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Our dynamic laser light scattering (LLS) study shows that the current widely used protocols of dissolving amyloidogenic
protein/peptide do not really result in a true solution; namely, there always exist a trace amount of interchain aggregates, which
greatly affect the association kinetics, partially explaining why different kinetics were reported even for a solution with identi-
cal protein and solvent. Recently, using a combination of the conventional dissolution procedure and our newly developed ul-
tra-filtration method, we have developed a novel protocol to prepare a true solution of amyloidogenic protein/peptide without
any interchain aggregates. The resultant solutions remain in their monomeric state for at least one week, which is vitally im-
portant for further study of the very initial stage of the interchain association under the physiological conditions because more
and more evidence suggests that it is those small oligomers rather than large fabric aggregates that are cytotoxic. In addition,
this study shows that combining static and dynamic LLS can lead to more physical and microscopic information about the

protein association instead of only the size distribution.

amyloidogenic protein/peptide, laser light scattering, monomer, ultra-filtration

1 Introduction

Misfolding and aggregation of amyloidogenic protein/
peptide are frequently found in B-sheet-rich fibrillar protein
conformation known as amyloid, which is thought to be
involved in the onset of neurodegenerative diseases, ranging
from Alzheimer and polyglutamine (polyQ) diseases to
transmissible spongiform encephalopathies [1, 2]. While
amyloid deposits are hallmarks of many neurodegenerative
diseases, the mechanism by which these proteins/peptides
gain their neurotoxic function upon misfolding and aggre-
gation remains unclear. In the past forty years, amyloid de-
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posits have been thought as causative agents in the degener-
ative process.

Recently, some experimental evidence suggested that a
group of still poorly defined oligomers, rather than the am-
yloid deposits themselves, are the true toxic conformations
[3, 4]. These results highlight the importance of studying
the very initial stage of the aggregation process. To gain
insight into this initial oligomer formation stage, one must
start with a solution that contains only individual (mono-
meric) protein/peptide chains. Otherwise, the kinetic study
would be compromised. For example, previous studies have
revealed that the protein aggregation follows a nuclea-
tion-and-elongation mechanism with a significant induction
lag time, but dramatically different aggregation kinetics
were generated by different laboratories even for an identi-
cal starting protein/peptide; namely, this induction lag time
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varied from minutes to days [5-7]. In our point of view,
such a huge discrepancy could be due to the presence of
variable trace amounts of oligomer seeds with different siz-
es in the initial protein/peptide solutions that serve as the
template for further aggregation. On the other hand,
Giuffrida et al. showed that different from neurotoxic native
B-amyloid 1-42 (AP;.4, pathogenic factor in Alzheimer's
disease) dimers and oligomers, monomeric A4, are de-
void of neurotoxicity and may even act to support neuronal
survival [8]. These studies clearly demonstrate how vitally
important to start with the well-defined monomeric state
when we try to study the association kinetics of amyloido-
genic protein/peptide in solutions.

Since amyloidogenic protein chains have a strong ten-
dency to aggregate in an aqueous solution, it has always
been a challenge to reliably characterize and monitor the
aggregation process. Various methods have been claimed,
established and used in practice to dissolve biologically
synthesized amyloidogenic proteins or chemically synthe-
sized amyloidogenic peptides into individual chains in
aqueous solution before initiating the aggregation process.
Georgalis et al. added a Glutathione S-transferase tag
(GST-tag) to Huntington exonl protein in order to increase
its solubility and prevent its aggregation during the pro-
cesses of expression and purification. In this way, the chain
aggregation was initiated by using a site-specific protease to
cleave off the GST-tag [9]. Chen et al. used another ap-
proach to disaggregate chemically synthesized polyQ pep-
tides in order to study the aggregation in a reproducible and
quantitative fashion. Namely, they first treated the peptide
chains with volume ratio 1:1 Trifluoroacetic acid/Hex-
afluoroisopropanol (TFA/HFIP), then dissolved them in
water at pH 3, and finally initiate the aggregation process by
adjusting pH to 7.5 [10]. Denaturing solvents have also
been frequently used to treat amyloidogenic protein/peptide.
Lindquist et al. applied 8 M guanidine hydrochloride
(GdmHCI) to dissolve the biologically synthesized Yeast
prion protein Sup35-NM and assumed that it was dissolved
into its monomeric state [11].

There is no denying that researchers in this field have
done some significant work to explore the aggregation
mechanism of amyloidogenic proteins, however, in most of
previous studies, the initial dissolution state of amyloido-
genic proteins/peptides was characterized mainly by Fourier
transform infrared (FTIR), circular dichroism (CD) and flu-
orescence spectroscopy, which provide conformational in-
formation rather than the specific size change. To confirm
one has obtained the real monomeric state, size information
is indispensable as the direct evidence which can be accu-
rately measured by laser light scattering (LLS) especially at
small angle (e.g. 20°). Recently by using this technique to
characterize the amyloidogenic proteins/peptides (Hunting-
ton exonl protein, Yeast prion protein Sup35-NM and
APy.4p) treated by the previously established protocols, we
found that although majority of the protein molecules ex-
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isted as individual chains after following previously estab-
lished procedures, the solution still contained a trace
amount of small particles, presumably the aggregates of a
limited number of chains, which hindered our intended
study of the very initial stage of the aggregation. To over-
come such an obstacle, we have developed a modified pro-
tocol to obtain the true monomeric state of amyloidogenic
protein/peptide in aqueous solutions. In this paper, we
would like to describe our method that should be applicable
to other proteins and peptides and show how to combine
static and dynamic LLS for accurate characterization of
amyloidogenic protein/peptide in aqueous solutions.

In the current study, the biologically synthesized Hun-
tington exonl protein, Yeast prion protein Sup35-NM and
chemically synthesized A;.4, were prepared. The Hunting-
ton exonl gene encoded protein is characterized by gluta-
mine residues with different lengths, ranging from smaller
than 36 (wild-type polyQ) to larger than 40 (pathological
polyQ, accounted for the onset of Huntington disease) [12,
13]. Two Huntington proteins (polyQ length = 22 and 40,
denoted as HD22Q and HD40Q) were respectively selected
as typical representatives of the wild and pathological types.
The Sup35 protein is a Yeast (Saccharomyces cerevisiae)
prion protein, a translation termination factor that can con-
vert into insoluble amyloid fibril. The structure of Sup35
protein can be divided into three regions, namely, N, M, and
C based on their positions and different functions. Being the
prion-determining region, Sup35-NM has been widely ac-
cepted as a model to study the amyloidogenic proteins [14].
We also used the 42-amino acid-long peptide A4, pre-
sumably playing a central and vital role in the pathogenesis
of Alzheimer’s disease [15], to test whether our protocol is
also applicable to smaller amyloidogenic peptides.

2 Results and discussion
2.1 Huntington exonl protein

In order to obtain the water-soluble Huntington exonl pro-
tein, we first followed the GST-tag method [9], presumably
that the GST tag is able to increase the solubility of the
fused Huntington protein and provide steric hindrance to
each protein molecule, lowering the chance of collision and
aggregation. However, dynamic LLS analysis revealed that
even for the freshly purified GST-tagged fusion HD22Q,
there clearly existed a peak located at ~60 nm in the inten-
sity-weighted hydrodynamic radius distribution, f{Ry,), (SI
Figure 1), indicating some inter-chain aggregation, sug-
gesting GST alone is not sufficient to keep Huntington ex-
onl protein in monomeric state even for HD22Q, not to
mention the others with longer polyQ.

However, eq. (1) (in methods section) shows that at a
sufficiently low angle and low concentration, [R,,(q =
0)/KC] = M,,, where C = W/V, a mass concentration (g mL_l),

and M, is defined as (ZW;M,)/W. Therefore, (Is(q = O)) oc



120 Diao S, et al.

ZV{{.M .= Z:n,.Ml.2 with n; and M; being the number and

molar mass of the ith scattering object, respectively. It
shows that one 100-nm particle scatters 10° times of light
than one 10-nm particle if we assume that the particles are

uniform because M, oc R’. In other words, one interchain

aggregate with the size of 100 nm is equivalent to 10° indi-
vidual chains in the intensity-weighted distribution. There-
fore, the large peak located at ~60 nm only represents a very
small number of the interchain aggregates.

In order to prepare a solution without any interchain ag-
gregates, we then followed a widely adopted TFA/HFIP
treatment protocol, originally developed for synthetic polyQ
peptides [10], to see whether it can dissolve Huntington
exonl proteins into individual chains in aqueous solutions.
Figure 1(a) clearly showed that even after the 1:1
TFA/HFIP treatment, the solutions still contained some in-
terchain aggregates. A comparison of the two treated pro-
teins revealed that for HD22Q much more Huntington pro-
tein chains were in their monomeric state with an average
hydrodynamic radius (R,) around 3 nm. However, for
HD40Q, there were more interchain aggregates in the solu-
tion, which is understandable because of the longer polyQ
segment. Although the number of interchain aggregates was
actually small, they were clearly not negligible, especially
when we focus on the initial stage of aggregation kinetics.
Moreover, they could serve as “seeds” for further chain
stacking and fiber elongation. Nevertheless, Figure 1(a)
showed that the TFA/HFIP treatment method alone was not
sufficient to completely remove the interchain aggregates in
the solution even though people have assumed it in some
previous kinetic studies.

In order to prepare a true solution of the Huntington pro-
tein without any interchain aggregates, we modified the
aforementioned protocol on the basis of our previous find-
ing in the studies of ultra-filtration of polymer chains
through a 20-nm nanopore under an elongation flow [16].
Namely, linear chains can pass through the nanopore when
the flow rate reaches a critical value, independent of the
chain length, but not the interchain aggregates, particles and
polymer chains with other topologies [17, 18]. Our current
ultra-filtration setup essentially includes a gastight syringe
(SEG), a syringe pump (Harvard PHD 2000) and a mem-
brane filter (Whatman anotop 10). The membrane filter has
a double layer structure. The upper layer is 59-pum thick
with billions of 200-nm pores; while the lower layer is only
1-pm thick with smaller 20-nm pores (Supplementary Fig-
ure 2). Each of the smaller pore is covered by a larger
200-nm pore. The pore density is ~5 x 10® cm™. It should
be noted that the 20-nm membrane filter which has uniform
pore size is crucial for obtaining the real monomers. In
practice, a 100-kDa molecular mass cutoff filter (eg. Ul-
trafree-MC, Millipore) is more frequently used to remove
the small aggregates [19, 20], however, this kind of mem-
brane has an obviously different structure from the mem-
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brane we used. It has a 3-dimentional network structure
with no uniform orientation and pore size of which the ma-
trix void spaces vary in their degree of complexity or tortu-
osity. In our opinion, such kind of membrane filter is in-
competent for obtaining a true monomeric protein solution
since small aggregates/oligomers have a chance to pass
through the membrane due to the nonuniform of the pores.
Figure 1(b) shows two typical intensity-weighted R, dis-
tribution of HD22Q and HD40Q in pH 3 water adjusted by
TFA after the ultra-filtration, where the flow rate of 1
mL h™' was chosen to push individual protein chains
through the membrane filter but not the interchain aggre-
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Figure 1 (a) Intensity-weighted R, distributions of two Huntington exonl
proteins in aqueous solutions at pH 3, after treatment with TFA/HFIP pro-
tocol; (b) intensity-weighted Ry, distributions of HD22Q and HD40Q pro-
teins, respectively, in aqueous solution (pH 3, adjusted with TFA) after
TFA/HFIP treatment and ultra-filtration; (c) time dependent average Ry, and
average scattering light intensity (</>) of HD22Q and HD40Q in pH 3
water (adjusted with TFA) during 5 days.
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Figure 2 (a) Intensity-weighted R, distributions of Sup35-NM protein in 8 M GdmHCI (pH 7.4) before and after ultra-filtration; (b) time dependent R, and
scattering light (</>) intensity of Sup35-NM protein in 8 M GdmHCI (pH 7.4); (c) time dependent ThT fluorescence intensity of two Sup35-NM solutions in
PBS (pH 7.4) with and without removal of a trace amount of interchain aggregates, where insets are their corresponding TEM images at ¢ = 84 h; (d) time
dependent ThT fluorescence intensity of Sup35-NM solutions with different protein concentrations but a fixed amount of sonicated fabric seeds (5% w/w).

gates. Figure 1(b) clearly shows that the peak on the right in
Figure 1(a) disappeared in each case, i.e., the trace amount
of the interchain aggregates remained after the TFA/HFIP
treatment was completely removed by the ultra-filtration.
The peaks in Figure 1(b) represent individual HD22Q and
HD40Q chains, respectively, with an average Ry, of 3.2 nm
and 3.6 nm at pH 3, which were consistent with the ex-
pected size of individual protein chains.

We also confirmed that each peak in Figure 1(b) repre-
sents individual protein chains by using static LLS to char-
acterize the weight-averaged molar mass (M,,) of the Hun-
tington protein after the TFA/HFIP and ultra-filtration
treatments in the angular range 20°-120° with step 1°. First,
we measured the value of refractive index increment
(dn/dC), a required parameter in the determination of M, on
the basis of eq. (1) (in Methods section), by using a novel
laser differential refractometer [21] (dn/dC = 0.31 mL g’1
for protein in 8 M GdmHC], dn/dC = 0.28 mL g™ for pro-
tein in aqueous solutions at pH 3). We found that after the
TFA/HFIP and ultra-filtration treatments, HD22Q and
HD40Q in aqueous solutions at pH 3 have M,, of 1.15 x 10*
g mol™ and 1.39 x 10" g mol™, respectively, fairly close to
their corresponding theoretical values of 11,750 g mol™ and
14,105 g mol™. A combination of static and dynamic LLS
measurements enables us to safely conclude that our modi-
fied method can lead to a true solution of the biologically

synthesized Huntington exonl proteins, i.e., the proteins
exist as individual chains without any interchain aggrega-
tion in aqueous solutions at pH 3.

Further, we studied how long HD22Q and HD40Q could
exist as individual chains in aqueous solutions at pH 3 by
using dynamic LLS to follow their corresponding R}, and the
scattering light intensity versus time. Figure 1(c) shows that
at pH 3 individual HD22Q and HD40Q chains did not ag-
gregate up to at least 5 days, which lays a foundation for
future study of the initial stage of these protein chains under
the physiological conditions.

2.2 Sup35-NM protein

Besides organic solvents, denaturing agents have also been
frequently applied to “dissolve” amyloidogenic pro-
tein/peptide. Lindquist et al. tried to use GdmHCI (up to 8
M) to prepare the Yeast prion protein Sup35-NM solution
and judged the solution state from its CD spectrum that only
indicated that there was no detectable secondary structure
inside the solution. To test whether there still exist some
interchain aggregates in the Sup35-NM solution, we fol-
lowed the same protocol used by Lindquist et al. [11] but
applied more sensitive and accurate LLS characterization.
Figure 2(a) clearly shows that using the protocol, most of
Sup35-NM were indeed dissolved into individual chains but
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a trace amount of interchain aggregates with an average Ry,
of ~80 nm still existed in the solution, revealing that this
strong denaturant was still not sufficient to completely dis-
solve Sup35-NM into individual chains to form a true solu-
tion of individual chains that were represented by the peak
located at ~5 nm.

Figure 2(a) also shows that using the described ul-
tra-filtration method, we could completely remove the trace
amount of interchain aggregates, resulting in a true solution
of Sup35-NM containing only individual chains with an
average Ry, of 5.0 nm at pH 7.4, consistent with the expected
size of individual protein chains. Further, we used static
LLS to characterize such an obtained solution and found
that the M,, of Sup35-NM in the solution was 2.80 x 10*
g mol ™', fairly close to the theoretical value of 29,120
g mol ™, revealing the obtention of a true solution of the
Sup35-NM protein without any interchain aggregates in 8
M GdmHCI, 20 mM Tris at pH 7.4. We also investigated
the stability of such a solution. Figure 2(b) showed that in 8
M GdmHCI, individual Sup35-NM chains could remain in
their monomeric state for up to one week.

Once after obtaining the true solution of Sup35-NM
without interference of the interchain aggregates, we did
some preliminary kinetic studies of the interchain associa-
tion under the physiological condition (PBS, pH 7.4) by
using the classical Thioflavin T (ThT) fluorescence assay
[22]. Not surprisingly, the protein treated with our modified
protocol behaved quite differently from the protein treated
with conventional method, i.e., with no ultra-filtration
treatment.

Figure 2(c) shows the ThT fluorescence intensity of the
Sup35-NM solution clarified with the ultra-filtration method,
i.e., with no interchain aggregates, nearly remained a con-
stant even after 90 h, while that of the Sup35-NM solution
prepared by the conventional protocol without the removal
of the trace amount of the interchain aggregates increased
with time, clearly indicating the formation of the p
sheet-rich structures, which were confirmed by their mor-
phological differences (small amorphous structure versus
large amyloid-like fibers), as shown in the insets of Figure
2(c) (images from transmission electron microscope, TEM).
Such a huge discrepancy is presumably because the trace
amount of small aggregates in the conventionally prepared
protein solution could serve as template (seeds) for further
aggregation and fiber elongation. Our results might partially
explain why some dramatically different aggregation kinet-
ics were previously reported even for a solution of an iden-
tical protein and solvent.

Further, we tested whether Sup35-NM prion in the solu-
tion after the ultra-filtration is still active by using the seed-
ing assay [23]. The seeds were prepared by briefly soni-
cating preformed Sup35-NM fibers with a probe sonicator
at 50 watt for 15 s. The seeds should be freshly prepared
before use. Figure 2(d) shows that for a given amount of the
seeds (5% w/w), the ThT fluorescence intensity in-
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Figure 3 Intensity-weighted R, distributions of A4 in aqueous solution
(pH 3, adjusted with TFA) before and after ultra-filtration.

creased with the monomer concentration, indicating the
remaining prion activity. The current results also clearly
reveal that it is vitally important in a kinetic study to start
with a true solution of amyloidogenic proteins/peptides
without interchain aggregates.

23 APis

AB,.4» was synthesized to test whether our modified proto-
col was applicable to smaller amyloidogenic peptides.
Chemically synthesized Ap;.4, was treated according to the
same protocol for the Huntington protein. Figure 3 showed
that using the ultra-filtration we were able to completely
remove small oligomers. The A4, chains in the resultant
solution had an average Ry, of ~1.5 nm and a M,, of 43%x10°
g mol ™', respectively, characterized by dynamic and static
LLS. Both <R,> and M,, were close to their corresponding
expected theoretical values (4514 g mol™) of individual
APy.4> chains, confirming that AP, 4, in the clarified solution
existed as individual chains with no interchain aggregates.
In summary, a modified protocol of combining the con-
ventional method and ultra-filtration has been established.
Using this protocol, we are able to prepare a true solution of
amyloidogenic protein/peptide with no interchain aggregate.
Unlike in the conventional protocol, amyloidogenic pro-
tein/peptide chains in the true solution remain stable and as
individual chains for at least one week, which lays a solid
foundation for further study of the interchain association
kinetics under the physiological conditions, presumably
because of the removal of the trace amount of oligomers
that act as seeds to induce further interchain association and
fiber formation/growth. Our current results demonstrate that
it is vitally important to start with a pure solution if one tries
to study the kinetics of the protein aggregation, especially
when the focus is on the initial stage, because the existence
of a trace amount of oligomers in the initial protein solution
can greatly influence the aggregation process and tarnish the
experimental results. Finally, we also like to emphasize that
it is important to combine static and dynamic laser light
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scattering in the study of protein solutions because it will
give us more microscopic parameters.

3 Methods
3.1 TFA/HFIP treatment

ABy.4> and freshly purified HD22Q/40Q were respectively
desalted using ultrafiltration device (Millipore) followed by
freeze-drying; a solvent mixture of 1:1 (V/V) TFA/HFIP
was then added to dissolve each lyophilized protein powder
overnight. The sample was further air-dried by an argon gas
stream and then by vacuum to completely remove TFA and
HFIP. The deionized water at pH 3 (adjusted with TFA)
was added to make a solution under votexing. Possible re-
sidual aggregates were removed by centrifugation at 30,000
g for 30 min. The top two-thirds of the solution was used
for laser light scattering analysis.

3.2 Protein/peptide preparation

Expression of Sup35-NM and Huntington exonl protein
were performed using the E. coli BL21 (DE3) and LB me-
dium supplemented with 50 pg mL™ kanamycin and 100
pg mL™" ampicillin respectively. Protein expression was
induced with 1 mM IPTG when cell culture reached an
ODgop value of 0.4. Both proteins were purified with the
HisTrap HP column (GE Healthcare). AP;4, was synthe-
sized according to the described method by using the
ChemMatrix resin [24]. The standard Fmoc chemistry was
applied. The 15-min deprotection was followed by 35-min
coupling for each amino acid. The peptide was then cleaved
by Reagent K (82.5% TFA:5% phenol:5% H,0:5% thioan-
isole:2.5%) to minimize the side reactions and precipitated
by cold ether before the lyophylization.

3.3 Laser light scattering

A commercial LLS spectrometer (ALV/DLS/SLS-5022F)
equipped with a multi-t digital time correlator (ALV5000)
and a cylindrical 22-mW He-Ne laser (632.8 nm, Uniphase)
as the light source was utilized to characterize the treated
proteins. In static LLS, the weight-average molar mass, My,
the z-average root-mean-square radius of gyration, <Rg2>”2,
and the second virial coefficient, A,, of scattering objects in
dilute solutions can be determined from the angular de-
pendence of the excess absolute scattering intensity, known
as the Rayleigh ratio R,,(g), according to

KC 1 ( 1/, zj
~——|1+—(R)q" [+24A,C (D)
R\/v (q) MW 3 < ) >

where K = 4n*n*(dn/dC)*/(Nady'), and g = (4mtn/Ao)sin(412)
with Ny, n, 6, and A being the Avogadro number, the solu-
tion refractive index, the scattering angle, and the wave-
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length of the light in vacuum, respectively; and C is the
protein concentration.

In dynamic LLS, the Laplace inversion of each measured
intensity—intensity time correlation function, G(z)(t,q), in the
self-beating mode gives a line-width distribution, G(J). For
a pure diffusive relaxation, /" is related to the translational
diffusion coefficient D by "= Dg* when ¢ — 0 and C — 0.
D is further related to the hydrodynamic radius Ry by the
Stokes-Einstein equation, R, = kgT/(6mnD), where kg, T,
and 7 are the Boltzmann constant, the absolute temperature,
and the viscosity, respectively. The scattering angle used in
dynamic LLS in this study was 20°. All of the LLS experi-
ments were performed at 25 °C.

3.4 Ultra-filtration

As described in the main text.

3.5 Thioflavin T fluorescence assay

The ThT assay was carried out as described [20]. Sup35NM
monomer sample in 8§ M GdmHCI, 5-10 mg mL! (as re-
quirement), was 100-fold diluted with PBS pH 7.4 to elimi-
nate the influence of GdmHCI for ThT assay. The dilution
would induce the aggregation. ThT fluorescence was moni-
tored using a fluorescence spectrophotometer (HITACHI
F-7000) with excitation at 450 nm and emission at 490 nm.

3.6 Transmission electron microscopy

For each sample, 10 pL protein solution was placed on a
carbon-coated copper grid, absorbed for 1 min, and the ex-
cess sample was removed with filter-paper. The sample was
stained with 10 pL 1% (w/v) uranyl acetate for 1 min and
blotted. The copper grid was washed with 10 pL deionized
water. All samples were imaged by using an FEI CM120
microscope operated at 120 kV.

3.7 Protein concentration determination

Standard BCA assay, Bradford assay and UV absorbance
measurement at 280 nm have been applied for protein quan-
titation. Concentration data were collected after ultrafiltra-
tion in case the eliminated small aggregates bias the meas-
urement.
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Figure S1 Intensity-weighted hydrodynamic radius distribution of freshly purified GST-HD22Q in PBS (pH 7.4).
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Figure S2 Schematic showing the construction of the filter (Whatman) and the ultra-filtration process.
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