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Abstract—Sodium dodecyl sulfate (SDS), as an anionic surfactant, can induce protein conformational changes. Recent
investigations demonstrated different effects of SDS on protein amyloid aggregation. In the present study, the effect of SDS
on amyloid aggregation of bovine serum albumin (BSA) was evaluated. BSA transformed to B-sheet-rich amyloid aggregates
upon incubation at pH 7.4 and 65°C, as demonstrated by thioflavin T fluorescence, circular dichroism, and transmission
electron microscopy. SDS at submicellar concentrations inhibited BSA amyloid aggregation with 1Cs, of 47.5 uM. The
inhibitory effects of structural analogs of SDS on amyloid aggregation of BSA were determined to explore the
structure—activity relationship, with results suggesting that both anionic and alkyl moieties of SDS were critical, and that an
alkyl moiety with chain length >10 carbon atoms was essential to amyloid inhibition. We attributed the inhibitory effect of
SDS on BSA amyloid aggregation to interactions between the detergent molecule and the fatty acid binding sites on BSA.
The bound SDS stabilized BSA, thereby inhibiting protein transformation to amyloid aggregates. This study reports for the
first time that the inhibitory effect of SDS on albumin fibrillation is closely related to its alkyl structure. Moreover, the spe-
cific binding of SDS to albumin is the main driving force in amyloid inhibition. This study not only provides fresh insight
into the role of SDS in amyloid aggregation of serum albumin, but also suggests rational design of novel anti-amyloidogenic

reagents based on specific-binding ligands.
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Numerous investigations have demonstrated that
amyloid fibrillation of proteins plays an important role in
amyloid-related diseases, including Alzheimer’s disease,
prion diseases, and type 2 diabetes [1-3]. These proteins,
despite their unrelated amino acid sequences and tertiary
structures, can unfold and assemble into fibrils with sim-
ilar ultrastructures and identical biochemical properties.
Additionally, other proteins, usually nonpathogenic, also
exhibit the ability to form amyloid fibrils. The ability to
form amyloid fibrils is a generic property of the peptide
backbone [4, 5], although the propensities of different
sequences to assemble into amyloid fibrils differ from one
another. Amyloid fibrils are characterized by a common
cross-f-sheet structure, and they can present different
isoforms potentially leading to different biological effects.

Abbreviations: BSA, bovine serum albumin; CD, circular
dichroism; HSA, human serum albumin; SDS, sodium dodecyl
sulfate; TEM, transmission electron microscopy; ThT,
thioflavin T.
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In addition to pathogenic isoforms, some amyloids can
also exhibit regular biological functions [6, 7].

Amyloid fibrillation of a protein generally involves a
cascade of events that include association/dissociation of
the protein oligomers, nucleation, elongation, and mat-
uration of the fibrillar assemblies, corresponding to dif-
ferent kinetic stages of fibril growth [8, 9]. However,
amyloid fibrillation of proteins under some conditions
does not follow classical nucleation kinetics, showing no
seeding reaction and a characteristic absence of a lag
phase. These proteins include human serum albumin
(HSA) [10], bovine serum albumin (BSA) [11],
acylphosphatase [12], B,-microglobulin [13], and
transthyretin [14].

During early stage of amyloid formation, native pro-
tein monomers undergo conformational changes and
unfolding, leading to intermolecular interactions cou-
pled with formation of aggregates with [-sheet-rich
structure [15]. Noncovalent interactions between [-
sheets give rise to stacking of the peptide chains into fib-
rillar assemblies. Identification of small molecules capa-
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ble of disrupting interactions between peptide chains is
an essential strategy for screening amyloid inhibitors
[16]. Enzymatic inhibitors, antibodies, peptide frag-
ments, synthetic ligands, and some natural molecules
have appeared in the list of screened candidates for treat-
ing amyloid disorders.

Serum albumins are major soluble-protein con-
stituents of the circulatory system and exhibit a wide
spectrum of physiological functions. The most important
property of these proteins is their remarkable ability to
bind a broad range of hydrophobic molecules, including
fatty acids and a variety of drugs [17-19]. Serum albumin
generally exhibits a stable structure normally resistant to
formation of fibrils due to its high content of disulfide
bridge and a-helical structure. However, under some cir-
cumstances, serum albumin also exhibits strong propen-
sity to form aggregates, including amyloid fibrils [11, 20-
23]. Because amyloid formation appears to reflect gener-
ic features of the protein backbones, studying mecha-
nisms of protein fibrillation in the presence of small mol-
ecules is useful for gaining better understanding of inter-
actions between amyloid species and ligands.

Surfactants can be used as denaturants to disrupt the
native conformation of a protein. The driving forces in
surfactant-induced conformational changes of proteins
include electrostatic and hydrophobic interactions, as
well as specific binding activity. These interactions can
result in protein folding or unfolding depending on the
concentrations of both surfactant and protein. Sodium
dodecyl sulfate (SDS), as an anionic surfactant, consists
of both polar and nonpolar moieties and induces different
changes to protein conformation [24, 25] that might pro-
mote amyloid formation of the protein [26-28]. However,
SDS binding to a protein might also hinder pathways
related to protein aggregation, including amyloid assem-
bly [28-30].

BSA is among the most extensively studied serum
proteins, particularly due to its structural homology with
HSA. Moreover, BSA shares similar biochemical proper-
ties with HSA, including ability to bind and transport
fatty acids [31, 32]. Furthermore, both BSA and HSA
have propensity to transform into amyloid fibrils [10, 11,
22, 23]. In this study, we utilized BSA as an in vitro model
to investigate effects of SDS and its structural analogs on
protein amyloid fibrillation. Our results indicated that
SDS at submicellar concentrations efficiently inhibited
amyloid aggregation of BSA, and that its inhibitory role
was closely related to its alkyl structure.

MATERIALS AND METHODS

Chemicals. BSA (66.5 kDa), thioflavin T (ThT),
SDS, and its structural analogs were purchased from
Sigma-Aldrich (USA). Other reagents were of analytical
grade.
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Preparation and characterization of BSA fibrils. BSA
was dissolved in 20 mM Tris-HCI (pH 7.4) in the pres-
ence or absence of SDS or its structural analogs to a final
concentration of 50 uM. The concentrations of SDS and
its structural analogs were between 0 and 150 uM.
Aggregation was initiated by incubating the mixture at
65°C for 6 h in a water bath without agitation.

ThT assay. ThT fluorescence was measured in a mix-
ture of 0.5 uM BSA and 10 uM ThT, with excitation at
440 nm and emission at 484 nm, in a Perkin Elmer LS55
spectrofluorimeter (PerkinElmer, USA). We confirmed
that SDS and all its structural analogs have no effect on
ThT fluorescence under the conditions of the present
study.

Transmission electron microscopy (TEM). For TEM
measurements, an aliquot of BSA aggregates was diluted
30-fold with water and dropped onto copper-mesh grids.
Samples were negatively stained with 5% (w/v) phospho-
tungstic acid and air-dried at room temperature.
Observations were performed using a JEOL JEM-2100
electron microscope (Japan) with an accelerating voltage
of 80 kV.

Circular dichroism (CD) measurements. CD meas-
urements were performed on a Chirascan CD spectrome-
ter (Applied Photophysics, UK) at 25°C in a cuvette of
0.1-cm pathlength and at a scan range from 190 to
240 nm. The results were plotted as ellipticity (mdeg) ver-
sus wavelength (nm), and the secondary structural con-
tents of BSA were analyzed by the CDNN program
(Applied Photophysics).

RESULTS

Inhibitory effects of SDS on BSA fibrillation.
Incubation of BSA at an elevated temperature results in
formation of amyloid fibrils, with increased temperature
[11, 20] or BSA concentration [20] significantly enhanc-
ing fibril growth. In this study, we incubated 50 uM BSA
in 20 mM Tris-HCI (pH 7.4) at 65°C in the presence or
absence of an inhibitor, and the growth of amyloid fibrils
was monitored and characterized by ThT fluorescence,
CD, and TEM.

ThT is a fluorescent probe used for monitoring for-
mation and growth of amyloid fibrils. The fluorescent
intensity of ThT increases significantly when the com-
pound specifically binds to the highly ordered B-sheet
structure of amyloid fibrils [33]. As depicted in Fig. 1a, an
immediate increase in ThT fluorescence was observed
following incubation initiation, with the intensity
increasing gradually as amyloid formation progressed
until reaching to a plateau after ~3 to 4 h. The lack of a lag
phase in fibril growth suggested that nucleation was not
involved in fibril assembly [8, 9]. When fresh BSA was
incubated with its fibril seeds, ThT fluorescence
increased similarly to that observed in the control sample
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Fig. 1. Inhibitory effects of SDS on BSA amyloid aggregation. a) ThT-related growth curves of BSA fibrils in the absence (filled triangles) or
presence of 20 uM (filled squares), 50 uM (open triangles), 100 uM (open squares), and 150 uM (open circles) SDS. b) Inhibition of BSA fib-
rillation by introduction of SDS at different incubation time points. SDS (150 pM) was introduced into samples at 0.5 h (open circles), 1 h
(open triangles), 2 h (filled squares), and 3 h (open squares) after incubation initiation. TEM images of BSA aggregates at 6 h and prepared in
the absence (c) or presence (d) of 150 uM SDS. Scale bar represents 200 nm.

in the absence of seeds (data not shown), indicating that
amyloid seeds had no effect on the nucleation-independ-
ent fibrillation of BSA and consistent with previous
reports [11, 20].

SDS exhibited inhibitory effects on the amyloid for-
mation of BSA in a dose-dependent fashion, with an ICy,
value of 47.5 uM (table). Coincubation of BSA with 50 or
150 uM SDS for 6 h resulted in 52.3 and 89.6% reduction
in the final intensity of ThT fluorescence, respectively
(Fig. 1a).

To explore the role of SDS on amyloid formation
after initiation of fibril assembly, SDS was introduced into
the samples at later time points. After incubation for 0.5-
2 h, the addition of SDS ceased elevations in ThT fluo-
rescence. However, upon the ThT curve reaching a

plateau at 3 h, the addition of SDS showed no effect on
ThT fluorescence (Fig. 1b). These findings suggested that
SDS was capable of interrupting fibril assembly without
any effect on existing fibrils.

The inhibitory effects of SDS on BSA fibrillation
were supported by TEM analysis of the aggregates. In the
absence of SDS, the matured BSA fibrils at 6 h showed
amyloid morphology characterized as dense and bundled
fibrillar assemblies (Fig. 1c). In the presence of 150 uM
SDS, only amorphous aggregates were observed after a
6-h incubation (Fig. 1d), indicating that amyloid fibrilla-
tion of BSA was inhibited and consistent with the ThT
data.

CD is a widely used spectroscopic technique for
study of protein secondary structure. The conversion of
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1C;,* values of detergents exhibiting inhibition of BSA fibrillation

C10 C12 Cl4 Cl6
Sulfonates 49.7 47.5 39.3 35.5

1Cs, UM
Carboxylates 48.0 45.1 40.6 34.0

* Half maximal inhibitory concentration.

a-helix to B-sheet is a typical feature of amyloid forma-
tion [34]. The CD curve of BSA obtained before incuba-
tion exhibited two minima at 208 and 222 nm, typical of
high a-helical content (Fig. 2a). After incubation initiat-
ed, the minima at 222 and 208 nm progressively reduced,
with a shape change corresponding to a decrease in o-
helical structure and an increase in B-sheet structure
(Fig. 2a). Secondary structure analysis based on the CD
spectra suggests that free BSA has a high a-helix content
(63%), with 6% B-sheet, 12% turn, and 19% random coil,
which is consistent with a literature report [35]. After
incubation at 65°C for 6 h, major reduction of the a-helix
from 63 to 28% was recorded, concomitant with a major
increase in -sheet from 6 to 31%.

The BSA sample coincubated with 150 uM SDS at
65°C for 1-6 h retained CD spectral features associated
with o-helices, showing little change in the peaks at
208 and 222 nm (Fig. 2b). After incubation for 6 h, the
secondary structure contents of BSA (a-helix content
62%, with 7% [B-sheet) were like those observed in the
native protein, suggesting that SDS prevented BSA struc-
tural transition from a-helices to $-sheets. SDS hindered
the formation of amyloid-prone cross-f-sheet structures
in BSA, thereby inhibiting fibril growth.

30
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Inhibitory effects of SDS structural analogs on BSA
amyloid fibrillation. SDS consists of a polar sulfonic group
and a nonpolar dodecyl moiety. To reveal the molecular
mechanism associated with amyloid inhibition, the roles
of several structural analogs of SDS on BSA fibrillation
were determined. As shown in Fig. 3, 150 pM sodium
salts of decanesulfonate (C10), tetradecanesulfonate
(C14), and hexadecanesulfonate (C16) completely inhib-
ited BSA fibrillation, sharing similar inhibitory character-
istics as those observed with SDS. By comparison,
150 uM sodium salts of hexanesulfonate (C6) and octane-
sulfonate (C8) showed only weak inhibitory activity,
implying that the length of the alkyl chain was critical for
efficient inhibition of BSA fibrillation by sodium alkyl
sulfonate, and that an alkyl moiety with chain length >10
carbon atoms was essential. These alkyl sulfonates inhib-
ited BSA fibrillation in a dose-dependent manner, with
1C;, values decreasing from decanesulfonate to hexade-
canesulfonate (table).

We also examined the inhibitory effect of sodium
laurate (C12) on BSA fibrillation. As shown in Fig. 4a,
sodium laurate shared similar inhibitory roles as those
observed with SDS on BSA fibrillation, with an I1Cs, value
of 45.1 uM. After incubation for 6 h at 65°C, only amor-
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Fig. 2. Far-UV CD spectra of BSA incubated in the absence or presence of 150 uM SDS. a) CD spectra of native BSA (/) and of native BSA
and SDS without incubation (2), and BSA incubated for 1, 3, and 6 h (3-5), respectively. b) CD spectra of native BSA (/) and BSA incubat-
ed with 150 uM SDS for 1 or 6 h (2, 3), respectively.
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Fig. 3. Inhibitory effects of sodium alkyl sulfonates on BSA amy-
loid aggregation. BSA was incubated in the absence (filled trian-
gles) or presence of 150 pM hexanesulfonate (filled squares),
octanesulfonate (filled circles), decanesulfonate (open triangles),
tetradecanesulfonate (open squares), and hexadecanesulfonate
(open circles).

phous aggregates were observed in the sample containing
50 uM BSA and 150 uM sodium laurate (Fig. 4b). Like
the results observed in the presence of alkyl sulfonates,
150 uM sodium salts of hexanoate (C6) and octanoate
(C8) exhibited weak inhibitory effects on BSA fibrilla-
tion, whereas sodium salts of decanoate (C10), myristate
(C14), and palmitate (C16) demonstrated similar levels of
inhibition (Fig. 4c¢) as sodium laurate and SDS. These
fatty acids also inhibited BSA fibrillation in a dose-
dependent manner, with ICy, values decreasing from
decanoate to palmitate (table).

CD measurements were also performed to monitor
changes in secondary structure of BSA upon incubation
with structural analogs of SDS. As shown in Fig. 4d, after
incubation with 150 pM sodium laurate at 65°C for 6 h, the
CD spectra of BSA remained almost unchanged, suggest-
ing that sodium laurate prevented the structural transition
from a-helix to B-sheet. Other structural analogs, includ-
ing alkyl sulfonates and carboxylates with chain length >10
carbon atoms (150 uM), shared similar effects with SDS
and sodium laurate on the CD spectra of BSA (data not
shown). These results are consistent with the ThT data.

To determine whether an acidic group is critical to
amyloid inhibition, the effects of 150 uM 1-dodecanol
(C12) and dodecyl trimethyl ammonium chloride (C12)
on BSA fibrillation were determined. The results showed
that neither compound influenced BSA fibrillation (data
not shown), suggesting that both an alkyl chain and an
acidic group are critical for SDS inhibition of BSA fibril-
lation. Our results indicated that the inhibitory role of
SDS on BSA fibrillation could be attributed to the ability
of BSA to bind fatty acids.

DISCUSSION

BSA is a 583-a.a. protein consisting of three homol-
ogous all-a domains and 17 intradomain disulfide bonds.
Like apomyoglobin and HSA, which consist of all-a
domains, BSA is also capable of transforming into a sta-
ble B-sheet fibrillar state under a variety of conditions. In
this study, BSA amyloid aggregates were prepared at a
neutral pH and 65°C to evaluate the impact of SDS on
protein fibrillation. Like previous reports [11, 20], ThT,
TEM, and CD data of the present work showed that BSA
had an ability to assembly into B-sheet-rich fibrillar struc-
tures. In contrast to classical protein amyloid fibrillation,
BSA fibrillation showed unique features, including lack of
a lag phase and no seeding reaction, with these character-
istics also observed in the fibrillation process of other pro-
teins [10, 12-14, 23]. These unique features have been
attributed to the existence of different intermediates
along the fibrillation pathway associated with serum albu-
mins [20]. Several mechanisms have been proposed to
elucidate amyloid formation, including nucleated con-
formational transition [36] and template-based assembly
[37, 38]. The facts that lack of lag phase and no seeding
reaction suggest that BSA transform into amyloid aggre-
gates through a different pathway.

Recent reports demonstrate that ring-like oligomers
are the basic building units of amyloid fibrils [39, 40].
During early stage of fibril formation, such oligomers
associate with each other by a ring-to-ring or ring-on-
ring pattern [40]. This mechanism has been shown for
several objects, and therefore might be a universal process
for amyloid growth [41]. According to this mechanism,
we suggest that the assembly of BSA into amyloid species
probably involves interactions between monomers and/or
dimers leading to formation of ring-like oligomers. The
resultant oligomers associate with each other to assemble
into larger amyloid structures. The exact molecular
mechanism merits further investigation.

SDS can induce protein conformational changes due
to its electrostatic and hydrophobic interactions with a
protein [31]. There are numerous investigations on the
impact of SDS on protein amyloid aggregation, with two
contrary effects, inhibition or acceleration of amyloid for-
mation by the detergent reported [26-30, 42]. The role of
SDS on protein fibrillation is determined mainly by the
concentration of the surfactant, pH value of the medium,
and ionic/hydrophobic property of the protein.
Rangachari et al. [27] observed that 2 mM SDS promoted
AP fibril formation, whereas at lower concentration
(0.5 mM) SDS showed almost no effect on AP fibrillation.
Pertinhez et al. [28] reported that SDS at low concentra-
tions accelerated amyloid fibrillation of a 17-residue pep-
tide, whereas at high concentrations, SDS inhibited fibril-
lation of the peptide. Movaghati et al. [29] demonstrated
that SDS at a low concentration (150 uM) promoted HSA
fibrillation at pH 2.0, whereas at high concentrations

BIOCHEMISTRY (Moscow) Vol. 83 No. 1 2018
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Fig. 4. Inhibitory effects of sodium carboxylates on BSA amyloid aggregation. a) Dose-dependent inhibition of BSA fibrillation by sodium
laurate. The concentrations of laurate were 0 uM (filled triangles), 20 uM (filled squares), 50 uM (open triangles), 100 uM (open squares),
and 150 uM (open circles). b) TEM images of BSA aggregates at 6 h and prepared in the presence of 150 uM sodium laurate. Scale bar rep-
resents 200 nm. ¢) Inhibitory effects of sodium carboxylates on BSA amyloid formation. BSA was incubated in the absence (filled triangles)
or presence of 150 uM sodium salts of hexanoate (filled squares), octanoate (filled circles), decanoate (open squares), myristate (open trian-
gles), and palmitate (open circles). d) The CD spectra of native BSA (/) and BSA incubated for 6 h with 150 uM sodium laurate (2) or with-

out a detergent (3).

(>400 uM), SDS inhibited fibrillation of the protein. SDS
acceleration of BSA fibrillation at pH levels below its iso-
electric point (p/ 4.7) was also demonstrated by Khan et
al. [43, 44]. Here, SDS at submicellar concentrations pre-
vented BSA from amyloid fibrillation at pH 7.4, like a pre-
vious report that SDS at low concentrations inhibited pro-
tein aggregation [45]. In the present study, the inhibitory
roles of SDS structural analogs were determined to
explore structure-activity relationships, with results sug-
gesting that alkyl sulfonates shared similar inhibitory
effects with carboxylates on BSA fibrillation, and that both
the anionic and alkyl moieties of SDS were critical in
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amyloid inhibition. A previous modeling analysis suggest-
ed that SDS can bind the same sites on serum albumins as
long-chain fatty acids [46]. Therefore, we attributed SDS
inhibition of BSA fibrillation to interactions between the
detergent molecule and fatty acid-binding sites on BSA.
An important physiological role of serum albumin
involves the transport of fatty acids in the circulatory sys-
tem. The fatty acid-binding properties of BSA are like
those in HSA, and submicellar concentrations of SDS
can bind the same sites [31, 47-49]. Like HSA, there are
seven main binding pockets for medium-chain and long-
chain fatty acids in the three structurally similar domains



66 XUE-JIAO MA et al.

of BSA [47, 49]. Three of these binding pockets exhibit
high affinity for fatty acids, whereas the other four exhib-
it lower affinity. The high-affinity sites consist of long and
narrow hydrophobic pockets that accept the alkyl chain of
a fatty acid in its extended conformation while the car-
boxylate head-group is hydrogen-bonded and coordinat-
ed by a charged protein side chain [47, 48]. In principle,
up to seven fatty acids can be bound to each albumin mol-
ecule; however, under normal physiological conditions,
only an average of 0.1 to 2 fatty acid molecules is present
in the high-affinity sites [32]. Albumin molecules under-
go conformational changes upon binding with a fatty acid,
leading to relative rotation of the three protein domains
[47, 50]. The bound fatty acid acts as a pin to lock in the
altered structural conformation, thereby stabilizing the
albumin molecule [50-52]. Additionally, previous reports
showed that in the presence of a denaturant or under other
denaturing conditions, BSA bound with a fatty acid
exhibited higher stability relative to the native protein [53-
55]. Our results suggested that SDS and its structural
analogs were bound within the binding pockets of BSA
normally targeted by fatty acids, and that the bound SDS
induced structural changes to stabilize the protein, there-
by inhibiting BSA transformation to amyloid aggregates.

The binding affinity of albumins for fatty acids is
dependent on chain length, as affinity increases from
hexanoate (10° M) to palmitate (107 M) [32, 56]. In this
study, fatty acids, whether carboxyl or sulfonic, with
shorter alkyl chains (C6 and C8) showed only weak
inhibitory effects on BSA fibrillation, possibly because
the protein failed to be stabilized by the weak binding of
these short-chain fatty acids. By contrast, fatty acids with
longer alkyl chains (from C10 to C16) were capable of
inhibiting BSA fibrillation, with their inhibitory activity
proportional to their binding affinity for the protein.

In conclusion, this study demonstrated that SDS at
submicellar concentrations is capable of inhibiting BSA
amyloid fibrillation. Compared with the inhibition exert-
ed by its structural analogs, SDS acts through interactions
between the detergent molecule and the fatty acid-binding
sites on BSA. Bound SDS stabilized BSA, thereby inhibit-
ing transformation of the protein to amyloid aggregates.
This study reports for the first time that the alkyl chain
length of SDS are critical to amyloid inhibition.
Moreover, the specific binding of SDS to albumin is the
main driving force in amyloid inhibition. The information
of the present study not only provide a fresh insight into
the roles of SDS on amyloid aggregation of serum albu-
min, but also suggest rational design of novel anti-amy-
loidogenic reagents based on specific-binding ligands.
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