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Novel insights into amylin aggregation
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Amylin is a peptide that aggregates into species that are toxic to pancreatic beta cells, leading to type II diabetes. This study has
for the first time quantified amylin association and dissociation kinetics (association constant (k,) = 28.7 &= 5.1 L mol ! s7!
and dissociation constant (k;) = 2.8 + 0.6 x10~* s~!) using surface plasmon resonance (SPR). Thus far, techniques used
for the sizing of amylin aggregates do not cater for the real-time monitoring of unconstrained amylin in solution. In this
regard we evaluated recently innovated nanoparticle tracking analysis (NTA). In addition, both SPR and NTA were used to
study the effect of previously synthesized amylin derivatives on amylin aggregation and to evaluate their potential as a cell-free
system for screening potential inhibitors of amylin-mediated cytotoxicity. Results obtained from NTA highlighted a
predominance of 100-300 nm amylin aggregates and correlation to previously published cytotoxicity results suggests the
toxic species of amylin to be 200-300 nm in size. The results seem to indicate that NTA has potential as a new technique to
monitor the aggregation potential of amyloid peptides in solution and also to screen potential inhibitors of amylin-mediated

cytotoxicity.
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Abbreviations

AB:  amyloid beta
AFM: atomic force microscopy
DLS: dynamic light scattering
DMF: dimethylformamide

DMSO: dimethylsulfoxide
ESI-QTOF:  electrospray  ionization  time-of-flight
spectroscope

FTIR: Fourier transform infrared
HEPES: 2-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid
HFIP: hexafluoroisopropanol
HPLC: high performance liquid chromatography
NTA: nanoparticle tracking analysis
NMR: nuclear magnetic resonance
PrP: prion protein
SPR: surface plasmon resonance
STEM: scanning transmission electron microscopy
TFA: trifluoroacetic acid
ThT: thioflavin T

Introduction

Full-length human amylin (amylin) is a 37 amino acid
long peptide which is released together with insulin from
pancreatic beta cells.[1,2] Accumulation of amylin can
result in its soluble monomeric form aggregating into
toxic oligomers and eventually fibrils,[3-6] allowing it to
be classified as an amyloidogenic peptide and implicating
it in the development of type II diabetes.[2,7-10]

Inhibition or prevention of amylin aggregation and subse-
quent cytotoxicity has always relied on compounds that
could bind to amylin,[11-16] and numerous studies have
investigated the multi-faceted dynamics of amylin aggre-
gation. Techniques that have been used to elucidate the
conformational change from a random coil or helical
structure to a B-sheet structure and to provide a model for
the secondary structure of amylin include circular dichro-
ism (CD) spectroscopy,[17,18] Fourier transform infrared
(FTIR) spectroscopy,[19] two-dimensional (2D) spectros-
copy,[20,21] and solid-state nuclear magnetic resonance
(NMR).[22] Filtration assays [4,18] were used to monitor
the time-dependent change in aggregate size but does not
allow for real-time monitoring of the aggregation process.
For observation of the aggregation process in real time,
atomic force microscopy (AFM) [23,24] can be employed,
which generates quantitative data on the diameter as well
as the growth rate of amylin aggregates. The latter men-
tioned amylin aggregation dynamics were also elucidated
using scanning transmission electron microscopy
(STEM).[17,25,26] Two other techniques that have been
used to monitor amylin aggregation dynamics include
electrochemical analysis,[27] which is based on the oxida-
tion of tyrosine; and tryptophan triplet quenching,[28]
which as its name implies monitors the quenching of the
triplet state of tryptophan by cysteine or disulphides.
Although no quantitative data were presented, these tech-
niques were used to study the rate of interaction between
the chain termini of amylin and the kinetics of amylin
aggregation respectively. A more recent study made use
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of the thioflavin T (ThT) dye and total internal reflection
fluorescence microscopy to visualize amylin aggregation.
[29] Although AFM and STEM data can be combined to
generate association kinetics, none of these techniques
were independently capable of generating quantitative
data on the association and dissociation kinetics of amy-
lin. In addition, no study to date has monitored the change
in size of aggregates that formed from unconstrained amy-
lin in solution over real time.

From as early as 1994, surface plasmon resonance
(SPR) technology has been used to determine the aggrega-
tion kinetics of amyloidogenic proteins.[30—32] SPR can
monitor protein—protein interaction and is based on the
principle that the refractive index at a surface changes
proportionally to the amount of molecules present on it,
which can be measured using an optical system.[33]
Some of the advantages of SPR are that it allows for fibril
growth to be monitored over minutes or even seconds,
very low sample concentrations are required, and no pep-
tide-labelling strategy is necessary, thus permitting direct
analysis of unmodified peptide sequences.[34] Moreover,
quantitative data can be generated to express the rate of
association as well as the dissociation kinetics.

Of all the amyloidogenic proteins, amyloid beta (AB)
interactions have been most extensively studied using
SPR [31,34-51] followed by prion protein (PrP), which
have been implicated in Alzheimer’s disease and trans-
missible spongiform encephalopathy (Prion diseases),
respectively.[52-55] Initially, Myszka et al. [56] reported
SPR as a suitable technique to assess the association and
dissociation kinetics of AB aggregation. Thereafter, SPR
was employed to extensively characterize the aggregation
kinetics of ApB,[34,39] and an SPR-based assay was subse-
quently developed to allow identification of small molecules
that bind to A and which could act as potential therapeutic
agents against Alzheimer’s disease.[35] It was also reported
that SPR could be used as a potential assay for screening
anti-prion molecules.[53] For more details with respect to
SPR investigations into AS aggregation, an extensive
review by Aguilar and Small [57] is recommended. How-
ever, up until now, SPR-based studies into amylin aggrega-
tion are limited to the attachment of biotinylated-amylin
derivatives to strepavidin-coated sensor chips.[58,59]

Jaikaran et al. [58] evaluated the interaction of rat
amylin and compounds present in the secretory granule of
pancreatic beta cells such as insulin, somtostatin and pro-
insulin, with the sensor chip-bound biotinylated-amylin.
A similar SPR-based approach was employed by Wei
et al. [59] and in both of these studies, it was suggested
that insulin inhibits the formation of S-sheet structures by
binding to biotinylated-amylin.[58,59] The most recent
study immobilized nanoparticles on a sensor chip and
used SPR to evaluate the binding affinity of amylin for
these particles.[60] However, the generated data were not
indicative of the kinetics of amylin association and

dissociation. In addition, an SPR-based strategy is yet to
be evaluated as a potential cell-free selection system for
inhibitors of amylin-mediated cytotoxicity.

Elucidation of the aggregation dynamics of amylin
could also involve monitoring the change in size of the
amylin aggregates. As mentioned earlier, other studies
that have monitored the size of amylin aggregates made
use of STEM which involves adsorption of aggregates
onto copper grids or AFM which involves growing aggre-
gates on mica surfaces.[4,17,18,25,26] Although these
studies provided valuable insight into amylin aggregate
structures, they did not allow for unconstrained real-time
monitoring of amylin aggregation. In addition, it has been
observed that fibrils formed from unconstrained amylin in
solution exhibit distinctly different morphologies from
those propagated on a mica surface.[23,24] It was sug-
gested that the mica surface used in AFM could possibly
impede coiling of fibrils around each other and thereby
prevent formation of higher order fibrils.[23,24]

Another commonly used particle sizing technique
which does not involve attachment of the molecule to a
solid support is dynamic light scattering (DLS). This tech-
nique is easy to perform and has been proven to produce
accurate results in a short time.[61] DLS relies on the phe-
nomenon that Brownian motion of particles causes fluctu-
ations in their scattered light intensity which is
proportional to the particle size. An alternative technique
that makes use of the Brownian motion of particles for size
determination is nanoparticle tracking analysis (NTA)
which was recently developed by Malloy and Carr.[62]
The NTA technology makes use of a laser light scattering
microscope and charge-coupled device (CCD) camera that
visualizes and records nanoparticles. Thereafter, NTA-
based software is able to track nanoparticles that move
under Brownian motion and relate the movement to its size
using a formula (Equation (1)) as derived by Filipe et al.
[63] from the Stokes—Einstein equation [64] as follows:

2T
R

(x,)? (1)

where kj is the Boltzmann constant, and (x, y)* is the mean-
squared speed of a particle at temperature 7, in a medium of
viscosity  with a hydrodynamic radius of r;,. Thus, NTA
can estimate the size of particles in a poly-disperse sample
and was shown to be a suitable technique for monitoring
protein aggregation.[63]

To date, DLS has been used to size the monomeric
form of amylin and the aggregated form of amylin deriva-
tives.[65,66] However, it should be mentioned that DLS
and NTA technologies are yet to be employed to evaluate
the oligomeric and fibrillar forms of amylin.

It is also noteworthy that cell-free systems such as CD,
[13,15,16,67,68] FTIR spectroscopy,[13] transmission



electron microscopy,[12,13,15,67-70] the ThT assay
[12,15,16,69-72] and sedimentation assays [12,16,68]
cannot differentiate between the toxic oligomeric and
non-toxic fibrillar forms of amylin and thus are used
together with cell-based assays for screening of potential
inhibitors of amylin-induced cytotoxicity. However, cell-
based systems can be time-consuming and extremely
expensive as it is dependent on the growth rate of a particu-
lar cell line and is also labour-intensive, thus highlighting
the need for a cell-free system for efficient routine screen-
ing of potential inhibitors of amylin-mediated cytotoxicity.

In the present study, we employ DLS, NTA and SPR
strategies to evaluate the aggregation dynamics of amylin.
Moreover, the potential of these techniques as a new
screening technology for inhibitors of amylin-mediated
cytotoxicity was assessed by monitoring the effect of
chemically synthesized human amylin derivatives on
amylin—amylin interaction and correlating results to previ-
ously published cytotoxicity data.[73] NTA was also used
to identify the size of the amylin aggregates that are prob-
ably responsible for amylin-mediated cytotoxicity.

Materials and methods
Reagents

All 9-fluorenylmethoxycarbonyl (Fmoc) protected amino
acids and coupling reagents were purchased from GLS
Biochem Systems, Inc. (China). The following protecting
groups were used for the side chains of the amino acids:
trityl (Trt) for asn, cys, gln and his; t-butyl ether (tBu) for
ser and thr; 2,2.4,6,7-pentamethyl-dihydrobenzofuran-5-
sulfonyl (Pbf) for arg; and t-butyloxycarbonyl (Boc) for
lys. The PAL-ChemMatrix resin was purchased from
Matrix Innovation (Canada) and all solvents for synthesis
and purification were of high performance liquid chroma-
tography (HPLC) grade and were purchased from Sigma—
Aldrich (USA). The CMS5 sensor chip and the thiol cou-
pling kit were purchased from BIAcore AB (Sweden).

Peptide synthesis

For the SPR experiment, a modified version of human
amylin (MA) was synthesized, wherein the first seven res-
idues at the N-terminal of human amylin were replaced by
the linker sequence CRKRK (Figure 1). This modification
contains a cysteine residue at the N-terminus to enable
thiol coupling to the BIAcore sensor chip, thus allowing
MA to be used as the ligand for the SPR-based

1 10
Human amylin

Modified amylin
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Table 1. Sequences of chemically synthesized non-methylated
and N-methylated amylin derivatives.

Non-methylated N-methylated
Amylin segment sequence sequence
Amylins ¢ NTAT (nl1%) NTAT* (m1%)
Amyling_;3 TQRLA (n2%) TQRLA* (m2)
Amylin;s 5 FLVHSS (n3") FLVHSS* (m3”)
Amyliny, 57 NFGAIL (n4*2 NFGAIL* (m4#2
Amylingg s34 STNVGS (n5") STNVGS* (m5)

*n1-n5 and ml-m5 are shorthand notations that are used to denote
amylin derivatives.
*N-methylated amino acids are underlined.

experiment. Chemically synthesized human amylin (amy-
lin) [74] was used as the analyte for the SPR experiments,
as well as for the DLS and NTA experiments.

Modified amylin was synthesized on a 0.1 mmol scale,
using a CEM microwave peptide synthesizer as described
previously.[74] Briefly, deprotection was performed using
20% piperidine in dimethylformamide (DMF). The activa-
tor used in the synthesis was 0.5 mol L~ 2-(1H-benzotria-
zole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) in DMF, with 1 mol L™' N,N-diisopropylethyl-
amine (DIPEA) in DMF serving as the activator base. The
peptide was cleaved from the resin using 5% tri-isopropyl-
silane in trifluoroacetic acid (TFA) (v/v) for 2 h.

Amylin derivatives (Table 1) were synthesized as
potential inhibitors of amylin-mediated cytotoxicity as
previously reported [73] and their impact on amylin
aggregation dynamics was investigated.

Peptide purification

The modified amylin was purified on an ACE C18 prepar-
ative column (250 mm x 22 mm, Scotland) as previously
described.[74] A dual-buffer system was employed, with
TFA serving as the ion-pairing agent. The first buffer con-
sisted of 0.1% TFA/H,O (v/v) whilst the second buffer
was composed of 0.1% TFA/acetonitrile (v/v). The pepti-
des were eluted using a gradient of 0%-90% of 0.1%
TFA/acetonitrile (v/v) over 90 min with a flow rate of
20 mL min~". The solvent from pooled peptide-contain-
ing fractions was evaporated to 20 mL and the samples
were snap-frozen in liquid nitrogen and lyophilized.

Peptide analysis

The purified peptide was analysed with an Agilent 1100
HPLC system fitted with a Waters XBridge C18 column,

20 30 37

KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY

CRKRKATQRLANFLVHSSNNFGAILSSTNVGSNTY

Figure 1. Peptide sequences of chemically synthesized full length human amylin and modified amylin (MA).
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250 mm x 3.6 mm as previously described.[74] Chroma-
tography was performed over 90 min, using a gradient of
0%-90% buffer B at a flow rate of 0.3 mL min~' and the
eluent was monitored at a UV wavelength of 215 nm. A
Bruker electrospray ionization time-of-flight spectroscope
(ESI-QTOF) in positive mode was used to obtain mass
spectra (MS) and matrix assisted laser desorption ioniza-
tion time-of-flight mass spectroscopy (MALDI-TOF MS)
was performed with an Autoflex III instrument (Bruker)
operated in positive mode with cyano-4-hydroxycinnamic
acid being used as the matrix.

Disaggregation method

Disaggregation of amylin and its derivative MA were per-
formed as previously described.[73] Pre-weighed amylin
samples were solubilized in 200 L hexafluoroisopropa-
nol (HFIP):TFA solution (50:50, v/v), sonicated for
10 min and left overnight. The solvents were then
removed under vacuum, using a centrifugal evaporator for
approximately 1-2 h. Approximately 100 uL. HFIP was
added to the amylin, followed by vortexing and the sol-
vent was removed by rotary evaporation for 1-2 h. To
remove all traces of TFA, the latter process was repeated
twice using HFIP (100 pL).

Amylin immobilization for surface plasmon resonance
(SPR)

All sensorgrams for SPR were performed on a BIAcoreX
biosensor and analysed using BIAevaluation version 4.1.1
software (BIAcore AB, Sweden). The running buffer for
all SPR-based experiments was adapted from Jaikaran
et al. [58] and contained 10 mmol L' 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (HEPES),
4 mmol L™' EDTA, 150 mmol L™' NaCl, 0.005% Tween
20, and 5% dimethylsulfoxide (DMSO), pH 7.4. The fol-
lowing solutions were adapted from Liu et al. [75] and
Takahashi et al. [50] for the regeneration/washing steps.
Solution 1 contained 6 mol L™' guanidine hydrochloride
(Gdn-HCl) in 10 mmol L™" Tris-HCI (pH 8.0), solution 2
was made up of 5% DMSO in water (v/v), and solution 3
was composed of 100 mmol L' NaOH. Attachment of
MA to the CM5 sensor chip followed standard ligand thiol
coupling conditions as suggested by the manufacturer. A
flow rate of 10 L min~' was maintained for all immobi-
lization steps, unless otherwise stated. The carboxymethyl
dextran matrix on the CM5 sensor chip was activated by
injecting 40 L of a 1:1 mixture of 200 mmol L' N-
ethyl-N’-[(dimethylamino)propyl]-carbodiimide ~ (EDC)
and 50 mmol L~' N-hydroxysuccinimide (NHS), fol-
lowed by the addition of 40 ;L of 80 mmol L™" 2-(2-Pyri-
dinyldithio)-ethaneamine hydrochloride (PDEA) in
50 mmol L' sodium borate buffer (pH 8.5). A 20 uL ali-
quot of 1 umol L™" MA contained in 10 mmol L™

sodium acetate buffer (pH 5.0) was then injected into the
activated flow cell. An aliquot (40 L) of 50 mmol L™' L-
cysteine in 0.1 mol L™' sodium acetate and 1.0 mol L™
NaCl (pH 4.0) was then injected to eliminate free,
unreacted maleimide groups so as to prevent non-specific
binding. To remove non-covalently associated MA, the sur-
face of the chip was washed sequentially with 15 uL of
each of the three wash solutions described above whilst
maintaining a flow rate of 20 L min~"'. The control flow
cell was set up using the protocol described above with
elimination of the MA attachment step and the three subse-
quent wash steps. Curve fitting of each data set at varying
concentrations was performed using BIAevaluation version
4.1.1 software.

Surface plasmon resonance analysis of amylin and its
derivatives

A flow rate of 5 uL min~' was maintained for all subse-
quent SPR experiments, unless otherwise stated. To deter-
mine amylin aggregation kinetics, a concentration series
(40 pmol L™ to 120 pmol L") of disaggregated amylin
samples were solubilized in filter sterilized (0.22 zmol L™",
nylon) running buffer by sonication for 5 min and injected
onto the sensor chip-immobilized amylin for 3 min. Dissoci-
ation kinetics was monitored for 360 s by allowing running
buffer only to pass over the sensor chip surface.
Whilst maintaining a flow rate of 20 uL min~", regeneration
was achieved using 15 uL of solution 1 and solution 3,
respectively. Triplicate injections of 40, 50, 60, 80 and
120 umol L' disaggregated amylin were analysed in a ran-
dom order with two regeneration steps being performed
between each concentration.

SPR was also performed to evaluate the effect of each
amylin derivative on amylin—amylin interaction and hence
to determine if this technique could be used as an efficient
cell-free assay to screen for potential inhibitors of amylin-
mediated cytotoxicity. Stock solutions (I mmol L") of
each derivative were prepared in running buffer and each
amylin derivative was then added to lyophilized samples
of disaggregated amylin to yield a final ratio of 50 pmol
L~":250 pmol L™" (amylin:amylin derivative). Mixtures
of amylin and each of the amylin derivatives were soni-
cated for 5 min before 15 uL of each sample was injected
onto sensor chip-immobilized amylin. Dissociation was
once again monitored for 360 s by allowing running buffer
to flow over the sensor chip surface. Between each sam-
ple, regeneration was performed as described above. All
sensorgrams were double referenced, i.e. responses were
corrected with both blank buffer injections and the
response from the reference flow cell. Double referencing
was performed to remove system artefacts as recom-
mended by Myszka.[56] For samples containing a mixture
of amylin and each of its derivatives, responses were also
corrected with sensorgrams obtained from 15 uL



injections of samples containing each amylin derivative
only (250 umol L™").

Dynamic light scattering (DLS)

DLS experiments were performed in a Zetasizer NanoZS
(Malvern Instruments Ltd., United Kingdom). To monitor
the change in size of amylin aggregates during aggregation,
a sample of disaggregated amylin was solubilized by soni-
cation for 5 min in filter sterilized 10 mmol L™" sodium
phosphate buffer, pH 7.4 containing 50 mmol L' NaCl
(Buffer A) to a final concentration of 50 wmol L™' and
analysed at various time points. To determine if lower con-
centrations of the sample affected the poly-dispersity index,
serial dilutions of the 50 pmol L' amylin sample were
prepared in Buffer A and analysed. Zetasizer version 6.30
software (Malvern Instruments Ltd., United Kingdom) was
used to analyse and convert data sets obtained to apparent
hydrodynamic diameters.

Nanoparticle tracking analysis (NTA)

NTA measurements were performed with a NanoSight
LM20 instrument (NanoSight, United Kingdom) equipped
with a 640 nm laser and a temperature controlled sample
chamber. To monitor the change in size of amylin aggre-
gates during aggregation, disaggregated amylin was solu-
bilized by sonication for five minutes in Buffer A to a
final concentration of 50 wmol L™'. The amylin sample
was then injected into the sample chamber and allowed to
equilibrate to 37 °C (approximately 1 min) before 60 s
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video recordings were captured at 10 min intervals for the
first hour and then at 24 h. The sample temperature was
maintained at 37 °C for the entire duration of the experi-
ment. These experimental conditions were similar to that
used for a previously reported cytotoxicity experiment,
[73] thus allowing correlation of results obtained from
the two techniques. To assess the effect of the amylin
derivatives on amylin aggregation, stock solutions
(1 mmol L™") of each amylin derivative were prepared in
Buffer A. Each amylin derivative was then added to
lyophilized samples of disaggregated amylin to give a
final ratio of 50 umol L™':250 umol L™ (amylin:amylin
derivative). Samples containing amylin and each of its
derivatives were sonicated for 5 min before being injected
into the sample chamber. Once again, samples were main-
tained at 37 °C and 60 s video footage were recorded
every 10 min for the first hour and then at 24 h. All videos
were captured with the single shutter and gain modes.
Analysis was performed using NanoSight NTA version
2.2 software with a viscosity setting of 0.70. All determi-
nations were performed in duplicate with standard devia-
tions displayed as error bars on the NTA graphs.

Statistical analysis

In this study, the means and standard deviations were
employed in the unpaired #-test to statistically compare
the concentration of 100-150, 150-200 and 200-300 nm
aggregates in samples containing amylin only to that
formed in samples containing a mixture of amylin and
each of its derivatives. GraphPad InStat version 3 for
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Figure 2. MALDI-TOF spectrum of modified amylin (MA).
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Windows XP (GraphPad Software, USA) was used for the
statistical analysis and results were considered signifi-
cantly different if p-values were less than 0.05.

Results and discussion

As observed by MALDI-TOF analysis (Figure 2), MA
was synthesized with high purity and a yield of 9%
(35 mg). The linker sequence CRKRK in MA was
selected and incorporated since the basic R-groups of the
arginyl and lysinyl residues will repel each other under
physiological conditions. Upon binding of MA to the sen-
sor chip for SPR-based experiments, this linker region
ensures that the 8-37 region of amylin will be a sufficient
distance away from the surface of the chip and from each
other, thereby allowing it to freely interact with the ana-
lyte. The linker sequence in MA replaced the 1-7 region
of amylin since the 8-37 region alone was previously
shown to form fibrils with the same morphology as fibrils
formed from full length amylin that exhibited a typical
amyloidogenic B-sheet structure.[17,76] In addition,
solid-state NMR models have revealed that the 1-7 region
of amylin is not involved in the formation of S-sheet
structures.[21,22,76] Moreover, a peptide analogue of the
837 region of amylin exhibited fibrillogenesis kinetics
that was comparable to full length amylin.[77] Thus, it
was strategized that MA would have a similar binding
affinity as full length amylin thereby being suitable to
study amylin—amylin interactions.

Whilst the kinetics of AB interactions are known, only
limited data regarding human amylin-based aggregation
are available. Although previous microscopy-based studies
(AFM and STEM) have reported on the size of amylin
oligomers, there currently exists no information with
respect to the magnitude of free fibrillar structures formed
by amylin in solution. The data presented herein shed
some light on the above-mentioned amylin parameters
thereby promoting a greater understanding of amylin
aggregation, a potential causative agent of type II diabetes.

When disaggregated amylin was immobilized, a
change of 640 response units (RUs) was recorded, indicat-
ing that amylin attachment to the sensor chip was efficient
since a similar immobilization density was observed during
previous SPR-based kinetic studies of AB.[39] Once this
was established, further experiments were performed to
determine the kinetic rate constants of amylin aggregation.
Samples of disaggregated amylin at various concentrations
(40 mol L' to 120 wmol L™ ") were analysed and global
fitting of the data using different types of interactions was
performed using BIAevaluation version 3.1 software to
determine the kinetic rate constants which include the asso-
ciation constant (k,) and dissociation constant (k). The
three sets of data were fitted independently to verify repro-
ducibility and it should be noted that all three replicates
followed a similar trend (representative plot in Figure 3).

The 1:1 Langmuir interaction (Equation (2)) was found
to fit the generated data very well, since the curves gener-
ated from this type of interaction fit the observed plots
very well (representative residual plots and fitted curves in
Figure 3). This type of interaction could thus give the best
representation of the kinetic data generated for amylin. In
this interaction, one ligand (L) molecule interacts with one
analyte (A) molecule and the resultant complex (LA) fol-
lows pseudo first-order kinetics. The rate (see Equation
(3)) indicates that the amount of complex formed over
time is proportional to &, and k4 in the presence of excess
analyte.[78,79] As suggested by the BIAevaluation hand-
book and also observed from the residual plots in Figure 3
(A), the x> values are less than 10, which is an acceptable
value for good fitting of data. This confirms an alignment
of the observed and expected data since they are within the
noise range of the sensorgrams[78]:

L)+ (A LA @
dlLA]
= ke [LHA ke [LA ©)

where L is immobilized ligand, A is analyte, LA is ligand—
analyte complex and ¢ is time.

The observed amylin association constant (k,) of
28.7 L mol ' s™' + 5.1 L mol™' s™' can be interpreted as
0.035 complexes of amylin being formed per second in a
one molar solution of amylin. An observed amylin disso-
ciation constant (kq) of 2.8 x 107%s™' + 0.6 x 107*s™!
suggests that under experimental conditions, it takes
approximately 60 min for the complete dissociation of
free amylin from sensor chip-immobilized amylin.

Previous quantitative studies using STEM postulated
that the mass-per-length (MPL) of an amylin protofibril is
10 kDa nm ™' [26] and AFM studies have shown that amy-
lin grows at a rate of 1.1 nm min~'.[23] From these stud-
ies by Goldsbury et al.,[23] it can be estimated that the
approximate rate of amylin aggregation is 11 kDa min .
As indicated by SPR-generated data of this study, 0.035
complexes of amylin form per second which translates to
2.1 complexes being formed per minute. This implies an
aggregation rate of 8.2 kDa min~' (wherein a single amy-
lin molecule of 3.9 kDa is added per complex). The SPR-
derived amylin association kinetics generated in this study
seemingly correlate to that previously reported by Golds-
bury et al,[23,26] who employed a similar strategy of
pre-binding amylin to a solid support and monitoring
association kinetics of amylin that is free in solution.

Since amylin and AB share similar structural proper-
ties of amyloidosis,[4] it is opportune in this study to com-
pare their association and dissociation kinetics. AB
kinetics generated from previous SPR-based experiments
revealed an association rate of 0.01 complexes per
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Figure 3. Kinetic analysis of amylin aggregation as generated from SPR-based experiments. (A) Depicts the residuals of curve fitting,
i.e. the difference between the observed and calculated values for association and dissociation of amylin. Sensorgram plots (B) of various
concentrations (40-120 pmol L™") of disaggregated amylin that were inIiected for 3 min to observe association and with dissociation

being monitored for 6 min whilst maintaining a flow rate of 5 L min

. The black lines represent the global fit for association (30—

155 s) and dissociation (235-510 s). The x> = 3 for association; x> = 3.7 for dissociation.

second.[39] Global fitting of the SPR data also found that
Ap dissociation follows the first-order kinetic model with
a ky of 2.23 x 107> s7'.[39] This was further supported
by a recent SPR-based Ap study that determined a k, of
0.01 complexes per second for A association following
first-order kinetics, whilst the k; was 9.2 x 107% s7! +
1.3 x 10~*s7'.[80] It is noteworthy that the former SPR-
based evaluation of AB was performed under similar con-
ditions to those used in the present study.[39] Both SPR-
based studies on A kinetics have established that fewer
complexes of AB are formed over time.[39,80] In addi-
tion, AB was revealed to have a faster dissociation time
than amylin (7.5 and 18 min versus 60 min).[39,80]

The data presented herein complements previously
published association kinetics of amyloid aggregation
whilst differences were observed in the dissociation kinet-
ics. This could indicate that even though amylin and A

share similarities in their conformational properties of
aggregation, having non-identical sequences could result
in different interactions being responsible for stabilizing
the aggregated structure, thereby accounting for differen-
ces in their dissociation kinetics. According to a model
developed by Petkova et al.,[81] the 12-21 and 30-40
regions of the AB peptide form the S-sheet structure
whilst the 22-29 region is responsible for forming the
B-strand turn. These regions contain predominantly
hydrophobic amino acids and it has been suggested that
the only hydrophilic interaction could be present between
the oppositely charged side chains of asp and lys, thereby
implying that only hydrophobic interactions are responsi-
ble for stabilizing the structure of aggregated AB.[22,81]
In contrast, NMR studies on amylin propose that there are
hydrophobic interactions between the 15-17 and 23-27
regions of amylin whilst inter-chain hydrophilic
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(electrostatic) interactions could be present between the
28-31 regions of amylin.[22] It is thus probable that both
hydrophobic and hydrophilic interactions contribute to
stabilization of the B-sheet structure of amylin and since
hydrophilic interactions are stronger than hydrophobic
interactions, this could most likely account for the longer
dissociation time of amylin as observed in the present
study. In addition, the SPR-derived aggregation kinetics
of AB that have been described above were generated
using the 1-40 form of AB which was previously shown
to aggregate much more slowly than the 1-42 form of AB.
[82]

In a previous study, we reported on methylated and
non-methylated derivatives of amylin as potential inhibi-
tors of in vitro amylin-mediated cytotoxicity.[73] How-
ever, SPR-generated data on the effect of these amylin
derivatives on amylin—amylin interactions could not be
correlated to the previously reported inhibitory activities
of these amylin derivatives.[73] In support of this, a simi-
lar observation was reported by Lee et al. [83] who found
that increased binding of a molecule to AS does not neces-
sarily indicate that the molecule has a capacity to reduce
cytotoxicity. In addition, even though insulin has been
reported to inhibit fibril formation, SPR-based experi-
ments recorded a change of only 15 RUs during binding
of insulin to sensor chip-bound biotinylated amylin.[58] It
is thus suggested that SPR under the experimental condi-
tions employed in this study cannot be used as a technique
to evaluate potential inhibitors of amylin-mediated
cytotoxicity.

Hence, both DLS and NTA strategies, which allow for
real-time monitoring of aggregation dynamics in solution,
were subsequently employed to evaluate the effect of
these amylin derivatives on the size of amylin aggregates
formed over a 24-h period. DLS analysis of various con-
centrations of disaggregated amylin alone yielded no
results since reports generated by the Zetasizer version
6.30 software recorded a poly-dispersity index of greater
than 0.7, indicating that the sample is very poly-disperse.
Thus, the limitation of DLS to accurately size amylin
aggregates appears to stem from the inherent principle of
the technique which is based on the concept that the inten-
sity of light scattered from particles is proportional to its
size. Since larger particles will scatter more light than
smaller particles, small particles will be obscured by large
ones and thus DLS will not be able to accurately size par-
ticles in a poly-dispersed sample.[63] Our observation is
also supported by light scattering data on the amyloido-
genic proteins AS [84] and prion protein,[85] both of
which have also shown that these samples were poly-
disperse.

As an alternative technique, NTA was employed to
evaluate the size of amylin aggregates that form in real
time when disaggregated amylin samples are uncon-
strained in solution. Initial NTA of a 50 umol L™ amylin
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Figure 4. NTA size distribution profile of disaggregated amylin
(50 wmol L") in 10 mmol L™" sodium phosphate buffer, pH 7.4
containing 50 mmol L™' NaCl. The sample was maintained at
37 °C for the duration of the experiment. Video recordings
(duration of 60 s) for NTA were taken at each time point, using
the single shutter and gain mode. Arrows labelled a, b and ¢ indi-
cates the predominant size range over 24 h.

sample established that a total concentration of 3.12 x
10® aggregates per millilitre was present, which is within
the ideal concentration range (1 x 10% to 25 x 10® aggre-
gates per millilitre) for accurate NTA.[86] This concentra-
tion was thus selected for all further NTA experiments.
Taking resuspension, injection and equilibration times
into consideration, the time lapse from addition of buffer
to analysis was approximately 10 min, making analysis of
a zero time-point impractical. Figures 4 and 5 illustrate
that aggregates are present at the first 10-min time-point,
which seems to be consistent with previous reports using
other technologies that have demonstrated almost instan-
taneous aggregation of amylin.[18,87,88] The three major
peaks indicate that the predominant aggregate sizes are
within the following size ranges: 100-150 nm, 150-
200 nm and 200-300 nm (Figure 4). During the first
50 min, peaks in the range 100-200 nm are not well
defined, indicating that there is a range of aggregates from
100 to 200 nm. As time progresses, the amylin aggregates
clearly resolve into two distinct peaks that are indicated
by arrows a and b (Figure 4). Further analyses on these
size ranges were performed and are depicted in Figure 5.
During the first hour, the number of 100-150, 150-200
and 200-300 nm aggregates decreased by more than 50%
to a concentration of 2.5 x 107 —3.0 x 107 aggregates per
millilitre and thereafter remained stable up until 24 h, sug-
gesting that complete aggregation of amylin occurs within
the first hour. Since it has been reported extensively that
an incubation period of 20-24 h is sufficient for amylin to
facilitate cytotoxicity,[12,13,15,18,19,70,73] it can be
suggested that either the 100-150, 150-200 or 200—
300 nm aggregates represents the toxic species of amylin.
Each of the 10 amylin derivatives was then individu-
ally co-incubated with disaggregated amylin and NTA
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Figure 5. NTA distributions of 100-150 nm, 150-200 nm and 200-300 nm aggregates that formed over time from disaggregated amy-
lin (50 umol L™") in 10 mmol L™" sodium phosphate buffer (pH 7.4) containing 50 mmol L™ 'mM NaCl. Samples were maintained at
37 °C for the duration of the experiments. Video recordings (duration of 60 s) for NTA were taken at each time point, using the single

shutter and gain mode.

was performed to evaluate their effect on amylin aggrega-
tion to the predominant sizes (Table 2). It appears that
some of the non-methylated and methylated derivatives of
amylin do exert a significant impact on the observed parti-
cle sizes at the 10 min and 24 h time intervals.

Table 2. Aggregate size distribution of amylin in the presence
and absence of each of its derivatives.

Concentration of aggregates (x 107 aggregates/mL)

100-150 nm 150-200 nm 200-300 nm
Aggregates 10min  24h 10min 24h 10min 24h
A* 5.7 29 5.4 2.5 7.0 2.7

A +nl* 0.5* 0.9 0.5 1.1*  04* 0.8
A +n2” 43 1.5% 2.5 1.5 34 2.1%
A + n3* 2.0 3.4 1.2 2.1 1.4* 1.9
A + nd” 3.8 1.7 23 1.8 5.1 1.7¢
A + n5* 0.1 24 0.1*  14* 05 20
A + ml” 4.0 22 22 2.8 24 43
A 4+ m2* 3.9 3.6 24 7.9 26 46
A + m3” 2.1 5.9 1.6 3.9 2.1 47
A +m4* 2.7 4.1 1.5 2.8 1.6* 3.3
A + m5" 0.9* 1.6 0.8 13* 08" 14*

#A denotes amylin whilst A +nl,A+n2, A+n3,A+n4, A+nS5, A+
ml, A+ m2, A+ m3, A+ m4and A + m5 denote amylin plus each of
its derivatives.

*Statistical analysis showed that this concentration of aggregates was sig-
nificantly less (p < 0.05) than that of samples containing amylin only.
“*Statistical analysis showed that this concentration of aggregates was
significantly more (p < 0.05) than that of samples containing amylin
only.

When disaggregated amylin was co-incubated with
derivative nl, the concentration of aggregates in the three
size ranges for the entire duration of the experiment was
significantly less than that observed in samples containing
disaggregated amylin only. It can thus be implied that this
derivative could inhibit fibrillogenesis of amylin or con-
versely facilitate rapid aggregation of amylin into large
aggregates that are out of the detection range of NTA
since it has been reported that NTA can detect particles
within a size range of 30-1000 nm.[63] It was previously
shown that the 1-7 region of amylin is in a random coil
conformation and could have a modulating effect on amy-
lin aggregation, i.e. the amyloidogenic nature of amylin is
increased if this region is excluded from the amylin
sequence.[76] It thus appears that the derivative nl which
is an analogue of the 3—6 region of amylin could poten-
tially delay fibril formation.

At the 10-min time interval, the concentrations of
100-150, 150-200 and 200-300 nm aggregates in the
presence of derivatives n2 and n4 were not significantly
different from that of samples containing disaggregated
amylin only. However, after a 24-h period it was found
that the concentrations of 200-300 nm aggregates were
significantly less in samples containing disaggregated
amylin and either derivative n2 or n4 than that of amylin
only samples. It can therefore be construed that the deriva-
tives n2 and n4 enhance amylin fibril formation to an
aggregate size greater than 1000 nm. Analysis of samples
containing disaggregated amylin and the derivative n3
illustrate that at the start of the experiment there is a small
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amount of aggregates of all size ranges which increases
only marginally over 24 h. A similar trend was observed
in samples containing disaggregated amylin and its deriv-
ative n5. Analysis of samples containing disaggregated
amylin and either the derivative n3 or n5 suggest that
these derivatives could also possibly increase or severely
impede amylin aggregation, since at the start of the exper-
iment there is a small amount of aggregates of all size
ranges which increases only marginally over 24 h.

Shim et al. [20] proposed a model which demonstrates
that residues 8, 13, 17, 25, 27 and 32 act as nucleation
points for formation of S-sheets. The amylin derivatives
n2, n3, n4 and n5 contain at least one of the proposed
nucleation sites, thus implying that these derivatives have
the inherent potential to facilitate formation of B-sheet
structures thereby promoting the formation of fully aggre-
gated amylin in a short space of time. In addition, these
amylin derivatives also span regions of amylin that have
previously been reported to form pS-sheet structures.
[13,17,19,22,65,76,89-92] Noteworthy and in keeping
with this hypothesis, a previous report showed that fibril
formation of full length amylin was enhanced in the pres-
ence of amylin derivatives n3 and n4 which are analogues
of the 15-20 and 22-27 regions of amylin, respectively.
[68,93] These previous findings would thus account for
the potential of derivatives n2, n3, n4 and n5 to increase
fibrillogenesis.

When compared to samples containing disaggregated
amylin only, the derivatives m1, m2, m3 and m4 were
found to have no significant effect on amylin aggregation,
since after 24 h, the amount of 100-150, 150-200 and
200-300 nm aggregates formed in the presence of each of
these derivatives were similar to or more than the number
of aggregates present in samples containing disaggregated
amylin only. This observation is supported by a previous
observation that the introduction of N-methylated amino
acids into peptides does not always result in inhibition of
fibril formation.[94]

However, in the presence of derivative m5, there are
significantly fewer amylin aggregates of all size ranges
that form over the entire duration of the experiment when
compared to samples containing amylin only, suggesting
that this derivative either delays or increases amylin
aggregation. Since the derivative m5 contains bulky
methyl groups, it is most likely that these groups provide
steric hindrance when the derivative binds to amylin,
thereby destabilizing S-sheet structures. Thus, derivative
m5 could possibly delay amylin aggregation.

A comparison of NTA-generated data to previously
published reports implies that the amylin derivatives nl
and mS5 inhibit fibrillogenesis whilst the derivatives n2,
n3, n4 and n5 have the tendency to increase fibrillogenesis
of amylin to an aggregate that is larger than 1000 nm. It is
noteworthy that these 1000 nm aggregates are out of the
detection range of NTA and could represent the fully

aggregated form of amylin which has previously been
reported to be non-toxic.[95-100] In the presence of amy-
lin derivatives nl, n2, n3, n4, n5 and m5, the number of
200-300 nm amylin aggregates was significantly lower
than in samples containing amylin only at 24 h. These
derivatives were also previously reported to reduce amy-
lin-mediated cytotoxicity by more than 40%.[73] Deriva-
tives m1, m2, m3 and m4 were previously shown not to
have an inhibitory effect on amylin-mediated cytotoxicity
[73] and the concentration of 200-300 nm aggregates in
samples containing disaggregated amylin and each of
these derivatives were recorded to be similar to or more
than the concentration of aggregates in samples contain-
ing disaggregated amylin only (>2.7 x 107 aggregates
per millilitre). Based on these observations, it can thus be
tentatively suggested that the 200-300 nm particle is the
toxic species of amylin.

This study is the first to report on real-time monitoring
of the aggregation of unconstrained amylin in solution.
Furthermore, amylin was used in its unmodified form,
thereby providing an insight into the behaviour of amylin
under experimental conditions that are closely representa-
tive of those employed in mammalian cell line-based
cytotoxicity studies. Data obtained also suggest that a crit-
ical concentration of 200—300 nm aggregates for amylin-
mediated cytotoxicity is more than 2.1 x 107 aggregates
per millilitre. As mentioned previously, cell-based sys-
tems for screening potential inhibitors of amylin-mediated
cytotoxicity can become cumbersome and time-consum-
ing. Thus, after further optimization and verification
studies, NTA could possibly be used as a quick
screening technique for inhibitors of amylin-mediated
cytotoxicity.

Conclusions

This study demonstrated the appropriateness of SPR to be
used in pursuit of the association and dissociation rates of
amylin aggregation kinetics. SPR-derived data indicate
that the association kinetics of amylin is similar to that of
ApBi.40 Whilst it appears that amylin dissociates slower
than AB;_40. In addition, NTA offers an attractive strategy
as a rapid evaluative cell-free tool to assess inhibitors of
amylin-mediated cytotoxicity. Moreover, NTA can also
be used as a technique that caters for real-time monitoring
of the amylin aggregation process whilst it continues
unconstrained in solution. Importantly, the data from this
study suggest that the size of toxic species of amylin is
approximately 200—300 nm.

Acknowledgements

Sincere gratitude to Claire Hannel, Agnieszka Siupa and Mark
Ware from NanoSight Ltd., Amesbury for their technical advice
and assistance.



Funding

Karen Pillay is thankful to NRF Thuthuka [grant number 76066]
and UKZN for funding this study.

References

[1]

[14]

[15]

[16]

[17]

[18]

[19]

Kruger DF, Gatcomb PM, Owen SK. Diabetes Educator.
1999;25:389-397. Available from: http://dx.doi.org/
10.1177/014572179902500310

Martin C. Diabetes Educator. 2006;32:101-104.

Badman MK, Shennan KIJ, Jermany JL, Docherty K,
Clark A. FEBS Lett. 1996;378:227-231.

Kayed R, Bernhagen J, Greenfield N, Sweimeh K,
Brunner H, Voelter W, Kapurniotu A. J Mol Biol.
1999;287:781-796.

Kodali R, Wetzel R. Curr Opin Struct Biol. 2007;17:48—
57.

Ritzel RA, Meier JJ, Lin C, Veldhuis JD, Butler PC.
Diabetes. 2007;56:65-71.

Cooper GJS, Leighton B, Dimitriadis GD, Parry-Billings
M, Kowalchuk JM, Howland K, Rothbard JB, Willis AC,
Reid KBM. Proc Natl Acad Sci USA. 1988;85:7763—
7766.

Cooper GJS, Willis AC, Clark A, Turner RC, Sim RB,
Reid KBM. Proc Natl Acad Sci USA. 1987;84:8628—
8632.

Opie E. J Exp Med. 1901;5:528-540.

Pawlicki S, Le Bechec A, Delamarche C. BMC Bioin-
form. 2008:9. Available from: http://dx.doi.org/10.1186/
1471-2105-9-273

Abedini A, Meng F, Raleigh DP. ] Am Chem Soc.
2007;129:11300-11301.

Aitken JF, Loomes KM, Konarkowska B, Cooper GJS.
Biochem J. 2003;374:779-784.

Kapurniotu A, Schmauder A, Tenidis K. J Mol Biol.
2002;315:339-350. Available from: http://dx.doi.org/
10.1006/jmbi.2001.5244

Rijkers DTS, Hoppener JWM, Posthuma G, Lips CIM,
Liskamp RMJ. Chem Eur J. 2002;8:4285-4291.
Tatarek-Nossol M, Yan L, Schmauder A, Tenidis K,
Westermark G, Kapurniotu A. Chem Biol. 2005;12:797—
809.

Yan L, Tatarek-Nossol M, Velkova A, Kazantzis A,
Kapurniotu A. Proc Natl Acad Sci USA. 2006;103:2046—
2051.

Goldsbury C, Goldie K, Pellaud J, Seelig J, Frey P,
Muller SA, Kistler J, Cooper GJS, Aebi U. J Struct Biol.
2000;130:352-362. Available from: http://dx.doi.org/
10.1006/jsbi.2000.4268

Kapurniotu A, Bernhagen J, Greenfield N, Al-Abed Y,
Teichberg S, Frank RW, Voelter W, Bucala R. Eur J Bio-
chem. 1998;251:208-216.

Tenidis K, Waldner M, Bernhagen J, Fischle W, Bergmann
M, Weber M, Merkle M, Voelter W, Brunner H,
Kapurniotu A. J Mol Biol. 2000;295:1055-1071. Available
from: http://dx.doi.org/Article No. jmbi.1999.3422

Shim SH, Gupta R, Ling YL, Strasfeld DB, Raleigh DP,
Zanni MT. Proc Natl Acad Sci USA. 2009;106:6614-6619.
Available from: http://dx.doi.org/10.1073/pnas.0805957106
Strasfeld DB, Ling YL, Gupta R, Raleigh DP, Zanni MT.
J Phys Chem B. 2009;113:15679—15691. Available from:
http://dx.doi.org/10.1021/jp9072203

[22]

(23]
[24]

[25]

[26]

[29]

[30]

Biotechnology & Biotechnological Equipment 133

Luca S, Yau W, Leapman R, Tycko R. Biochemistry.
2007;46:13505-13522. Available from: http://dx.doi.org/
10.1021/bi701427q

Goldsbury C, Kistler J, Aebi U, Arvinte T, Cooper GJS.
J Mol Biol. 1999;285:33-39.

Green JD, Goldsbury C, Kistler J, Cooper GJS, Aebi U.
J Biol Chem. 2004;279:12206-12212.

Goldsbury C, Baxa U, Simon MN, Steven AC, Engel A,
Wall JS, Aebi U, Mueller SA. J Struct Biol. 2011;173:1—
13.  Available from:  http://dx.doi.org/10.1016/].
j$b.2010.09.018

Goldsbury CS, Cooper GJS, Goldie KN, Muller SA, Saafi
EL, Gruijters WTM, Misur MP. J Struct Biol.
1997;119:17-27. Available from: http://dx.doi.org/
10.1006/jsbi.1997.3858

Zhou N, Chen Z, Zhang D, Li G. Sensors. 2008;8:5987—
5995.  Available from:  http://dx.doi.org/10.3390/
$8095987

Vaiana SM, Best RB, Yau W-M, Eaton WA, Hofrichter J.
Biophys J. 2009;97:2948-2957. Available from: http:/
dx.doi.org/10.1016/j.bp;j.2009.08.041

Patil SM, Mehta A, Jha S, Alexandrescu AT. Biochemis-
try. 2011;50:2808-2819. Available from: http://dx.doi.
org/10.1021/bi101908m

Multhaup G, Bush Al, Pollwein P, Masters CL. FEBS
Lett. 1994;355:151-154. Available from: http://dx.doi.
org/10.1016/0014-5793(94)01176-1

Tjernberg LO, Naslund J, Lindqvist F, Johansson J,
Karlstrom AR, Thyberg J, Terenius L, Nordstedt C. J
Biol Chem. 1996;271:8545-8548.

White DA, Buell AK, Dobson CM, Welland ME,
Knowles TPJ. FEBS Lett. 2009;583:2587-2592. Avail-
able from: http://dx.doi.org/10.1016/j.febslet.2009.06.008
Morton TA, Myszka DG, Chaiken IM. Anal Biochem.
1995;227:176-185. Available from: http://dx.doi.org/
10.1006/abi0.1995.1268

Cannon MJ, Williams AD, Wetzel R, Myszka DG. Anal
Biochem. 2004;328:67-75. Available from: http://dx.doi.
org/10.1016/j.ab.2004.01.014

Cairo CW, Strzelec A, Murphy RM, Kiessling LL. Bio-
chemistry. 2002;41:8620-8629. Available from: http://
dx.doi.org/10.1021/bi0156254

de Vega MJP, Baeza JL, Garcia-Lopez MT, Vila-Perello
M, Jimenez-Castells C, Simon AM, Frechilla D, del Rio
J, Gutierrez-Gallego R, Andreu D, Gonzalez-Muniz R.
Bioorg Med Chem Lett. 2008;18:2078-2082. Available
from: http://dx.doi.org/10.1016/j.bmcl.2008.01.092
Fukuda T, Matsumoto E, Onogi S, Miura Y. Bioconjug
Chem. 2010;21:1079-1086. Available from: http:/dx.
doi.org/10.1021/bc100053x

Gobbi M, Re F, Canovi M, Beeg M, Gregori M, Sesana S,
Sonnino S, Brogioli D, Musicanti C, Gasco P, Salmona
M, Masserini ME. Biomaterials. 2010;31:6519—-6529.
Available from: http://dx.doi.org/10.1016/j.
biomaterials.2010.04.044

Hasegawa K, Ono K, Yamada M, Naiki H. Biochemistry.
2002;41:13489-13498. Available from: http://dx.doi.org/
10.1021/b1020369w

Krazinski BE, Radecki J, Radecka H. Sensors.
2011;11:4030-4042. Available from: http://dx.doi.org/
10.3390/s110404030

Lin M, Chiu H, Fan F, Tsai H, Wang SSS, Chang Y, Chen
W. Colloid Surface B. 2007;58:231-236. Available from:
http://dx.doi.org/10.1016/j.colsurfb.2007.03.014



134

[42]
[43]

[44]

[45]

[46]

[47]

[48]

[51]

[52]

[53]

[54]

[55]

[61]

K. Pillay and P. Govender

Myszka DG, Wood SJ, Biere AL. Amyloid Prions Other
Protein Aggregates. 1999;309:386—402.

Naiki H, Hasegawa K, Ono K, Yamada M. Yakugaku
Zasshi J. Pharma. Soc. Jpn, 2010;130:503-509.
Ramakrishnan M, Kandimalla KK, Wengenack TM,
Howell KG, Poduslo JF. Biochemistry. 2009;48:10405—
10415.  Available from: http://dx.doi.org/10.1021/
bi900523q

Richter L, Munter LM, Ness J, Hildebrand PW, Dasari M,
Unterreitmeier S, Bulic B, Beyermann M, Gust R, Reif B,
Weggen S, Langosch D, Multhaup G. Proc Natl Acad Sci
USA. 2010;107:14597-14602. Available from: http://dx.
doi.org/10.1073/pnas.1003026107

Robert R, Dolezal O, Waddington L, Hattarki MK, Cap-
pai R, Masters CL, Hudson PJ, Wark KL. Protein Eng
Des Sel. 2009;22:199-208. Available from: http://dx.doi.
org/10.1093/protein/gzn052

Ryu J, Joung HA, Kim MG, Park CB. Anal Chem.
2008;80:2400-2407. Available from: http://dx.doi.org/
10.1021/ac7019514

Skerget K, Taler-Vercic A, Bavdek A, Hodnik V, Ceru S,
Tusek-Znidaric M, Kumm T, Pitsi D, Pompe-Novak M,
Palumaa P, Soriano S, Kopitar-Jerala N, Turk V, Anderluh
G, Zerovnik E. J Biol Chem. 2010;285:3201-3210. Avail-
able from: http://dx.doi.org/10.1074/jbc.M109.024620
Stravalaci M, Beeg M, Salmona M, Gobbi M. Biosens
Bioelectron. 2011;26:2772-2775. Available from: http://
dx.doi.org/10.1016/j.bios.2010.10.038

Takahashi T, Ohta K, Mihara H. Proteins Struct Funct
Bioinform. 2010;78:336-347. Available from: http://dx.
doi.org/10.1002/prot.22546

Wood SJ, Chan W, Wetzel R. Chem Biol. 1996;3:949—
956.

Gobbi M, Colombo L, Morbin M, Mazzoleni G, Accardo
E, Vanoni M, Del Favero E, Cantu L, Kirschner DA,
Manzoni C, Beeg M, Ceci P, Ubezio P, Forloni G, Taglia-
vini F, Salmona M. J Biol Chem. 2006;281:843-849.
Available from: http://dx.doi.org/10.1074/jbc.
M506164200

Kawatake S, Nishimupa Y, Sakaguchi S, Iwaki T, Doh-
ura K. Biol Pharm Bull. 2006;29:927-932.

Thompson MJ, Louth JC, Ferrara S, Sorrell FJ, Irving BJ,
Cochrane EJ, Meijer A, Chen BN. Chemmedchem.
2011;6:115-130. Available from: http://dx.doi.org/
10.1002/cmdc.201000383

Treiber C, Thompsett AR, Pipkorn R, Brown DR,
Multhaup G. J Biol Inorg Chem. 2007;12:711-720.
Available from: http://dx.doi.org/10.1007/s00775-007-
0220-3

Myszka DG, Wood SJ, Biere AL. Method Enzymol.
1999;309:386-402.

Aguilar MI, Small DH. Neurotox Res. 2005;7:17-27.
Jaikaran E, Nilsson MR, Clark A. Biochem 1.
2004;377:709-716.

Wei L, Jiang P, Yau YH, Summer H, Shochat SG, Mu
YG, Pervushin K. Biochemistry. 2009;48:2368-2376.
Available from: http://dx.doi.org/10.1021/bi802097b
Cabaleiro-Lago C, Lynch I, Dawson KA, Linse S. Lang-
muir. 2010;26:3453-3461. Available from: http://dx.doi.
org/10.1021/1a902980d

Bootz A, Vogel V, Schubert D, Kreuter J. Eur J Pharm
Biopharm. 2004;57:369-375. Available from: http://dx.
doi.org/10.1016/s0939-6411(03)00193-0

[75]

[76]

[77]

(78]

Malloy A, Carr B. Part Part Syst Char. 2006;23:197—
204. Available from: http://dx.doi.org/10.1002/ppsc.
200601031

Filipe V, Hawe A, Jiskoot W. Pharm Res. 2010;27:796—
810. Available from: http://dx.doi.org/10.1007/s11095-
010-0073-2

NanoSight. Applications of nanoparticle tracking analysis
(NTA) in nanoparticle research. 2009 Technical note.
Available from: http://www.nanosight.com/

Azriel R, Gazit E. J Biol Chem. 2001;276:34156—
34161. Available from: http://dx.doi.org/10.1074/jbc.
M102883200

Cao P. Raleigh DP. J] Am Chem Soc. 2010;132:4052—
4053.  Available from: http://dx.doi.org/10.1021/
ja910763m

Porat Y, Mazor Y, Efrat S, Gazit E. Biochemistry.
2004;43:14454-14462. Available from: http://dx.doi.org/
10.1021/bi048582a

Scrocchi LA, Chen Y, Waschuk S, Wang F, Cheung S,
Darabie AA, McLaurin J, Fraser PE. J Mol Biol.
2002;318:697-706.

Bedrood S, Jayasinghe S, Sieburth D, Chen M, Erbel S,
Butler PC, Langen R, Ritzel RA. Biochemistry.
2009;48:10568—10576. Available from: http://dx.doi.org/
10.1021/bi900608m

Tomiyama T, Kaneko H, Kataoka K, Asano S, Endo N.
Biochem J. 1997;322:859-865.

Meier JJ, Kayed R, Lin C, Gurlo T, Haataja L, Jayasinghe
S, Langen R, Glabe CG, Butler PC. Am J Physiol Endocr
M. 2006;291:E1317-E1324.

Zhang SP, Liu H, Yu H, Cooper GIJS. Diabetes.
2008;57:348-356. Auvailable from: http://dx.doi.org/
10.2337/db07-0849

Muthusamy K, Arvidsson PI, Govender P, Kruger HG,
Maguire GEM, Govender T. Bioorg Med Chem Lett.
2010;20:1360-1362. Available from: http://dx.doi.org/
10.1016/j.bmcl.2010.01.004

Muthusamy K, Albericio F, Arvidsson PI, Govender P,
Kruger HG, Maguire GEM, Govender T. Biopolymers.
2010;94:323-330. Available from: http://dx.doi.org/
10.1002/bip.21370

Liu RT, Yuan B, Emadi S, Zameer A, Schulz P, McAllis-
ter C, Lyubchenko Y, Goud G, Sierks MR. Biochemistry.
2004;43:6959-6967. Available from: http://dx.doi.org/
10.1021/bi0499330

Jaikaran ETAS, Higham CE, Serpell LC, Zurdo J, Gross
M, Clark A, Fraser PE. J Mol Biol. 2001;308:515-525.
Available  from: http://dx.doi.org/doi, 10.1006/
jmbi.2001.4593

Knight JD, Miranker AD. J Mol Biol. 2004;341:1175—
1187.  Available from: http://dx.doi.org/10.1016/].
jmb.2004.06.086

Karlsson R, Falt A. J Immunol Meth. 1997;200:121-133.
Available from: http://dx.doi.org/10.1016/s0022-1759
(96)00195-0

Tanious FA, Nguyen B, Wilson WD. Methods Cell Biol.
2008;84:53-77

Hu WP, Chang GL, Chen SJ, Kuo YM. J Neurosci Meth.
2006;154:190-197. Available from: http://dx.doi.org/
10.1016/j.jneumeth.2005.12.016

Petkova AT, Yau WM, Tycko R. Biochemistry.
2006;45:498-512. Available from: http://dx.doi.org/
10.1021/bi051952¢q



Jarrett JT, Berger EP, Lansbury PT. Biochemistry.
1993;32:4693-4697. Available from: http://dx.doi.org/
10.1021/b1000692a001

Lee KH, Shin BH, Shin KJ, Kim DJ, Yu J. Biochem Bio-
phys Res Co. 2005;328:816-823. Available from: http://
dx.doi.org/10.1016/j.bbrc.2005.01.030

Corsale C, Carrotta R, Mangione MR, Vilasi S, Proven-
zano A, Cavallaro G, Bulone D, San Biagio PL. J Phys
Condens Mat. 2012;24:244103. Available from: http://dx.
doi.org/10.1088/0953-8984/24/24/244103

Qi X, Moore RA, McGuirl MA. Biochemistry.
2012;51:4600-4608. Available from: http://dx.doi.org/
10.1021/bi300201e

NanoSight. How to make Concentration Measurements
using NanoSight LM Series Instruments. 2009. Technical
Note. Available from: http://www.nanosight.com/

Charge SBP, Dekoning EJP, Clark A. Biochemistry.
1995;34:14588-14593. Available from: http://dx.doi.org/
10.1021/bi00044a038

Cort J, Liu ZH, Lee G, Harris SM, Prickett KS, Gaeta
LSL, Andersen NH. Biochem Biophys Res Co.
1994;204:1088-1095. Available from: http://dx.doi.org/
10.1006/bbrc.1994.2574

Kajava AV, Aebi U, Steven AC. J Mol Biol.
2005;348:247-252. Available from: http://dx.doi.org/
10.1016/j.jmb.2005.02.029

Mazor Y, Gilead S, Benhar I, Gazit E. J] Mol Biol.
2002;322:1013-1024. Available from: http://dx.doi.org/
10.1016/s0022-2836(02)00887-2

[°1]
[92]

[93]

[94]

[100]

Biotechnology & Biotechnological Equipment 135

Nilsson MR, Raleigh DP. J Mol Biol. 1999;294:1375—
1385.

Westermark P, Engstrom U, Johnson KH, Westermark GT,
Betsholtz C. Proc Natl Acad Sci USA. 1990;87:5036-5040.
Scrocchi LA, Ha K, Chen Y, Wu L, Wang F, Fraser PE. J
Struct Biol. 2003;141:218-227. Available from: http://dx.
doi.org/10.1016/s1047-8477(02)00630-5

Gordon DJ, Sciarretta KL, Meredith SC. Biochemistry.
2001;40:8237-8245. Available from: http://dx.doi.org/
10.1021/bi1002416v

Aitken JF, Loomes KM, Scott DW, Reddy S, Phillips
ARJ, Prijic G, Fernando C, Zhang SP, Broadhurst R,
L’Huillier P, Cooper GJS. Diabetes. 2010;59:161-171.
Available from: http://dx.doi.org/10.2337/db09-0548
Anguiano M, Nowak RJ, Lansbury PT. Biochemistry.
2002;41:11338-11343.

Janson J, Ashley RH, Harrison D, Mclntyre S, Butler PC.
Diabetes. 1999;48:491-498.

Kayed R, Sokolov Y, Edmonds B, McIntire TM, Milton
SC, Hall JE, Glabe GC. J Biol Chem. 2004;46363—46366.
Konarkowska B, Aitken JF, Kistler J, Zhang SP, Cooper
GJS. FEBS J. 2006;273:3614-3624. Available from:
http://dx.doi.org/10.1111/j.1742-4658.2006.05367.x
Meier JJ, Kayed R, Lin CY, Gurlo T, Haataja L, Jaya-
singhe S, Langen R, Glabe CG, Butler PC. Am J Physiol
Endoc M. 2006;291, E1317-E1324. Available from:
http://dx.doi.org/10.1152/ajpendo.00082.2006



