All pH 5.5 samples
presented henceforth were prepared in D-mannitol unless
specified otherwise.

Figure 3A suggests that heparin at pH 5.5 rapidly catalyzes
amyloid-like self-assembly®® in the dead time of <1 min that
lapsed between mixing heparin with peptide and recording the
first measurement. To test this supposition, the peptide was
incubated with thioflavin T alone at pH 5.5 and heparin was
automatically injected to a concentration of 2 mg/mL after 5.5
h (Figure 3B). The peptide remained stable for the first 5.5 h,
with a baseline fluorescence in the absence of heparin.
Immediately upon addition of heparin to the peptide, a rapid
and striking increase (a rate of polymerization of 113.3 h™") in
fluorescence intensity was observed (Figure 3B, dashed line).
The fluorescence enhancement at pH 5.5 was considerably
greater than at pH 7.4, consistent with a higher level of
conversion of the peptide to amyloid at the lower pH. The
origin of the difference in behavior in the two pH conditions is
not clear, as neither heparin nor the peptide contains groups
(e.g., histidine) with pK, values in this range.

The morphologies of the peptide solutions after incubation
for S days were analyzed by TEM. In the absence of heparin,
amorphous aggregates were formed in phosphate at pH 7.4
(Figure 4A), but nothing was visible on the grids following
incubation in pD-mannitol at pH 5.5 (Figure 4C). TEM analysis
of the peptide solution incubated in the presence of heparin
showed in both cases amyloid-like fibrils (Figure 4B,D). Fibrils
at pH 5.5 were short and slender with dense coverage of the
entire grid (Figure 4D). However, aggregates observed in
phosphate at pH 7.4 were longer and needlelike, spanning
lengths of up 1 ym, with a random distribution across the grid
(Figure 4B). Incubation of PLB(1—23) for S days in phosphate
at pH 5.5 resulted in amorphous aggregates in the absence of
heparin (Figure 4E), but well-defined fibrils were observed in
the presence of heparin (Figure 4F). Taken together, thioflavin
T fluorescence and TEM indicate that although PLB(1-23)
can under certain conditions precipitate as amorphous
aggregates in the absence of heparin, amyloid-like fibril
formation occurs only when the polysaccharide is present.

The low-molecular mass heparin used here has an average of
18 monosaccharide units, and it is tempting to envisage the
repeating array of sulfate and acetate groups acting as a linear

dx.doi.org/10.1021/bi401231u | Biochemistry 2013, 52, 8984—8992
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Figure 4. Transmission electron micrographs of PLB(1—23) (2 mg/
mL) following incubation at 37 °C while being shaken for S days: (A)
peptide alone in phosphate (pH 7.4), (B) peptide in phosphate (pH
7.4) in the presence of 2 mg/mL heparin, (C) peptide alone in D-
mannitol (pH $.5), (D) peptide alone in p-mannitol (pH $.5) in the
presence of 2 mg/mL heparin, (E) peptide alone in phosphate (pH
5.5), and (F) peptide in phosphate (pH S.5) in the presence of 2 mg/
mL heparin. The scale bar is 100 nm.

scaffold that initiates and propagates PLB(1—23) assembly
through interactions with positively charged residues. If this
were the case, lower degrees of heparin polymerization might
thus be less effective at promoting peptide elongation. To test
this hypothesis, PLB(1—23) was incubated with a heparin-
derived disaccharide at the same molar concentration (0.4
mM), and hence the same peptide:saccharide charge ratio, used
for low-molecular mass heparin. Intriguingly, the disaccharide
did not induce immediate peptide aggregation as seen with low-
molecular mass heparin, but an increase in ThT fluorescence
did eventually occur after a lag phase of approximately 24 h, the
enhancement in fluorescence being considerably higher at pH
5.5 than at pH 7.4 (Figure SA). Under both pH conditions,
PLB(1—23) assembles into a network of fibrous aggregates in
the presence of the disaccharide, with the density of fibers being
greater at pH 5.5 (Figure SB). The negatively charged
saccharide groups therefore appear to induce peptide
aggregation regardless of the length of the saccharide chain,
presumably as a result of charge neutralization resulting from
ionic interactions between the saccharide sulfate and carboxyl
groups and basic amino acid residues of the peptide. However,
the longer saccharide chain of low-molecular mass heparin
appears to immediately nucleate the rapid aggregation of the
peptide, possibly because the number of repeating saccharide
groups is optimal for templating peptide self-assembly.

To investigate the role of electrostatic interactions between
the PLB(1—23) peptide and heparin, thioflavin T fluorescence
was used to examine the effect of NaCl on the kinetics of
PLB(1—23) aggregation. Intuitively, it would be expected that
the salt would screen electrostatic interactions between heparin
and the peptide and consequently prevent aggregation. A high
(500 mM) concentration of NaCl induced a large increase in
thioflavin T fluorescence (>8000 RFU) at pH 5.5 even in the
absence of heparin, and the peptide precipitated as amorphous
aggregates (Figure S2 of the Supporting Information). No
evidence of aggregation was observed at pH 7.4 (data not
shown). The high NaCl concentration alone appeared to be
sufficient to cause protein aggregation and/or precipitation at
pH 5.5, presumably through a typical “salting out” effect
involving nonspecific Debye—Huckel screening or ionic
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Figure 5. PLB(1-23) aggregation in the presence of 0.4 mM heparin
disaccharide. (A) Thiflavin T fluorescence at 480 nm for PLB(1-23)
at pH 74 (—) and pH 5.5 (--). (B) Transmission electron
micrographs of the aggregates formed at pH 7.4 and 5.5. The scale
bar is 100 nm.

interactions, for example. This effect of NaCl alone would
make it difficult to interpret any effects of heparin in this
medium, so further studies at this salt concentration are not
reported here. At a lower, more physiologically relevant NaCl
concentration of 150 mM, no increase in thioflavin T
fluorescence occurred at pH 5.5 or 7.4 in the absence of
heparin, indicating that the peptide is stable and does not
aggregate under these conditions (Figure 64, dotted—dashed or
solid lines, respectively). Thioflavin T measurements in the
presence of 0.4 mM heparin indicated that heparin promoted
protein aggregation at pH 5.5 and 7.4, but the salt appeared to
introduce a lag time of >3 h preceding an increase in
fluorescence intensity (Figure 6A, dashed and dotted lines,
respectively). This observation reflects the findings of Wang
and co-workers, who reported that 150 mM NaCl lengthened
by 3-fold the lag time for heparan sulfate-induced amyloid
formation by a mutant of the islet amyloid polypeptide.29 Here,
TEM analysis of the NaCl solutions after 5 days in the presence
and absence of heparin (Figure 6B) revealed morphologies
similar to those of the aggregates formed in the absence of salt
(Figure 4). Hence, it appears that electrostatic screening of
PLB(1-23)—heparin interactions by NaCl impedes the
formation of the critical nucleation state required for rapid
elongation into fibrils but does not prevent fibril formation
altogether.

We next investigated whether the process of aggregation was
accompanied by changes in the peptide secondary structure.
SRCD spectra were recorded for freshly prepared peptide
samples and for samples after incubation with continuous
agitation for S days. SRCD spectra of fresh solutions of the
peptide in the absence of heparin at pH 5.5 and 7.4 (in the
absence of salt) showed a minimal ellipticity at around 200 nm,
consistent with a random coil (Figure 7A,B, solid lines). It is
noted that the ellipticity values for fresh solutions prepared at

dx.doi.org/10.1021/bi401231u | Biochemistry 2013, 52, 8984—8992
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Figure 6. Effects of salt on the aggregation of PLB(1-23). (A)
Thioflavin T analysis of 2 mg/mL PLB(1-23) alone or in the
presence of 2 mg/mL heparin with 150 mM NaCl at pH 7.4 and S.5.
Data are averages of four repeats. Controls of heparin and salt alone
showed no increase in fluorescence over the time period studied. (B)
Transmission electron micrographs of the aggregates formed at pH 7.4
and 5.5 with 150 mM NaCl, in the absence and presence of heparin.
The scale bar is 100 nm.

pH 7.4 and 5.5 are not the same, and this is attributed to slight
differences in concentration and buffer signal strength. In the
presence of heparin, spectra of fresh peptide solutions showed a
slightly shifted minimal ellipticity of 2 nm at pH 7.4 and 5.5
(Figure 7A,B, dashed lines). The estimated secondary structure
contents of the peptide in the presence and absence of heparin
are summarized in Table 1. The SRCD spectrum of PLB(1—
23) with heparin at pH S.5 indicates a structural transition
estimated to consist of 6% f-sheet and 26% turn that reflects
the early enhancement of fluorescence observed in the
thioflavin T measurements (Figure 3A). However, care should
be taken in comparing these two independent measurements,
particularly at the earliest stages of peptide aggregation.
Although the dead time preceding the SRCD measurements
on the freshly prepared samples was approximately the same as
the dead time for the first thioflavin T readings, subtle
differences in sample preparation conditions (e.g., the strength
of agitation) could result in different nucleation times or rates
of peptide self-assembly giving rise to the apparent discrepancy.

The SRCD spectra of PLB(1—23) alone after S days were
consistent with the peptide remaining as a random coil at pH
74 and 5.5 (Figure 7A,B, dotted lines, and Table 1). After S
days in the presence of heparin at pH 7.4, an overall loss of
signal intensity was seen, which was attributed to a reduced
concentration of the peptide in solution because of
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absence of 2 mg/mL heparin. Spectra were recorded at pH 7.4 (A)
and pH 5.5 (B) as an average of four scans following dilution to 0.5
mg/mL in buffer and are shown following subtraction of buffer and
heparin control spectra. (C) Thioflavin T fluorescence of 2 mg/mL
PLB(1-23) incubated for S days under the conditions used for SRCD
analysis in the absence and presence of heparin at pH 7.4 or S.5.

precipitation (Figure 7A, dotted—dashed line). With line fitting
to the spectrum, it was estimated that approximately 54% of the
peptide was f-sheet or turn on day S (Table 1). SRCD
measurements for the peptide incubated in the presence of
heparin at pH 5.5 for 5 days indicated that the peptide adopted
virtually 100% f-sheet structure with a negative band between
210 and 220 nm and positive band between 195 and 200 nm
(Figure 7B, dotted—dashed line, and Table 1), consistent with
characteristic amyloid fibril structure.>® Hence, the combination
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Table 1. Estimates of the Secondary Structure Content from
SRCD Spectra of PLB(1-23) in Freshly Prepared Solutions
(day 0) and after Incubation for 5§ Days in the Presence and
Absence of Heparin®

conditions secondary structure (%)

time pH heparin helix sheet turn unordered
day 0 5.5 - 17 0 3 80

5.5° + 19 6 26 48

74 - S 0 2 93

7.4 + S 1 0 94
day § 5.5 - 25 3 3 68

S.S + 0 100 0 0

7.4 - 4 1 N 90

7.4 + 6 31 22 41

“Values were calculated by fitting the spectra using Olis Global Works
secondary structure fitting software (CONTINLL algorithm) and basis
sets 8, 10, and 11. The best fit was determined on the basis of the
smallest normalized spectral fit standard deviation for the three basis
sets (all values were <0.07 unless indicated). “Standard deviation of
0.11.

of a mildly acidic pH and the presence of heparin is sufficient
for complete aggregation of PLB(1-23) into amyloid-like
fibrils. Single-read thioflavin T analysis of these samples on day
S showed virtually no enhancement of the fluorescence for the
peptide in the absence of heparin but substantially higher
fluorescence in the presence of heparin, the enhancement being
greatest at pH S.5 (Figure 7C). These measurements on day S
reflect the differences in fluorescence observed at the 24 h end
point of the time course measurements in Figure 3A and also
the f-sheet/turn content of the peptide at day S.

The cytotoxicity of PLB(1—23) to SHSY-SY cells was tested
using CCK-8 dye. Surprisingly, the soluble, wild-type peptide
alone was toxic to cells, with observed cell death of
approximately 60—70% upon addition of both freshly prepared
peptide solutions and solutions preincubated for S days at pH
5.5 and 7.4 (Figure 8, black columns). It is not clear whether
the cytotoxicity arises from soluble monomeric peptide or from

alone
+heparin

p<0.05
[ |

1004

cell viability (%)

7
day 0 day 5 day 0 day5
pH 7.4 pH 5.5

Figure 8. Cell viability of SHSY-SY cells upon addition of PLB(1-23).
The peptide was added to cells from a freshly prepared solution (day
0) and following preincubation for S days (day S), at pH 7.4 and S.5.
The peptide was added to a final concentration of 20 uM following
preincubation at 2 mg/mL alone (black) and in the presence of 2 mg/
mL heparin (shaded). Significant differences determined by a ¢ test are
shown. Data are means =+ the standard error for six independent wells.
PLB(1—23) and heparin solutions preincubated for S days showed a
significant reduction in cytotoxicity compared to peptide preincubated
alone at pH 7.4 and 5.5 (p < 0.1 and p < 0.0, respectively).
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soluble oligomers that may formed under the conditions of the
cell viability assay. However, peptide solutions with heparin
present, both freshly prepared and preincubated under
conditions comparable with those used for the experiments
described above, showed a significant reduction in cytotoxicity
regardless of pH or the duration of the preincubation of the
peptide solution (Figure 8, shaded columns). This implies that
heparin protects the cells from the toxic form(s) of PLB(1—
23).

B DISCUSSION

The transition of soluble proteins and peptides to insoluble
amyloid-like fibrils often involves destabilization of the native
protein fold using extreme ;)H or temperature or the addition
of a cofactor or denaturant.”' ~>*> However, not all proteins and
peptides have an equally strong propensity to assemble from an
unfolded state into amyloid fibrils. Here we have studied the
effect of heparin as a cofactor to induce amyloid-like fibril
formation in a natively unfolded peptide that is predicted to
have low inherent amyloidogenicity. We show using ThT,
SRCD, and TEM that PLB(1—23) remains stable in solution
for >24 h, but low-molecular mass heparin induces rapid fibril
formation of PLB(1—23), with the effect being most
pronounced at pH S5.5. This peptide in its soluble form is
toxic to SHSY-5Y cells when added in isolation, but heparin can
reduce the cytotoxic effect. Previous findings with other
peptides have indicated that amyloid-like fibrils represent a
benign end stage of fibrillization that are not toxic to cells."***
Whether heparin achieves its cytoprotective effect by enhancing
the assembly of PLB(1—23) into inert amyloid-like fibrils or
simply by masking the interactions of the peptide with the cells
cannot be established at this stage.

PLB(1-23) is predicted to have low amyloidogenicity
according to three independent computational methods, but
incubation of the peptide alone in phosphate buffer for >16 h
gives rise to enhanced thioflavin T fluorescence. The
enhancement is substantially larger (and occurs after a shorter
lag period) in the presence of S00 mM NaCl, which we
attribute to the screening effect of the high salt concentration.
In all these cases, however, the peptide is deposited as
amorphous aggregates with no fibrillar structures in evidence.
Remarkably, low-molecular mass (~5 kDa) heparin and the
much smaller heparin-derived disaccharide, at concentrations of
0.4 mM, both induce formation of fibrillar PLB(1-23)
aggregates. Peptide aggregation begins virtually instantaneously
after the addition of S kDa heparin, whereas in the case of the
disaccharide, fibril elongation is preceded by a lag phase that is
typical of amyloidogenic proteins and peptides. Electrostatic
effects undoubtedly play a role in PLB(1—23) aggregation,
either at high salt concentrations or in the presence of heparin,
but it would appear that the chemical structure of the
polysaccharide, specifically the spatial distribution of anionic
groups, is important for directing peptide self-assembly in a
vectorial manner, culminating in the deposition of fibrous
aggregates. Further studies with other naturally occurring or
synthetic GAGs with different substitution patterns would help
to test this hypothesis.

Heparin-derived oligosaccharides have previously been
observed to interact with the PLB(1—23) peptide studied
here.** Heparin binding regions usually contain consecutive
basic residues described as BBXB or BBBXXB, where B is a
basic residue and X is a hydropathic residue.'®*" It is therefore
thought that heparin could associate with this peptide through
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the arginine residues at positions 13 and 14. How the
interaction invokes a disorder-to-order transition in the peptide
is not clear, but one plausible explanation is that the repeating
anionic groups of the saccharide units align the cationic peptide
groups with a periodicity matching approximately the
intermolecular hydrogen bond spacing of the cross-f structure.
Certainly, reducing the degree of saccharide polymerization
from 18 to 2 units increases substantially the lag time preceding
the onset of peptide self-assembly (Figure SA). The very
different effects on thioflavin T fluorescence intensity and
SRCD observed secondary structure at two pH values
suggested that heparin has a much more pro-amyloidogenic
effect at pH 5.5 than at pH 7.4. Usually, a pH dependence is
attributed to the protonation state of histidine residues
providing an additional charged residue to enhance heparin
binding,*>*’ as observed for transthyretin'® and amyloid-f
peptides,®® but this cannot explain our observations because the
peptide lacks histidine. A decrease in pH has been shown to
promote fibril formation in several amyloidogenic proteins,
favoring the transition from nonfibrillar to fibrillar species.
Destabilization of the native fold can occur at a reduced pH,
resulting in partial denaturation and unfolding forming a
species that readily assembles into amyloid fibrils as observed
for transthyretin®® and ﬂz—microglobulin39 and due to the
exposure of surface hydrophobic residues in prion proteins.** A
model for fibrillogenesis of these proteins involving the
association of partially unfolded molecules into ordered fibrillar
assemblies has been proposed. A pH dependence of fibril
formation has also been linked to the location of amyloid
deposits within the body and the possible involvement of
specific locations, e.g., lysosomes in amyloid-light chain
disorder.*"** The wider biological implications of the results
reported here are not yet known, so it is possible only to
speculate at this stage. Interestingly, mutants of the glycoside
hydrolase lysozyme, which catalyzes the hydrolysis of linkages
between bacterial cell wall peptidoglycans, are associated with a
familial form of amyloidosis.* Extrapolating the results of the
work here, one could envisage that lysozyme aggregation might
be promoted by interactions with the released bacterial glycan
fragments. Investigations into lysozyme—GAG interactions may
thus provide new insights into the aggregation of this well-
characterized enzyme.

There is much interest in investigating the interactions
between GAGs and amyloid fibers.'*** Here, we have shown
that heparin can induce amyloid-like formation in a natively
nonamyloidogenic peptide and that this effect is greater at pH
5.5 than at pH 7.4. Work on islet amyloid polypeptide
aggregation has shown that the presence of GAGs may reduce
the effectiveness of inhibitory compounds.”” The data
presented here provide an insight into the role that heparin
and other GAGs may play in enhancing amyloid formation in a
range of amyloid-related diseases and provide therapeutic
avenues targeting the reduction of cytotoxicity of species along
the amyloid formation pathway.

B ASSOCIATED CONTENT

© Supporting Information

Additional figures showing the aggregation properties of
PLB(1—-23) under alternative buffer conditions. This material
is available free of charge via the Internet at http://pubs.acs.org.
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