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Serum Albumin Prevents Protein Aggregation and Amyloid
Formation and Retains Chaperone-like Activity in the
Presence of Physiological Ligands
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Background: Serum albumin is a highly abundant circulating protein and may have chaperone-like activity.
Results: Serum albumin titratably inhibits aggregation and amyloid formation of client proteins and maintains chaperone-like

activity under physiological conditions.

Conclusion: The chaperone-like activity of serum albumin suggests it protects against protein misfolding and aggregation.
Significance: This may have implications for protein misfolding disorders of the extracellular compartment.

Although serum albumin has an established function as a
transport protein, evidence is emerging that serum albumin may
also have a role as a molecular chaperone. Using established
techniques to characterize chaperone interactions, this study
demonstrates that bovine serum albumin: 1) preferentially
binds stressed over unstressed client proteins; 2) forms stable,
soluble, high molecular weight complexes with stressed client
proteins; 3) reduces the aggregation of client proteins when it is
present at physiological levels; and 4) inhibits amyloid forma-
tion by both WT and L55P transthyretin. Although the antiag-
gregatory effect of serum albumin is maintained in the presence
of physiological levels of Ca** and Cu®>", the presence of free
fatty acids significantly alters this activity: stabilizing serum
albumin at normal levels but diminishing chaperone-like activ-
ity at high concentrations. Moreover, here it is shown that
depletion of albumin from human plasma leads to a significant
increase in aggregation under physiologically relevant heat
and shear stresses. This study demonstrates that serum albu-
min possesses chaperone-like properties and that this activity
is maintained under a number of physiologically relevant
conditions.

Serum albumin is the most abundant protein in the serum of
mammals. Its primary known role is transport: to increase the
solubility of various ligands and to courier them around the
body. These ligands include Cu®*, Ca®", and the FFAs, among
numerous other hydrophobic molecules (1).

In addition, it has been reported that serum albumin may
also have a role as a molecular chaperone; that is, a protein able
to prevent the misfolding and/or aggregation of other proteins.
Marini et al. (2) observed that BSA is able to protect a number of
enzymes from thermal inactivation and thermal aggregation.
When compared with a-crystallin (a recognized intracellular
chaperone), BSA provided protection against thermal inactiva-
tion similar to (and in some cases outperforming) a-crystallin.

Significant protection from thermal aggregation was also
observed. With this evidence, Marini’s group proposed that
serum albumin be added to the list of extracellular chaperones,
to join just three other bona fide extracellular chaperones: clus-
terin (3-7), haptoglobin (8, 9), and a,-macroglobulin (9, 10).

Under “stress” situations, such as exposure to heat, UV light,
oxidative stress, or shear forces, proteins have an increased
tendency to unfold. As proteins misfold and self-associate, they
may form either amorphous aggregates or highly structured,
protease-resistant fibrils known as amyloid. When proteins
form amorphous aggregates, they are not only unable to per-
form their biological role but may also physically obstruct phys-
iological processes (11, 12). The process of amyloid formation,
however, may also produce intermediates that are directly toxic
to cells (13). Amyloid formation is understood to be the primary
pathogenic mechanism underlying many diseases including
Alzheimer’s disease, the synucleinopathies, and the systemic
amyloidoses, and it also contributes to the pathogenesis of type
2 diabetes mellitus (14). Thus, the potential role of chaperone
proteins in the pathogenesis and treatment of such diseases has
become a topic of significant interest (15). Groups studying
amyloid B peptide (AB)> amyloid formation have shown that
serum albumin tightly binds AB (16), inhibits A fibril forma-
tion (17), and can reduce AB-induced lysis of erythrocytes (18).
Recently, at concentrations of less than one-tenth of that in
blood, serum albumin was shown to markedly inhibit amyloid
formation by insulin (19).

Nonetheless, a number of questions remain regarding the
chaperone-like activity of serum albumin. Experiments demon-
strating the chaperone-like activity of serum albumin to date
have used serum albumin concentrations orders of magnitude
lower than that found in serum (2, 18, 19). At physiological
concentrations, molecular crowding effects become significant,
such as effects that favor more compact species, and thus may
accelerate or inhibit protein aggregation, the net outcome of
which is notoriously difficult to predict (20 -30).
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2 The abbreviations used are: AB, amyloid 3 peptide; ADH, alcohol dehydro-
genase; HMW, high molecular weight; ThT, thioflavin T; TTR, transthyretin;
Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyllglycine.
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Marini et al. (2) reported that Ca>" at 0.1—0.5 mm abolished
the protective action of albumin toward the thermally stressed
sorbitol dehydrogenase. Considering that Ca®>" concentrations
in serum are in the range 1.1-1.3 mu, the effect of Ca%" on
serum albumin chaperone-like activity is very relevant to its
physiological role. The binding of hydrophobic ligands to
serum albumin, particularly the free fatty acids, may also alter
the activity of this protein (17), because hydrophobic regions
are known to play a role in chaperone-client interactions.

In this study, the chaperone-like activity of serum albumin is
characterized at physiological concentrations of both serum
albumin and important ligands. Using established assays, the
antiaggregatory and anti-amyloid properties of serum albumin
are demonstrated, and evidence is provided that these proper-
ties arise from specific interactions between serum albumin
and its client proteins.

EXPERIMENTAL PROCEDURES

Aggregation Assays—Proteins and reagents were purchased
from Sigma-Aldrich unless otherwise specified. Defatted,
metal-free BSA was used in all alcohol dehydrogenase (ADH)
and insulin aggregation assays. To remove metals, BSA was
dissolved in NaCl/HEPES buffer (250 mm NaCl, 30 mm HEPES,
pH 7.4) with a 5-fold molar excess of EDTA and incubated with
rotation at 4 °C overnight. BSA was defatted as described by
Chen (31) and then lyophilized and stored at —20 °C. When
needed, BSA was dissolved in the desired buffer, and concen-
tration was determined by A, 4, (€,4, = 42,925; Prot-Param tool
of SwissProt).

Different concentrations of BSA with ADH or insulin (each
350 pg/ml) were prepared in NaCl/HEPES buffer. To induce
aggregation, ADH preparations were heated to 55 °C, insulin
preparations were heated to 37 °C in the presence of 15 mm
DTT, and turbidity was monitored (454,) as a function of time.

Aggregation data were fit to either Equation 1, 2 (32), or 3
(according to which gave a better fit) by nonlinear regression
analysis using SigmaPlot version 8.02 (SPSS, Chicago, IL).

A= Aftn/(Tson + tn) (Eq. 1)
A=A+ (A + m)/(1 + e T (Eq.2)
A=A/(1 +e 7T (Eq. 3)

where A is A, tis time, A, is initial A,4,, A, is final Az, m;is
the gradient of the stationary phase, T, is time to 50% maximal
absorbance, and 7 is a constant (n < 1). In Equation 1, the
growth rate is described by Am/4t,; in Equations 2 and 3, the
growth rate is described by 1/7, lag time is described by T, —
271, and the baseline after growth phase is described by A, + mt.
Where required, A, and m, were set at 0 to obtain a represent-
ative fit. The results are presented as change relative to the
control, setas A, = 1.

Expression and Purification of Transthyretin—Plasmid
pMMHa encoding the L55P mutant of transthyretin (TTR) was
a kind gift from Dr. J. W. Kelly (Scripps Research Institute, La
Jolla, CA). Protein expression and purification was performed
as described by Wilkinson-White and Easterbrook-Smith (33).
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TTR concentration was calculated from A,g, (€55, = 18,450,
Prot-Param tool of SwissProt). Purified TTR was precipitated
with ammonium sulfate (90% (w/v)) and stored as pellets at
4 °C. When required, the TTR was resuspended in appropriate
buffer, desalted using PD-10 desalting columns (GE Health-
care), concentrated using a Amicon Ultrafree-MC centrifugal
filter device (Millipore), and filtered through a Ultrafree MC
0.22-um centrifugal filter device (Millipore).

TTR Amyloid Formation in Presence of BSA—TTR samples
(200 ug/ml) were induced to form amyloid in 100 mm sodium
acetate with 100 mm NaCl at pH 4.2 (WT) or pH 5.2 (L55P) in
the presence and absence of various concentrations of BSA at
37 °C for 168 h. Turbidity measurements and thioflavin T
(ThT) assays (as described by Wilkinson-White and Easter-
brook-Smith (33)) were performed at regular intervals. In the
latter, the samples were diluted 3:2 in 0.5 m Tris (pH 8.2) to
obtain a protein concentration of 0.1 mg/ml. The modified
exponential decay equation was fitted to the fluorescence data,

F=Fo+ F(1—e™) (Eq.4)
where F, is initial fluorescence intensity, Fis final fluorescence
intensity, ¢ is time, and k is growth rate. T, was calculated using
In2/k. To derive kinetic parameters from the A,5, and ThT
assay, Equations 3 and 4 were fitted to L55P-TTR and WT-TTR
data, respectively.

Binding between BSA and Target Proteins: ELISA—Between
all steps in the procedure, all of the wells were washed 10 times
with water, and all of the incubations were performed at 37 °C
for 1 h unless otherwise specified. Solutions of ADH or insulin
(100 pg/ml) were prepared in 0.1 M NaHCO,; (pH 9.5), and the
proteins were allowed to adsorb to the well surface of the ELISA
plate. ADH plates were stressed at 70 °C (1 h). Insulin plates
were stressed with 15 mM DTT in PBS (30 min), and exposed
cysteines were blocked by incubating with 10 mm iodoacet-
amide in PBS. The plates were blocked with 0.025% (v/v) Tween
in PBS (30 min). BSA (1 mg/ml in PBS) was serially diluted (1:3)
down the plate and incubated. Primary antibody (monoclonal
anti-BSA) and then secondary antibody (sheep anti-mouse
conjugated to horseradish peroxidase) were incubated on the
plate, both diluted 1:1000 in 1% (w/v) casein, 2.7 mm thymol in
PBS (pH 7.4). Substrate solution was then applied (2.5 mg/ml
o-phenylenediamine hydrochloride, 30% (w/v) hydrogen per-
oxide, 50 mM citrate, 100 mm phosphate, pH 5.0), and color was
allowed to develop. The reaction was stopped with 0.5 volume
of 2 M H,SO,. A,,, was measured (Labsystems Multiskan RC
microplate photometer and Labsystems Genesis v3.03 soft-
ware), and Equation 5 was fitted to derive kinetic parameters,

A = Adcl/(K; + [c]) (Eq.5)

where A is final A,,,, [c] is [BSA], and K, is the dissociation
constant.

High Molecular Weight (HMW) Complexes—Target proteins
were left in their native form or stressed, in the presence or
absence of 10 mg/ml BSA, with or without FFAs also being
present (mixture of palmitic, stearic, oleic, and linoleic acids
27:10:32:15 molar ratio to a total of 683 um). ADH (800 wg/ml)
was stressed at 45 °C for 60 min, and insulin (500 ug/ml) was
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stressed at 37 °C with 15 mm DTT for 10 min. The samples were
then placed on ice (5 min), filtered using an Ultra-MC 0.22-um
centrifuge filter device (1 min), and returned to ice. The sam-
ples were applied to a Superose 6 HR 10/30 or a Superdex 75
10/30 gel filtration column (GE Healthcare) using a BioLogic
DuoFlow chromatography system (Bio-Rad), then loaded onto
the column equilibrated in PBS, and eluted (0.5 ml/min). Pro-
tein elution was monitored at A,g,, 0.5-ml fractions were col-
lected, and the quantity of protein in the peaks was calculated
by finding the area under the curve using the trapezoidal rule.
Peaks at the excluded volume of the column were analyzed by
SDS-PAGE and compared with pure, untreated samples of
BSA, insulin, and ADH.

Depletion of Albumin from Plasma—Human blood samples
were anticoagulated with 1.5 mg/ml EDTA, and plasma was
obtained by taking the supernatant after blood was centrifuged
at 3,000 rpm for 10 min. NaN, (0.02%) added as a preservative.
Albumin was depleted from plasma using a CM Affi-Gel® Blue
Gel (Bio-Rad) according to the manufacturer’s instructions,
using PBS with 0.02% NaNj as the running buffer. Where spec-
ified, plasma was diluted with PBS containing 0.02% NaNj.
Heat or shear stress were applied; the latter was achieved by
orbital shaking at 241 and 316 rpm with a orbit diameter 25 mm
(Innova 4300), calculated to correspond to ~40 and 60 dynes/
cm?, respectively (34).

RESULTS

In the experiments performed here, the bovine homologue of
human serum albumin, BSA, was used. It is likely that these two
proteins possess similar chaperone-like properties, given that
they share high sequence similarity with 76% homology (35,
36), their ligand binding properties are almost indistinguishable
(37, 38), and chaperone-like activity has been demonstrated in
both (2, 17, 19).

Chaperone-like Behavior of BSA toward ADH and Insulin—
Chaperone-like activity was assessed by observing the influence of
BSA on the aggregation of two test client proteins: alcohol dehy-
drogenase and insulin. These proteins were denatured either by
heating (55 °C, ADH) or by treatment with a reducing agent (15
mm DTT at 37 °C, insulin), and the extent of aggregation was
measured as turbidity (As4,). BSA was tested for aggregation
under the assay conditions, and no detectable aggregation was
observed over the time course analyzed (results not shown).

First, BSA was screened for chaperone-like activity at physi-
ological concentrations (Fig. 1A). In the presence of 45 mg/ml
BSA, the aggregation of both ADH and insulin was drastically
reduced. It can be observed that although physiological concen-
trations of BSA reduced total ADH aggregation, the presence of
BSA also reduced the lag time to aggregation (Fig. 1A, panel i).
This behavior is predicted by macromolecular crowding the-
ory: under crowding conditions, association constants increase
significantly, and equilibrium is reached earlier (21). In subse-
quent assays using BSA with ADH, the high BSA concentra-
tions required to inhibit ADH aggregation ensured that such
macromolecular crowding effects remained significant. This
behavior was not observed for assays using insulin (Fig. 14,
panel ii), for which there may be a number of explanations:
stabilization of the native fold may be the predominant crowd-
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ing effect of BSA on insulin, the lower temperature at which
insulin was aggregated may reduce the crowding effect of BSA,
or the inherently idiosyncratic nature of crowding dynamics
may be responsible.

To explore whether the chaperone-like effect was titratable,
client proteins were aggregated in the presence of varying con-
centrations of BSA (Fig. 1B). A dose-dependent relationship
was observed between BSA concentration and protein aggrega-
tion for both ADH and insulin: increasing BSA concentration
led to a reduction in net aggregation of both proteins. Very little
ADH aggregation was observed at concentrations of 40 mg/ml
BSA, with a subunit molar ratio of ~31:1 (Fig. 1B, panel i). A
plot of final aggregation (A,) versus BSA concentration (Fig. 1B,
panel i, lower panel) confirmed that increasing BSA concentra-
tion reduced aggregation. A linear relationship was observed at
concentrations greater than 5 mg/ml, with a goodness of fit of
the relationship (R?) of >0.98 (R* was also >0.98 for each data
set individually analyzed).

BSA was a more potent inhibitor of insulin aggregation than
it was for ADH: minimal insulin aggregation was achieved at 1
mg/ml BSA, with a subunit molar ratio of ~0.16:1 (Fig. 1B,
panel ii). Increasing BSA concentration led to an exponential
decrease in insulin aggregation, with an R* of 0.96 (R* = 0.96
and 0.93 in each data set individually analyzed).

At low concentrations, BSA had an unusual effect on ADH
aggregation: BSA concentrations of 1 mg/ml increased the
aggregation of ADH (Fig. 1B, panel i), an effect that was consis-
tently reproducible. It is possible that low level crowding is
affecting the folding equilibrium, that is, because crowding
favors more compact species (pushing unfolded proteins either
toward the native fold or to aggregate), at subphysiological con-
centrations the proaggregation crowding effects may dominate
the chaperone-like activity of BSA. Other experimenters have
observed equally complex crowding effects on aggregation
kinetics (30, 39).

Wild type TTR and lysozyme were employed as controls.
Both are thermally stable, and although transthyretin is an
abundant (0.2 mg/ml) circulating protein that forms tetramers
of similar molecular weight to BSA, lysozyme is highly soluble
(allowing it to be concentration-matched to BSA), and, like
BSA, contains disulfide bonds which stabilize its structure. Nei-
ther of these proteins detectably aggregated over the time
course analyzed (results not shown).

Physiological concentrations of TTR did not inhibit ADH
aggregation (Fig. 1C, panel i), nor did they alter insulin aggre-
gation (Fig. 1C, panel ii). Conversely, lysozyme actually
enhanced aggregation of both proteins (Fig. 1D).

Physiological Ligands—Of the numerous ligands of BSA,
some interact with one another in a complex manner: binding
cooperatively (40), competitively (41), or independently (37).
Therefore, it was investigated whether three important BSA
ligands: Ca®>", Cu®*, and FFAs, had any effect on the chaper-
one-like activity of BSA.

Target proteins were aggregated as previously described,
with [BSA] kept constant, whereas [Ca®"] was varied in a range
corresponding to ~0.5—4 times the physiological level relative
to [BSA]. Samples with BSA and Ca®" at absolute physiological
levels (45 mg/ml and 1.2-2.4 mM, respectively) were also
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FIGURE 1. BSA displays chaperone-like activity at physiological concentrations, and its protection of ADH and insulin is titratable. Aggregation assays
contained ADH (350 ng/ml) at 55 °C (panels i) or insulin (350 pg/ml) at 37 °C with 15 mm DTT (panels ii) in the absence (triangles) or presence (circles) of BSA (A
and B), transthyretin (C), or lysozyme (D) at concentrations as indicated (mg/ml). Aggregation was monitored as A5, with a representative data set from two
or more independent experiments shown in the upper panel, and the mean final aggregation (A;) from kinetic analysis of the pooled data (= 95% confidence
interval) shown in the lower panel. A, chaperone-like activity of physiological concentrations of BSA (45 mg/ml): protection of ADH (panel i) and insulin (panel
ii). B, chaperone-like activity of BSA lends titratable protection to ADH (panel i) and insulin (panel i) against aggregation. C, transthyretin (control), when present
at physiological levels does not protect either ADH (panel i) or insulin (panel ii) against aggregation. D, lysozyme (control) at concentrations matched to BSA

does not protect either ADH (panel i) or insulin (panel ii) against aggregation.

included. In a similar manner, the effect of Cu®* was varied in a
range corresponding to 1-10 times the physiological level rel-
ative to [BSA]. Again absolute physiological concentrations
were also included ([Cu] = 15.5 uM (42)).

Neither Ca>* nor Cu®" caused any measurable interference
with the chaperone-like activity of BSA toward either ADH or
insulin under the titration conditions presented, nor when the
cations and BSA were present at absolute physiological levels
(data not shown). These observations suggest that at concen-
trations from 0 to well beyond physiological levels, neither
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Ca®" nor Cu®" significantly inhibits the chaperone-like activity
of BSA.

Because hydrophobic interactions are known to be impor-
tant in the binding between chaperones and their client pro-
teins (17,43), the effect of changing FFA concentrations on BSA
chaperone-like activity was investigated. Physiological FFA
concentration was taken as 512 um (44), and total FFA levels
were varied in a range corresponding to 1-10 times those pres-
ent in the serum relative to BSA, alongside samples containing
BSA and FFAs at absolute physiological concentrations. Pal-
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mitic, stearic, oleic, and linoleic acids together make up 90% of
circulating FFAs (44 —46) and 80% of the FFAs bound to serum
albumin (47); therefore to simulate physiological conditions, a
mixture of these acids was prepared in proportion to their rel-
ative quantities in human serum.

Titrating FFAs into the ADH aggregation reaction resulted
in a progressive reduction in the protective effect of BSA (Fig.
2A). Net aggregation (Fig. 24, inset) was seen to be directly
proportional to FFA concentration, with an R* of >0.98 (R? of
0.98 and 0.94 in two separate experiments). Using this model,
the addition of a physiological level of FFAs relative to BSA
alone resulted in a 9-10% increase in total aggregation. This
proagreggatory effect was not merely an anomaly of increasing
amounts of unbound FFA in solution: controls in which ADH
or insulin were aggregated in the presence of FFAs alone
showed that unbound FFAs exhibited an antiaggregation influ-
ence on the precipitation of these proteins (results not shown).

The effect of BSA on insulin aggregation showed a more
complex relationship with varying FFA concentration. In
repeat experiments, low levels of FFAs were seen to marginally
increase the chaperone-like properties of BSA (Fig. 2B), how-
ever, as the concentration of FFAs increased protection pro-
gressively declined. Kinetic analysis (Fig. 2B, inset) displayed a
parabolic relationship over the relative range of 1-8 times
physiological FFA concentration, with an R* of 0.93 (R*> = 0.98
and 0.99 in each data set individually analyzed), and using this
model, the inflection point was determined to be ~3-5 times
physiological FFA concentration.

The parabolic relationship between insulin aggregation and
FFA concentration is not unexpected. Although BSA itself does
not aggregate over the assay time course, it is destabilized and
over a longer time course will aggregate in the presence of 15
mM DTT. It was observed by others (48) and also here that
FFA-bound BSA is more resistant to DTT denaturation. Thus,
FFAs at low concentrations may stabilize BSA and increase its
chaperone-like efficiency, whereas higher concentrations
result in a trend closer to that seen for ADH.

Aggregation and Amyloid Formation by TTR—To assess
whether BSA exhibited anti-amyloid activity, its effect on TTR
aggregation and amyloid formation was assessed. WT-TTR and
L55P-TTR (a highly aggregation-prone mutant) at physiologi-
cal levels (200 ug/ml (49)) were induced to form amyloid by
incubation at 37 °C in acetate buffer at pH 4.2 and 5.2, respec-
tively, in the absence or presence of BSA. Formation of amyloid
was determined by induction of ThT fluorescence (50).

For WT TTR, a dose-dependent decrease in both aggrega-
tion (Fig. 3A, panel i) and amyloid formation (panel ii) was
observed with increasing concentrations of BSA. The effect of
BSA on L55P-TTR was similar (Fig. 3B), although this effect
was achieved at lower concentrations of BSA.

Equations 3 and 4 were fitted to the data to derive values for
total aggregation, total amyloid formation, and time taken for
50% of the maximum turbidity/ThT fluorescence to be
achieved (T,). Total aggregation and total amyloid formation
confirmed what was seen in panels i and ii of Fig. 3: aggregate
formation occurred at the same rate as amyloid formation, with
an inverse relationship between total aggregate/amyloid
formed and [BSA]. These changes were significant (p < 0.05).
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FIGURE 2. The effect of free fatty acids on BSA chaperone-like activity.
Aggregation assays contained ADH (350 ug/ml) at 55 °C (A) or insulin (350
ng/ml) at 37 °C with 15 mm DTT (B) in the absence (triangles) or presence
(circles) of BSA at either 20 mg/ml (A) or 0.1 mg/ml (B), with FFAs added at the
concentrations indicated. Aggregation was monitored as A, FFAs were
present as a mixture of palmitic, stearic, oleic, and linoleic acids (27:10:32:15
molar ratio) according to their relative proportionsin serum,and, on amole to
mole ratio compared with BSA, the concentrations used correspond to a
range from 0 (O) to 10 (@) times the physiological concentration of FFAs in
normal human serum. Those =4 times normal levels (which are known to
occur in vivo) are marked with an asterisk. The main panels show a represen-
tative data set from two independent experiments, with the insets displaying
mean final aggregation (A;) from kinetic analysis of the pooled data (= 95%
confidence interval).

VOLUME 287 +NUMBER 25+JUNE 15, 2012



Serum Albumin as Physiological Chaperone

= *
% X_Xfﬁ( 0
Q ]
~ g o o0 o 02 100
<3$ g:)) o2 05 =
c% @ o 58
< _g 0—o 9o —10 50
w
= ——o0—0—0 0 25
= g & 0 © o ¢ ¢ 50 0
150 0 10 20
Time (h) [BSA] (mg/mL)
| 1. 111,
150
=)
<
Q
=) e __100
< 3 £
o @a o
8 g e
< E 50
w
=
=
[
0+ - - - -
0 50 100 150 0 50 100 150 0 10 20
Time (h) Time (h)

[BSA] (mg/mL)

FIGURE 3. BSA inhibits aggregation and amyloid formation by WT-TTR and L55P TTR. WT-TTR (A) and L55P-TTR (B) at 200 ng/ml were incubated at 37 °C
for 168 hin acetate buffer pH 4.2 and 5.2, respectively. Amyloid formation was carried outin the absence (crosses) and presence (circles) of BSA at concentrations
as indicated (mg/ml). The aliquots were removed at the specified times and were assessed for A5, (panels i, net aggregation) and ThT fluorescence (panels i,
amyloid formation). Equations 4 and 3 were fitted to the WT-TTR and L55P-TTR data, respectively, to give kinetic values for the time taken for 50% of the
maximum turbidity and ThT fluorescence to be achieved (Ts,) (panels iii; solid marker and solid trace for turbidity, and open marker and dashed trace for ThT
fluorescence). Each data set is representative of three independent experiments.

Analysis of the T, emphasized the differences between the WT
and L55P-TTR (Fig. 3, panels iii); whereas BSA showed no sig-
nificant effect on the T, for WT-TTR, it significantly length-
ened the T, for L55P-TTR for both aggregate and amyloid
formation (p < 0.005). Thus, BSA not only reduces aggregation
and amyloid formation by WT and L55P-TTR in a dose-depen-
dent manner but also titratably slows the formation of aggre-
gates and amyloid by the L55P mutant.

Binding between BSA and Target Proteins—Small heat shock
proteins, a class of chaperone-like proteins, reduce aggregation
of client proteins by preferentially binding stressed proteins
over those that are in their native fold and form relatively stable
high molecular weight complexes with their client (3). ELISAs
were performed to assess whether BSA shows similar preferen-
tial binding to denatured proteins. Client proteins were
adsorbed to wells and either left in their native form or exposed
to stress (ADH: 70 °C for 60 min; insulin: 15 mm DTT for 30
min), followed by the addition of BSA.

BSA displayed preferential binding to stressed ADH and
insulin over the native form (Fig. 4). Although BSA showed
moderated dose-dependent binding to the unstressed proteins
immobilized on the ELISA plate, kinetic analysis revealed no
significant difference between binding to the two unstressed
target proteins. The dose-dependent binding to stressed pro-
teins, however, was significantly higher for both ADH and insu-
lin compared with unstressed clients (p < 0.001), confirmed by
kinetic analysis: final absorbances (4;) were higher and dissoci-
ation constants (K ;) were lower for stressed versus unstressed
protein, and these differences were significant.

Formation of High Molecular Weight Complexes—Clusterin
and small heat shock protein are known to form HMW com-
plexes with partially unfolded proteins under stressed condi-
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FIGURE 4. ELISA: BSA preferentially binds to adsorbed stressed target
proteins compared with the native form. ADH (A) was stressed by incuba-
tion at45 °C, whereasinsulin (B) was denatured using DTT at 37 °C. Bound BSA
was detected using a monoclonal BSA antibody followed by a secondary
HRP-conjugated antibody. Equation 5 was fitted to the data to obtain a maxi-
mum absorbance (A¢) and a dissociation constant (K,). Stressed proteins are
shown in filled circles with kinetic parameters in bold type, whereas native target
proteins are shown in open circles with kinetic parameters in normal type. Signif-
icance was tested using a Student's t test. Differences between binding of BSA to
stressed and unstressed proteins was significant for both ADH and insulin (p <
0.001), and differences in kinetic parameters between stressed and unstressed
series had significance as indicated. *, p < 0.005; 1, p < 0.05. The data shown are
the means = standard deviation of triplicate measurements; each data set pro-
vided is representative of three independent experiments.

tions (3, 51, 52). Therefore, size exclusion chromatography was
used to determine whether BSA also preferentially binds
stressed proteins to form HMW complexes and also whether
FFAs inhibit the formation of such complexes. Target proteins
were stressed in the presence or absence of BSA with or without
FFAs, and soluble fractions were analyzed by size exclusion
chromatography (Fig. 54).
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FIGURE 5. BSA forms stable high molecular weight species with stressed
target proteins. A, size exclusion analysis of BSA and target proteins. Solu-
tions of individual proteins or mixtures of BSA, FFAs (683 um of physiological
mixture), and target protein (ADH at 800 wg/ml (panel i) or insulin at 500
ng/ml (panel ii)) were left in their native state or stressed (45 °C for 60 min, or
37 °Cwith 15 mm DTT for 10 min, respectively). The product was then filtered
to remove precipitated proteins and analyzed by size exclusion chromatog-
raphy, and asterisks indicate the excluded volume from the column (different
gel filtration matrices gave rise to slightly shifted elution profiles for the first,
third, and fourth traces (top down in each)). B, SDS-PAGE of excluded volume
peaks from stressed target protein with BSA conditions in A. The samples
were run in Tris-Tricine gels and stained with silver stain (panel i) or reduced
with DTT prior to loading and stained with Coomassie Blue (panel ii) with
lanes as follows: standard (/lane 1, band sizes indicated in kDa), excluded vol-
ume from condition stressed target protein with BSA (lane 2), target protein
(lane 3),and BSA (lane 4). Lane order was rearranged as demarcated for ease of
comparison. The data are representative of three independent experiments.

When unstressed ADH was incubated with BSA, a HMW
peak appeared at the excluded volume of the column (Fig. 54,
asterisk) in addition to the background from the individual
native proteins. This peak represented ~0.8% of the total pro-
tein (from the area under curve; Fig. 5A, panel i). When ADH
was stressed in the presence of BSA, the size of this peak
increased to 1.0% of total protein, and the introduction of FFAs
reduced the HMW peak to 0.9% of total protein, although nei-
ther of these differences was statistically significant.

With insulin as the target protein, BSA with the unstressed
client led to formation of HMW species representing 2.0% of
total protein. This increased to 10.1% of total protein under
stress conditions. Moreover, this effect was reversed with the
addition of FFAs to 0.2% total protein, levels significantly lower
than even the unstressed state (p < 0.05).

The above results are in line with both the greater ability of
BSA to protect insulin from aggregation (Fig. 1B) and the dif-
fering affinities of BSA for stressed/unstressed AHD and insu-
lin (Fig. 4). Not only does BSA bind insulin more strongly than
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ADH, it also shows greater preference for the stressed form of
insulin over the native fold.

In an attempt to determine the compositions of these high
molecular weight species, SDS-PAGE was performed. Only
when BSA was in the presence of stressed target protein were
the components of the complexes detectable, and it is clear that
these high molecular weight species contain mixtures of BSA
and client proteins (Fig. 5B). The composition of HMW peaks
derived from other conditions could not be determined despite
10-fold concentration and SYPRO® Ruby staining; however, it
is likely that these HMW species are also mixtures of BSA and
client proteins.

Aggregation of Plasma—To determine whether serum albu-
min maintains chaperone-like properties in vivo, human
plasma was induced to aggregate using physiologically relevant
stresses. Samples were stressed either with heat (41 °C for 42 h)
or shear stress (40 dynes/cm? for 5 days followed by 60 dynes/
cm? for 2.5 days), and aggregation was measured using A

Plasma depleted of albumin was compared with plasma con-
trols that were either diluted to a comparable level of non-
albumin proteins (10% plasma; Fig. 6A, panel i) or diluted to the
same A,gq, (i.e., approximately the same total protein concen-
tration). Under both the heat and shear stress, serum depleted
of albumin aggregated significantly more than either of the
samples containing serum albumin (Fig. 64, panel ii).

A number of other proteins, including known chaperones,
also bind the albumin depletion column. To ensure that the
changed aggregation behavior was a result of the removal of
albumin, BSA was reintroduced to albumin-depleted plasma.
This led to a significant reduction in aggregation (p = 0.005) to
alevel comparable with that seen in whole plasma diluted to the
same A,g, (Fig. 6A, panel iii). Because the protein concentra-
tion in the depleted plasma was roughly half that used in Fig. 64
(panel ii), a longer time course (5 days) was used to ensure a
representative aggregation end point was met.

To elucidate whether FFA elevations present in normal phys-
iology may alter the chaperone-like activity of serum albumin,
additional FFA at a concentration three times that of physio-
logical levels was added to undiluted plasma, and the aggrega-
tion behavior was compared with native plasma (Fig. 6B). There
was no significant difference in aggregation between the native
samples and those where additional FFAs had been added
under either of the stress conditions.

DISCUSSION

This study demonstrates that serum albumin preferentially
binds stressed over unstressed client proteins, forms soluble
high molecular weight complexes with stressed client proteins,
and, when present at physiological levels, reduces aggregation
or amyloid formation of client proteins under stress conditions.
Moreover, it is shown that significant chaperone-like activity is
maintained in the presence of Ca®>", Cu®>"*, and FFAs and that
plasma depleted of serum albumin is more susceptible to aggre-
gation when exposed to physiological stresses, a susceptibility
reversible with the reintroduction of serum albumin.

The difference in the protection afforded ADH by serum
albumin compared with its effect on insulin was stark: insulin
was protected far more effectively than ADH. This is unlikely to
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FIGURE 6. Aggregation of human serum under physiological shear and heat stress. The samples were exposed to either shear (40 dynes/cm? for 5 days
followed by 60 dynes/cm? for 2.5 days) or thermal stress (41 °C for 42 h for A, panel ii, and B; 41 °C for 5 days for A, panel iii). Aggregation was measured by
turbidity (As4,). A, depletion of albumin from plasma leads to increased aggregation under physiologically relevant stresses. Panel i, serum albumin was
depleted from plasma, and successful depletion was confirmed by SDS-PAGE, with lanes as follows: molecular mass standard (lane 1); 10% plasma (lane 2); and
plasma depleted of serum albumin (lane 3). Panel ii, depletion of serum albumin results in a significant increase in aggregation of plasma. Whole plasma was
diluted to concentrations comparable with the depleted plasma, either as 10% plasma or to the same A,g,, and exposed to stresses as described (n = 3 for
shear; n = 4 for thermal). Panel jii, reintroduction of serum albumin to albumin-depleted plasma results in a significant reduction in aggregation under heat
stress. Three conditions were run: whole plasma (diluted to the same A,g, as albumin-depleted plasma), albumin-depleted plasma, and albumin-depleted
plasma with serum albumin (BSA) added to a concentration proportionate to its normal concentration in blood (3.75 mg/ml) (n = 24 for each condition).
B, addition of FFAs did not significantly alter aggregation of plasma. Native plasma was compared with plasma with an additional 3-fold physiological level (1.5
um) of FFA mixture and exposed to thermal and shear stress as described (n = 3 for shear; n = 4 for thermal). Black columns, whole plasma or diluted to 10%;
crossed columns, plasma to the same A4, as depleted plasma; white columns, albumin-depleted plasma; gray columns, albumin-depleted plasma with BSA

added. The data shown are the means = 95% confidence interval, with significance as indicated. *, p < 0.05; **, p < 0.005; ***, p < 0.0005.

be due to an association between molecular weight of the client
protein and the efficacy of serum albumin chaperone-like activ-
ity, as has been reported in clusterin (3), given that Marini et al.
(2) investigated the effect of serum albumin on a larger sample
of proteins and found no correlation between protein size and
serum albumin efficacy. An alternative explanation for the dif-
fering efficacy of BSA could be the nature of the stressors used:
whereas ADH was heat-stressed, insulin was DTT-stressed.
Hence, because BSA contains multiple disulfide bonds subject
to reducing stress, the ability of BSA to minimize aggregation
may be related to the reduction of these bonds. Torricelli et al.
(53) implied such a role for disulfide bonds in the interaction
between atrial natriuretic peptide (the amyloid-forming species
in isolated atrial amyloid) and serum albumin; the apparently
protective complexes formed between these two proteins were
only broken down with exposure to a reducing agent.

Serum albumin binds ~50% of the Ca®" present in the blood;
therefore any influence of Ca>* on serum albumin chaperone-
like activity is highly relevant. It has been reported that Ca®"
abolishes the protective action of serum albumin toward the
thermally stressed sorbitol dehydrogenase (2). Here, at physio-
logically relevant concentrations, the presence of Ca*>* did not
observably alter the chaperone-like properties of serum albu-
min. A likely cause of these differing results is the ratios of
Ca?"/serum albumin, because Marini et al. (2) used a ratio
~100-fold above that present in human serum. It was observed
here that free Ca®>" increased the propensity of proteins to
aggregate, and therefore Marini et al. may have observed the
direct effects of Ca>" on aggregation rather than the influence
of Ca®" on serum albumin chaperone-like activity.

Approximately 10% of circulating Cu®" is bound to serum
albumin, and free Cu”" has a known proaggregatory influence
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(11, 54, 55). In this study, the effect of a wide range of Cu>"
concentrations was assessed, yet no significant effect on serum
albumin activity was observed.

Of the identified roles of serum albumin, FFA transport is
arguably the most important, because 99% of the ~0.5 mm
FFAs present in human serum are bound to serum albumin (44,
47), and hyperlipidemia is one of the surprisingly few clinical
symptoms of analbuminemia (56, 57). Serum albumin has six
high affinity and numerous low affinity binding sites for this
group ofligands (58, 59), and although under physiological con-
ditions each serum albumin molecule has only approximately
one FFA bound to it, this may rise to four following exercise or
to as many as six during heparin treatment (60). Here it is
reported that FFAs significantly alter the chaperone-like activ-
ity of serum albumin toward both client proteins (Fig. 2).
Despite some stabilizing effect on albumin itself, higher FFA
concentrations increased the extent of aggregation. Although
normal physiological levels of FFA had little effect on serum
albumin activity, very high FFA concentrations significantly
altered serum albumin-mediated protection (Fig. 2) and were
able to almost completely block the formation of high molecu-
lar weight complexes between stressed insulin and serum albu-
min (Fig. 5).

Significantly, although occupation of the FFA-binding sites
reduces the chaperone-like activity, activity does not cease
completely. Even with the six high affinity FFA-binding sites
saturated, BSA still significantly protects both client proteins
(Fig. 2), and when both BSA and FFAs were present at absolute
physiological concentrations, the target proteins displayed
aggregation behavior akin to that seen in Fig. 1A. Similarly, the
addition of FFAs to stressed plasma did not result in any signif-
icant difference in aggregation (Fig. 6B). This is likely because
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BSA vastly outpopulates its client proteins when present at
physiological concentrations: although FFAs may reduce the
chaperone-like activity of serum albumin, with BSA at such
high concentrations in serum, there is sufficient residual
chaperone-like activity to prevent experimentally observable
aggregation.

The above results suggest that FFAs and denatured proteins
compete for the same binding sites on serum albumin. Hydro-
phobic interactions are known to be important in the binding
between chaperones and their client proteins (43), and in BSA it
has been previously demonstrated that these interactions play a
critical role in the protection of B-galactosidase from thermal
inactivation (61). The fatty acid-binding sites on serum albu-
min are long hydrophobic pockets capped by polar side chains
in which each methylene tail is buried in a deep hydrophobic
cavity (59), and thus occupation of this site by a fatty acid may
be at the exclusion of a misfolded protein. It is possible that the
observed result is not due to competition for the same site per se
but rather due to the fact that FFAs and denatured proteins
require different serum albumin conformers to bind (the case
for the binding of bilirubin and palmitic acid (41)) because FFA
binding leads to significant domain rotations in the serum albu-
min structure (62). Regardless of the cause, serum albumin
chaperone-like activity is likely to be inhibited to some degree if
FFA concentrations are elevated to very high levels.

Although there have been previous reports of anti-amyloid
properties of serum albumin (16-19, 53), here it is directly
demonstrated that the presence of serum albumin at physiolog-
ically relevant concentrations reduces the total amount of
aggregate and amyloid formation by both WT and L55P-TTR
(Fig. 3). TTR is the amyloid-forming species in the transthyre-
tin amyloidoses, a group of systemic amyloidoses that includes
familial amyloid polyneuropathy, senile systemic amyloidosis,
and senile cardiac amyloidosis. Recently a group studying
familial amyloid polyneuropathy observed that low serum albu-
min not only correlated with clinical disease progression in
human patients, but that analbuminaemia led to more severe
disease at a younger age in a rat model (63). Thus, TTR is a
potential client protein of physiological and medical relevance.

In addition, serum albumin was seen to induce a lag phase in
the aggregation and amyloid formation of L55P-TTR that was
not observed for the WT, an observation that may suggest a
mechanism of action of serum albumin. It is known that TTR
amyloid formation involves the dissociation of tetramers to
monomers, followed by conversion of the native monomer to
the amyloidogenic monomer, the former being the rate-limit-
ing step (64— 66). The fact that serum albumin does not induce
a lag phase for WT-TTR whereas it does for L55P-TTR (the
tetramer-destabilized mutant) may suggest that serum albumin
inhibits conversion from the native monomer to the amyloido-
genic monomer.

Despite the fact that serum albumin is observed to be inher-
ently “sticky,” forming complexes with both stressed and
unstressed proteins, serum albumin binds stressed proteins
more avidly than their native counterparts (Figs. 4 and 5). This
finding is consistent with the observations of others: serum
albumin is a major component of the soluble HMW species
formed when human plasma is exposed to shear stress (5) and
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preferentially binds transthyretin amyloid over the native fold
(63). Experimenters investigating atrial natriuretic peptide rec-
ognized that whole serum is an effective inhibitor of atrial natri-
uretic peptide amyloid formation, that atrial natriuretic peptide
is incorporated into a number of stable complexes in this pro-
cess, and that serum albumin is the most abundant counterpart
in these complexes (53).

Here it is shown that the removal of serum albumin from
plasma leaves plasma more susceptible to aggregation under
two physiological stress conditions (Fig. 6A, panel ii). Heat
stresses used here (41 °C) occur in vivo: during exercise, core
temperatures can exceed 40 °C (67) and muscle temperatures
may reach 41 °C (68), heat stroke is defined as temperatures
exceeding 40.6 °C (69), and during drug-induced fevers core
temperatures may reach 42 °C (70). Similarly, shear stress of
40-60 dynes/cm? is physiologically relevant and simulates a
degree of the variability present in human circulation: blood is
constantly exposed to a variable arterial shear stress ~10-70
dynes/cm? in health, although this ranges up to levels greater
than 100 dynes/cm? in pathological states (71). Similar stresses
achieved using similar techniques have been used to demon-
strate physiologically relevant chaperone activity in clusterin
(5,72).

The results presented here show that plasma exposed to
these physiological stresses aggregates to a greater extent when
depleted of serum albumin than when serum albumin is pres-
ent. It is important to recognize that the affinity gel used to
deplete albumin from plasma also binds clusterin (73), hapto-
globin, and «,-macroglobulin (74), among other proteins.
Nonetheless, the observation that aggregation reverts to nor-
mal levels with the reintroduction of serum albumin (Fig. 64,
panel iii) suggests that serum albumin is responsible for much
of the antiaggregatory activity in the original plasma sample.

Although the experiments on human plasma used physiolog-
ical stresses, and these experiments aimed to simulate physio-
logical conditions, the stresses required to destabilize ADH,
insulin, and TTR within an experimentally appropriate time
frame were nonphysiological. Similar practical concerns dic-
tated that the physiological heat stress of 41 °C was sustained
for a nonphysiological time frame to achieve experimental out-
comes: although whole undiluted plasma aggregated within
hours, the dilution inherent in the depletion process meant that
alonger time course was required to produce aggregation in the
depleted plasma. Furthermore, although the measurement of
turbidity is a commonly employed method for quantifying pro-
tein aggregation, care must be taken in extrapolating turbidity
to all aggregation: particles below a certain size are not detected
by turbidity, and thus potentially significant smaller aggregates
are not accounted for in this study.

The loss of serum albumin chaperone-like activity may be
pertinent to our understanding of a number of pathological
states. Despite possessing a lower intrinsic activity than the
other extracellular chaperones, serum albumin is present at lev-
els over 18 times that of haptoglobin (75), and 250 times that of
clusterin (76). Because it makes up more than 50% of plasma
protein, serum albumin vastly outpopulates any of its potential
clients. Thus, serum albumin may exert a significant antiaggre-
gatory effect in the extracellular compartment.
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