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Fatty Acids Compete with Ab in Binding to Serum
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ABSTRACT Human serum albumin (HSA) has been identified as an important regulator of amyloid-b (Ab) fibrillization both
in blood plasma and in cerebrospinal fluid. Fatty acids bind to HSA, and high serum levels of fatty acids increase the risk of
Alzheimer’s disease. In vitro, fatty-acid-loaded HSA (FA$HSA) loses the protective effect against Ab fibrillization, but the
mechanism underlying the interference of fatty acids on Ab-HSA interactions has been unclear. Here, we used molecular
dynamics simulations to gain atomic-level insight on the weak binding of monomeric Ab40 and Ab42 peptides with apo
and FA$HSA. Consistent with recent NMR data, C-terminal residues of the Ab peptides have the highest propensities for
interacting with apo HSA. Interestingly, the Ab binding residues of apo and FA$HSA exhibit distinct patterns, which qualita-
tively correlate with backbone flexibility. In FA$HSA, both flexibilities and Ab binding propensities are relatively even among
the three domains. In contrast, in apo HSA, domain III shows the highest flexibility and is the primary target for Ab binding.
Specifically, deformation of apo HSA creates strong binding sites within subdomain IIIb, around the interface between sub-
domains IIIa and IIIb, and at the cleft between domains III and I. Therefore, much like disordered proteins, HSA can take
advantage of flexibility in forming promiscuous interactions with partners, until the flexibility is quenched by fatty-acid binding.
Our work explains the effect of fatty acids on Ab-HSA binding and contributes to the understanding of HSA regulation of Ab
aggregation.
INTRODUCTION
Amyloid plaques caused by the aggregation of amyloid-b
(Ab) peptides are a pathological hallmark of Alzheimer’s
disease (1). Plasma proteins sequester Ab and are potent in-
hibitors of Ab amyloidosis (2,3). Human serum albumin
(HSA), the most abundant protein in blood plasma, binds
Ab and inhibits Ab fibrillization in vitro (3–12) and in an
animal models (13) and has been explored as a therapy
for Alzheimer’s disease (14). HSA is responsible for the
transport of many endogenous hydrophobic molecules,
including fatty acids, and hydrophobic therapeutic drugs.
Fatty acids negate the inhibitory effect of HSA on
Ab fibrillization (8,12). This observation is particularly
intriguing and biologically relevant, given that high dietary
levels of fatty acids increase the risk of developing Alz-
heimer’s disease (15–17). The mechanism by which fatty
acids interfere with HSA’s protective inhibition of Ab fibril-
lization has been unclear. The aim of this study was to
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elucidate this mechanism through comparative molecular
dynamics (MD) simulations of the weak binding of Ab
peptides with apo and fatty-acid-loaded HSA (FA$HSA)
(Fig. 1).

Ab peptides are derived from the proteolytic cleavage
of the transmembrane amyloid precursor protein by
b- and g-secretases (18). They occur in sequence lengths
ranging from 36 to 43 amino acids. The amyloid plaques
in the Alzheimer’s brain mainly contain the 40- and 42-res-
idue species. Ab40 is the most abundantly produced, and
Ab42 is less abundant but more prone to aggregation (1).
Although Ab peptides are found in blood plasma
and cerebrospinal fluid (CSF) at similar concentrations
(0.1–0.5 nM) (19,20), Ab fibrillization occurs exclusively
in the central nervous system. Endogenous plasma proteins,
most notably HSA, are capable of binding Ab and suppress-
ing amyloid formation (2,3). HSA can bind �90% of Ab40
and Ab42 in blood plasma (4). In the CSF, HSA is still
the most abundant protein, but its concentration markedly
decreases from �640 mM in the plasma (21) to a typical
3 mM (22). Ab sequestration by plasma HSA may also
help with the clearance of Ab from the brain to the blood
(23). It is worth noting that serum levels of Ab-HSA
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FIGURE 1 Starting structures for MD simulations. (A) The crystal structure of HSA bound with seven palmitic acids (PDB: 1E7H) used for simulations of

isolated and Ab40-bound FA$HSA. Subdomains Ia, Ib, IIa, IIb, IIIa, and IIIb are shown in gold, yellow, light green, dark green, pink, and red, respectively;

palmitic acids are shown as spheres. (B) Two views of the 12 starting positions of Ab40 (in color) around HSA (in gray). To see this figure in color,

go online.
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complexes were significantly lower in Alzheimer’s patients
than in controls, even though HSA levels were similar in the
two groups (24).

Ab fibrillization (e.g., as measured by thioflavin T fluo-
rescence) starts with a lag phase for nucleation, is then fol-
lowed by a rapid growth phase, and ends with a plateau
with mature fibrils. HSA lengthened the lag phase and
reduced the total amount of fibrils formed (7). These ef-
fects grew with increasing HSA concentration and became
statistically significant at 5 mM, just above the physiolog-
ical concentration in CSF. These observations implicate in-
teractions with Ab monomers or prenucleus oligomers in
HSA’s inhibitory effect. Although this and other earlier
studies disagreed on whether HSA binds Ab monomers
(5,7,25,26) or oligomers (6,27,28), recent experiments
have consistently shown that HSA targets both species
as well as protofibrils and fibrils at different phases of
fibrillization (10,11,29). Although the binding affinity
of HSA for Ab monomers is lower than for protofibrils
(submillimolar versus micromolar), it is still physio-
logically relevant given the submillimolar HSA plasma
concentration (29).

HSA is a transport protein of fatty acids. It is composed of
three homologous domains (I, II, and III); each can be
further divided into two subdomains (a and b) comprising
six and four helices, respectively (Fig. 1 A). Together, the
three domains bind up to seven fatty acids and in doing so
experience relatively minor internal conformational changes
(backbone root mean-square deviation (RMSD) at 1.3, 0.8,
and 1.4 Å, respectively) but do undergo more significant re-
arrangements in their relative orientations in crystal struc-
tures (30,31). The fatty acids are almost completely buried
inside HSA. Recently, Algamal et al. (8) combined satura-
tion-transfer difference NMR and mutagenesis to investi-
gate the competition of myristic acid and Ab oligomers
for binding with HSA domain III. Several mutations that
disrupted myristic-acid binding did not impede Ab binding,
suggesting that their interactions with HSA are distinct.
Additional data indicated a separate Ab binding site on
each of the two subdomains of domain III and moreover
identified the 494–515 segment within subdomain IIIb as
important for binding Ab oligomers. Mass spectrometry
and small-angle X-ray scattering by Choi et al. (11) revealed
a single Ab monomer bound at the cleft between domains I
and III and found no gross change in HSA structure upon Ab
binding. NMR relaxation and saturation-transfer difference
NMR data of Algamal et al. (29) have also provided residue-
level information for Ab monomers interacting with HSA.
For Ab40, the C-terminal residues 31–40 formed the pri-
mary interaction region, with the central 12–24 segment
contributing additional interacting residues. The Ab42
affinity for HSA was approximately twofold weaker, with
the C-terminus again showing the strongest evidence for in-
teracting with HSA. Together, these studies have presented
valuable details on Ab-HSA binding, but none has yielded
any direct information for how fatty acids interfere with
this binding.

To uncover the mechanism underlying the interference
of Ab-HSA binding by fatty acids, here, we carried out
MD simulations of monomeric Ab40 and Ab42 binding
to apo and FA$HSA. Consistent with the NMR data of
Algamal et al. (29), C-terminal residues of the Ab pep-
tides have the highest propensities for interacting with
apo HSA. Whereas FA$HSA is relatively rigid and
shows no strong site preference for Ab binding, domain
III of apo HSA is highly flexible and the primary target
for Ab binding. Specifically, deformation of apo HSA
creates strong binding sites within subdomain IIIb,
around the interface between subdomains IIIa and IIIb,
and at the cleft between domains III and I. Therefore,
much like disordered proteins, HSA can take advantage
of flexibility in forming promiscuous interactions with
partners, until the flexibility is quenched by fatty-acid
binding.
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METHODS

System preparation

To select representative conformations of monomeric Ab40 and Ab42,

1000-ns MD simulations were carried out for each, starting from their

NMR structures (Protein Data Bank (PDB): 2LFM (32) and 1Z0Q (33))

in aqueous solution (or with 30% organic cosolvent in the latter case).

The secondary structure contents in the MD simulations are consistent

with those measured by circular dichroism (CD) spectroscopy (34). For

Ab40, the b-strand and a-helix contents are 27 and 1%, respectively, by

MD, compared to 25 and 5% by CD. For Ab42, corresponding percentages

are 33 and 2% by MD and 27 and 6% by CD. After dihedral principal

component analysis of 60,000 sampled conformations from each simula-

tion, the free-energy surface converted from the histogram in the first two

dihedral principal components was used to select 10 representative confor-

mations (Fig. S1, A and C). The secondary structures in these conforma-

tions were mainly b-strands and turns, in line with their approximate

30% populations each in the overall simulation (Fig. S2). This selection

was complemented by a mostly random coil conformation from the simu-

lation and the partially a-helical NMR structure (Fig. S1, B and D); these

additions correct for the slight overestimation of b-strand and slight under-

estimation of a-helix in the 1000-ns simulation. The resulting 12 Ab40

or Ab42 conformations were each used to start a simulation of complex

formation with HSA.

Three Ab-HSA systems at 1:1 stoichiometry were simulated: Ab40 with

apo HSA (Ab40-HSA), Ab40 with palmitic-acid-bound HSA (Ab40-

FA$HSA), and Ab42 with apo HSA (Ab42-HSA). Starting structures of

Ab40-HSA were generated by placing the 12 Ab40 conformations

randomly at �10 Å away from apo HSA (PDB: 1AO6 (30)). By replacing

the apo HSA with palmitic-acid-bound structure (PDB: 1E7H (31)) or

replacing the Ab40 conformations with Ab42 conformations, starting struc-

tures for the second or third system were then obtained.
MD simulations

All simulations were performed with GROMACS 4.6.7 software package

(35). For the protein molecules, the GROMOS 53a6 force field (36) was

used. For palmitic acid, force field parameters were taken from a previous

study (37). For each system, the solute molecules were energy minimized in

vacuum and then solvated by SPC (simple point charge) water in an octa-

hedron box with a minimal distance of 12 Å from the box boundaries.

Sodium and chloride ions were added to achieve charge neutralization

and a 150-mM salt concentration. The whole system was energy mini-

mized, first with protein heavy atoms constrained and then without any

constraint. Subsequently, the system was equilibrated at constant NPT (par-

ticle number-pressure-temperature) for 100 ps with protein heavy atoms

constrained. In the final production run, these constraints were removed.

The temperature was maintained at 300 K by the velocity-rescale coupling

method (38) (with a coupling constant of 0.1 ps), and the pressure was

maintained at one bar by the Parrinello-Rahman pressure coupling method

(39,40) (with a coupling constant of 2 ps and a compressibility of 4.5 �
10�5 bar�1). Protein bond lengths and water geometries were constrained

using LINCS (41) and SETTLE (42), respectively. The simulation time

step was 2 fs. Long-range electrostatic interactions were treated by the par-

ticle mesh Ewald method (43) with a real space cutoff of 10 Å; van der

Waals interactions were calculated using a cutoff of 10 Å.

Lengths of the production runs of the different systems are listed in

Table S1. Snapshots were saved every 10 ps. The 1000-ns MD simulations

for Ab40 and Ab42 were already mentioned; the last 600 ns were used for

analysis. As references, simulations for apo and FA$HSAwere carried out

in duplicates, each lasting 200 ns and with the last 150 ns for analysis. For

the three Ab-HSA systems, duplicate runs of 200 ns each were carried out

for each of the 12 Ab starting conformations; the last 10 ns were saved for

analysis.
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Analysis

Built-in tools in GROMACS (35) and VMD (44) scripts were used for

analysis. Dihedral principal components were calculated using g_angle,

g_covar, and g_anaeig in GROMACS. Backbone root mean-square fluctu-

ation (RMSF) and RMSD were calculated using g_rmsf and g_rms, respec-

tively, in GROMACS. Secondary structures of Ab were determined by the

DSSP (45) program.

Binding propensity was measured by the percentage of snapshots in

which a particular residue of one protein was in contact with any residue

of the partner protein. Contact was defined using a 5.4-Å cutoff distance be-

tween two heavy atoms. For each snapshot, the position of Ab relative to

HSAwas represented by the center-of-mass coordinates of Ab after super-

imposing HSA to the starting structure using backbone atoms. For each

complex system, all poses sampled in the last 10 ns of the 24 trajectories

were partitioned into clusters by the k-means algorithm. All structure fig-

ures were prepared in VMD or PyMOL (46).
Data availability

The data reported here, including the MD simulation trajectories, are avail-

able upon request.
RESULTS

We simulated the binding of single Ab40 to Ab42 mono-
mers to apo and palmitic-acid-bound HSA. These systems
are denoted as Ab40-HSA, Ab40-FA$HSA, and Ab42-
HSA. At the start, each monomer took 1 out of 12 conforma-
tions and was positioned randomly at a distance of 10 Å
away from an HSA molecule (Figs. 1 B and S3). 1 of the
12 conformations was an NMR structure (PDB: 2LFM for
Ab40 (32) or 1Z0Q for Ab42 (33)); the other 11 conforma-
tions were sampled from a 1000-ns simulation (see
Methods; Fig. S1). The starting structures of apo and
FA$HSA were from PDB: 1AO6 and 1E7H, respectively.
For each of the 12 starting poses, two replicate runs of
200 ns were performed. As references, two replicate runs
were also performed for apo and FA$HSA without Ab.
C-terminal region of Ab is the primary binding site
for HSA

In the simulations, each Ab molecule diffuses from the sol-
vent to the HSA surface and settles into a binding site until
the end. The Ab-HSA complexes become stabilized after
150 ns, as indicated by, for example, steady RMSDs of
the HSA molecules (Fig. S4, A and B). We extended 4 of
the 24 Ab40-HSA runs to up to 500 ns and 2 of the
Ab40-FA$HSA runs to 400 ns. The snapshots at 150 ns,
200 ns, and the end of these runs look very similar
(Fig. S4, C and D). Snapshots in a 10-ns window, from
190 to 200 ns of each trajectory, were analyzed, and the
data are reported below.

We calculated the HSA binding propensity of each Ab
residue, defined as the percentage of saved snapshots in
which a particular Ab residue is in contact with HSA. The
results are shown in Fig. 2, where the average propensity



FIGURE 2 HSA binding propensities of Ab residues in three complexes:

Ab40-HSA (red), Ab40-FA$HSA (green), and Ab42-HSA (blue). The

average binding propensity of the three systems is shown as a horizontal

dashed line. The major HSA binding site identified by the MD simulations,

consistent with NMR data (29), is highlighted by brown shading. To see this

figure in color, go online.
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over all the Ab residues in the three complex systems is
indicated by a horizontal dash to serve as a baseline. The
average propensity is 40%, which corresponds to an average
of 16 Ab residues in contact with HSA.

For Ab40-HSA, two Ab40 segments show relatively high
propensities for binding HSA. The stronger of the two is
composed of the C-terminal residues 31–40 (Fig. 2, brown
shading); the central residues 12–18 also have above-
average propensities. The binding pattern is preserved to
some extent when HSA is loaded with fatty acids but with
a notable drop in binding propensity for the very C-terminal
four residues. For Ab42 binding to apo HSA, the C-terminal
residues 31–41 again exhibit relatively high binding propen-
sities, but now the central region no longer shows any sign
of preferential binding. These residue-specific results for
the Ab peptides binding to apo HSA are largely in agree-
ment with the recent NMR data of Algamal et al. (29),
who identified the Ab C-terminal region as the primary
site for binding HSA; Ab40 central residues also contrib-
uted to binding, whereas the HSA affinity of Ab42 was
weaker.

We did not detect any significant shift in Ab conformation
upon binding to HSA or FA$HSA. For example, residue-
specific populations of Ab40 for b-strand and random coil
are similar, whether in the 1000-ns simulation (Fig. S2) or
in the 200-ns simulations for binding to HSA or FA$HSA.
Ab binding propensities of HSA residues
correlate with backbone flexibilities and are
suppressed by fatty-acid binding

To confirm that fatty acid presence affects Ab-HSA interac-
tions in our MD simulations, we calculated Ab binding pro-
pensities of HSA residues. Apo and FA$HSA indeed show
different Ab binding patterns, which apparently correlate
with backbone RMSFs of apo and FA$HSA in the absence
of Ab (Fig. 3). In particular, residues having high Ab bind-
ing propensities (Fig. 3, brown shading) generally also have
high RMSFs, except for residues 384–415 (helices h1 and
h2 in subdomain IIIa) in Ab40-HSA and Ab42-HSAwhere
high binding propensities are not matched by high RMSFs.
Moreover, the relative magnitudes of binding propensities
among the three domains parallel those of RMSFs.

In apo HSA, domains I and II are less flexible than
domain III, evidenced by average RMSFs at 1.8, 1.4, and
2.2 Å, respectively (Fig. 3, A and E, blue curves). Similarly,
average Ab40 binding propensities of domains I (2.4%) and
II (1.8%) are lower than that of domain III (5.6%) (Fig. 3 A,
red curve). The latter correspond to averages of 5, 3, and 11
residues in contact with Ab. The same trend holds true for
Ab42 binding (Fig. 3 C, red curve), with average propen-
sities of the three domains at 2.8, 1.4, and 5.4%, respec-
tively. These similar results between Ab40-HSA and
Ab42-HSA attest to the statistical reproducibility of the
disparate Ab binding patterns among the three domains,
especially because the two Ab isoforms started with
different secondary structure distributions in the MD simu-
lations (Figs. S1 and S2).

Overall, Ab binding residues of apo HSA are concen-
trated in domain III (Fig. 3, B and F). The C-terminal resi-
dues 540–582 (helices h3 and h4 in subdomain IIIb) display
the highest RMSFs and also the highest binding propensities
for both Ab40 and Ab42. Another cluster of residues with
high binding propensities comes from helices h1, h2, and
h6 in subdomain IIIa and the linker between subdomains
IIIa and IIIb, though among these elements, only the linker
has high RMSFs. Lastly, subdomain IIIb, in particular, heli-
ces h1 and h2, contributes to a third cluster that also involves
subdomain Ib, including helices h1 and h4. In comparison,
most residues in domain II have below-average RMSFs
and binding propensities.

In contrast to the disparate patterns across domains, the
three domains of FA$HSA display nearly even backbone
flexibilities (Fig. 3 C, blue curve), with averages at 1.9,
1.6, and 1.8 Å, respectively. Correspondingly, domain-spe-
cific average Ab binding propensities are also very similar
(Fig. 3 C, red curve), with values at 3.3, 2.7, and 3.6%,
respectively. At the C-terminus, the binding propensities
are all but lost in subdomain helix h4 and diminish in h3
to a level comparable to the highest values in domains I
and II. The result is a much more dispersed distribution of
Ab binding residues among the three domains (Fig. 3 D).

In short, the Ab binding residues on apo and FA$HSA
exhibit distinct patterns, which qualitatively correlate
with backbone flexibility. In FA$HSA, both flexibilities
and Ab binding propensities are relatively even among
the three domains. In contrast, in apo HSA, domain III
shows the highest flexibility and is the primary target for
Ab binding.
Biophysical Journal 116, 248–257, January 22, 2019 251



FIGURE 4 The average numbers of contacts formed by each HSA

domain with Ab in the three systems. To see this figure in color, go online.

FIGURE 3 An apparent correlation between backbone RMSFs of isolated apo or FA$HSA and Ab binding propensities of HSA residues in three complex

systems. (A), (C), and (E) display RMSFs (blue curves) and Ab binding propensities (red curves) for Ab40-HSA, Ab40-FA$HSA, and Ab42-HSA, respec-

tively. Average values for each system are indicated by blue and red horizontal dashed lines; segments with high RMSFs or high binding propensities are

highlighted by brown shading. Subdomain boundaries are indicated by vertical dashed lines; at the top, helices are represented by cylinders. (B), (D), and (F)

display the RMSFs (left) and binding propensities (right) as mapped onto the crystal structures of apo or FA$HSA. Regions with high RMSFs and binding

propensities are represented by intense blue and red colors, respectively, and highlighted by brown ovals. To see this figure in color, go online.
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Number of domain-specific contacts hints at
distinct Ab-HSA interaction strengths in the
absence and presence of fatty acids

The concentration of Ab binding residues in domain III of
apo HSA suggests that this domain presents strong binding
sites for Ab. As a first approximation, the more HSA atoms
form contacts with the bound Ab, the stronger the binding.
We therefore calculated the domain-specific number of con-
tacts (i.e., the number of heavy atoms in a given HSA
domain that simultaneously formed contacts with Ab) for
each snapshot in the last 10 ns of simulations. The average
was then calculated for each trajectory and, to focus on close
Ab encounters with a particular HSA domain, those trajec-
tories with averages less than 10 contacts for the said
domain were filtered; a final average was taken over the
average contacts of the remaining trajectories. These
domain-specific average contacts for the three systems are
shown in Fig. 4. In apo HSA, domain III, on average, forms
100 contacts with Ab40, significantly larger than the aver-
ages for domain I (62 contacts) and domain II (64 contacts).
The same trend is followed for Ab42 binding to apo HSA,
with domain III forming 95 contacts but domains I and II
forming only 66 and 55 contacts, respectively. In the pres-
ence of fatty acids, average contacts formed by the three do-
mains are close to each (67, 83, 70, respectively), with the
difference between each pair within standard error. From
these data, we conclude that apo HSA harbors strong Ab
252 Biophysical Journal 116, 248–257, January 22, 2019
binding sites in domain III, but FA$HSA presents relatively
weak binding sites dispersed throughout the three domains.
Clustering of binding poses identifies three major
Ab40 binding sites within or around domain III in
apo HSA

To define Ab binding sites, we clustered Ab positions around
HSA in the last 10 ns of simulations. In Fig. 5,A,C, andE, we
display the clustering results for the three complex systems.
HSA subdomains are represented by gray spheres; Ab clus-
ters are shown as colored spheres, centered at cluster centers



FIGURE 5 Clustering of Ab positions around HSA and representative binding poses in major clusters. (A, C, and E) Binding clusters represented by

colored spheres with radii proportional to cluster sizes. HSA subdomains are shown as gray spheres. (B, D, and F) Representative snapshots of major clusters

(i.e., those with cluster sizes exceeding 10% of total snapshots). HSA residues in contact with Ab are colored in violet. To see this figure in color,

go online.
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and with radii proportional to cluster sizes. Each cluster is
formed from the binding of multiple Ab starting conforma-
tions, and no preference for particular Ab conformations,
as judged by residue-specific populations of b-strand and
random coil, is discernible. Representative conformations
of major clusters are shown in Fig. 5, B, D, and F. As can
now be expected, Ab40-HSA and Ab42-HSA show similar
results and differ from Ab40-FA$HSA.

For Ab40-HSA, 10 clusters are obtained, and the first
three accounts for more than 50% of total snapshots.
Domain III is involved in all the three major clusters. Clus-
ter 1 defines an Ab40 binding site within the lower part of
subdomain IIIb, encompassing a portion of the linker from
subdomain IIIa, the region from the C-terminus of helix
h2 to the middle of h3, and most of h4. In cluster 2, the bind-
ing site is around the IIIa-IIIb interface, comprising the
exposed surface of subdomain IIIa (lined by helices h1,
h2, and h6 and the very N-terminal portion of the IIIa-IIIb
linker), and the N-terminal half of IIIb h3 facing IIIa. The
binding site of cluster 3 is at the cleft between subdomains
IIIb and Ib, including helices h1 and h2 on the IIIb side and
h1 on the Ib side. We note that the NMR data of Algamal
et al. (8) indicated a separate Ab binding site on each of
the two subdomains of domain III and, more specifically,
the 494–515 segment as part of one such site. Our MD
simulations also identify one site in each subdomain; the
494–515 segment overlaps with our cluster 1 site and bor-
ders our cluster 2 site. The mass spectrometry data of
Choi et al. (11) revealed a binding site at the cleft between
domains I and III; this is similar to our cluster 3 site.

Ab42-HSA displays a largely similar clustering pattern.
Among 11 clusters, the first three account for 45% of total
snapshots. Two of these three major clusters define binding
sites nearly identical to those in Ab40-HSA, one around the
interface between subdomains IIIa and IIIb (cluster 2 in
Ab40-HSA), and the other within IIIb (cluster1 in Ab40-
HSA). A new binding site emerges on the backside of sub-
domain Ia, centered around helix h5.

The presence of fatty acids changes the cluster distribu-
tion. In Ab40-FA$HSA, Ab40 positions all over the three
Biophysical Journal 116, 248–257, January 22, 2019 253
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HSA domains are partitioned into 15 clusters. Only two of
these have a cluster size greater than 10% of total snapshots;
the rest are all small clusters. Of the two larger clusters, one
has the binding site within subdomain Ia, lined by the h2-h3
and h4-h5 loops and the linker to subdomain Ib; the other
has the binding site within subdomain IIb, lined by the
linker from IIa to helices h2 and h4.

Apparently, the presence of fatty acids breaks the strong
Ab40 binding sites in and around domain III; instead, multi-
ple weak binding sites appear throughout the three domains.
To begin to understandwhyAb and fatty acid are competitive
in binding to HSA, we next examine howAb40 is accommo-
dated in the threemajor binding sites in apoHSA,with an eye
toward potential conflict with fatty-acid binding.
Intrinsic flexibility allows deformation of apo HSA
to create binding sites for Ab

The three major Ab40 binding sites on apo HSA are already
illustrated in Fig. 5 B. Now we contrast the conformational
space sampled by Ab40-bound HSA against that sampled
by isolated FA$HSA. We also make a corresponding com-
parison between isolated apo HSA and isolated FA$HSA
to dissect the contrast between Ab40-bound HSA and
FIGURE 6 Conformational changes of apo HSA accompanying Ab40 binding

the representative poses (magenta) with the FA$HSA crystal structure (gray); Ab

differences among Ab40-bound, apo, and FA$HSA. In (B), the distance and rela

The latter is defined as the dihedral formed by the Ca atoms of Q543, F554, C56

(D), the movement of IIIa-h5/h6 relative to IIIa-h2 and the bending angle of IIIb-

the x2 axis, which is perpendicular to the helical axis of IIIa-h2 and points toward

Q543–V547 and the other connecting F554–C558. Dark and gray dots indicate

long helix connecting Ib-h4 and IIa-h1 is measured, as measured by the IIIb cent

the long helix and points toward IIa-h3. Black and gray rrowsa indicate values
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FA$HSA into a contribution due to the release of fatty acids
and a contribution further induced by Ab40 binding.

The first binding site is within subdomain IIIb where
Ab40 mainly interacts with the lower portions of helices
h3 and h4. Compared to the crystal structure of FA$HSA,
the h3-h4 separation and relative tilt angle in Ab40-bound
HSA are significantly different. We measure these two pa-
rameters by the distance between h3 and h4 and the dihedral
angle formed by the Ca atoms of Q543, F554, C567, and
A578 (Fig. 6 A). In the crystal structures, the h3-h4 dis-
tances are similar for FA$HSA and apo HSA, at 12.0 and
12.6 Å, respectively. The h4 C-terminus has a slight outward
tilt relative to h3 for FA$HSA, whereas the two helices are
nearly parallel for apo HSA, with the interhelical dihedral
angle defined above at �12.2 and 2.3�, respectively.
These values are indicated by a gray dot and dark dot in
Fig. 6 B, where the distribution of the two parameters in
the snapshots making up binding cluster 1 of the Ab40-
HSA simulations is displayed as magenta contours. The
corresponding two-dimensional distributions in the isolated
FA$HSA and apo HSA simulations are also presented as
gray dashed and dark contours, respectively.

During the MD simulations, the two h3-h4 parameters of
FA$HSA stay close to their crystal values and exhibit small
to the three major sites. (A), (C), and (E) show the superposition of HSA in

40 is in cyan. (B), (D), and (F) show quantitative measurements of structural

tive tilt angle between the subdomain IIIb h3 and h4 helices are measured.

7, and A578. Dark and gray dots indicate values in the crystal structures. In

h3 are measured. The former is according to the position of IIIa-h5/h6 along

IIIb. The latter is defined as the angle between two vectors, one connecting

values in the crystal structures. In (F), the movement of IIIb relative to the

er of mass along the x3 axis. The latter is perpendicular to the helical axis of

in the crystal structures. To see this figure in color, go online.
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variations. In comparison, in the apo HSA simulations, the
h4 C-terminus tilts inward relative to h3 (with the interhel-
ical dihedral angle ranging approximately from 15 to 65�);
the h3-h4 distance also diverges from the crystal value,
with one population sampling around 9.5 Å and another
population sampling around 13 Å. The significant confor-
mational variations involved are consistent with the high
RMSFs of h3 and h4 (Fig. 3 A). The cluster-1 snapshots
of Ab40-HSA fall into four subsets, one (40% of snapshots)
overlapping with the FA$HSA set, two (20% each) near the
apo subsets, and a new subset (20%) with a much more
inwardly tilted h4 and much wider h3-h4 separation. The
picture that emerges is then that HSA becomes much
more flexible upon releasing fatty acids; taking advantage
of the increased conformational flexibility, HSA and Ab40
adapt to each other and form preferential interactions at
the site within subdomain IIIb in this case and, as detailed
next, at the other two major sites as well.

The second binding site is around the IIIa-IIIb interface
where Ab40 interacts with helices h1, h2, h6 of IIIa, and
h3 of IIIb. In the Ab40-HSA simulations, IIIa-h1/h2 are
rigid (Fig. 3 A) and align well with the counterparts in the
crystal structure of FA$HSA, but h6, along with h5, moves
toward IIIb, and IIIb-h3 becomes bent (Fig. 6 C). To mea-
sure the h5 and h6 movement, we introduce a local coordi-
nate system based on the principal axes of IIIa-h2, with the
z2 axis along the helical axis and the x2 axis toward IIIb. We
also define the bending angle of IIIb-h3 as the angle between
two vectors, one connecting Q543–V547 and the other con-
necting P554–C558. The values of these two parameters in
the crystal structures of FA$HSA and apo HSA are close to
each other, at (�13.3 Å, 6.9�) and (�12.1 Å, 5.5�), respec-
tively (Fig. 6 D, gray and dark dots). In the simulations,
FA$HSA stays close to the crystal structure according to
these parameters (Fig. 6 D, gray dashed contours). In
contrast, apo HSA deviates from the crystal structure with
either significant IIIb-h3 bending or both IIIb-h3 bending
and IIIa-h5/h6 movement toward IIIb. The wide span in
IIIb-h3 bending angle contributes to the high RMSFs of
this helix (Fig. 3 A); although the large spread in x2 of
IIIa-h5/h6 at first sight seems incompatible with the low
RMSFs of these helices, we note that both the upstream
h4-h5 loop and the downstream IIIa-IIIb linker are highly
flexible. Ab40-bound HSA shows even greater variability,
presumably to attain robust fit between the molecules.

The third binding site is at the cleft between domains I
and III where Ab40 mainly interacts with Ib-h1 and IIIb-
h1/h2. Relative to the crystal structure of FA$HSA, interdo-
main conformational changes accompany Ab40 binding. In
particular, using the rigid helix connecting Ib and IIa (Ib-h4
and IIa-h1) as reference, IIIb moves closer toward Ib in the
direction of Ib-h3. We measure this movement by the x3 co-
ordinate in a local coordinate system defined based on the
principal axes of the just-mentioned long helix (Fig. 6 E).
In the crystal structures, IIIb is closer to Ib for apo than
for FA$HSA (Fig. 6 F, dark and gray arrows). In the simu-
lations, x3 of FA$HSA stays near its crystal value (Fig. 6 F,
gray dashed curve). For apo HSA, one population preserves
the moderate shift in x3 as seen in the crystal structures, but a
second population has IIIb moving much closer toward Ib
(Fig. 6 F, dark curve). Underlying this movement is the
intrinsic flexibility of domain IIIb (Fig. 3 A). Ab40-bound
HSA behaves similarly to apo HSA, except that in the sec-
ond population, the movement of IIIb toward Ib is even
greater. The movement reshapes the interdomain cleft to
accommodate the Ab40 molecule.

In short, Ab40 binding is accompanied by HSA deforma-
tion within IIIb, around the IIIa-IIIb interface, and at the
cleft between domains III and I. The deformation is directly
associated with the intrinsic flexibility of apo HSA. The
presence of fatty acids quenches the conformational flexi-
bility and therefore prevents conformational changes
needed for optimal Ab binding.
DISCUSSION

We have carried out comparative MD simulations of Ab
peptides binding to apo and fatty acid-loaded HSA so as
to provide atomic insights into the interference of fatty
acids with Ab-HSA binding. Our simulations identify the
C-terminal region of Ab as the primary interaction site for
apo HSA, consistent with previous NMR data (29). Distinct
patterns of Ab binding propensities on apo and FA$HSA
demonstrate the effects of fatty acids on Ab-HSA binding.
The binding propensities qualitatively correlate with back-
bone flexibilities. Whereas FA$HSA has moderate flexi-
bility and Ab binding propensities that are even among
the three domains, apo HSA concentrates the highest flexi-
bility and binding propensities in domain III. It harbors three
major Ab binding sites within subdomain IIIb, around the
interface between subdomains IIIa and IIIb, and at the cleft
between domains III and I. Our first site overlaps with the
494–515 segment identified by Algamal et al. (8), and our
third site is similar to the one found by Choi et al. (11).

Our MD simulations have further suggested conforma-
tional flexibility as the basis for the competition between
Ab and fatty acids in binding to HSA. The high flexibility
of apo HSA allows it to readily deform to accommodate
Ab in forming optimal binding sites. The presence of fatty
acids quenches the conformational flexibility of HSA and
thereby interferes with preferential Ab-HSA interactions.
Note that this competitive mechanism operates with fatty
acids and Ab occupying different sites, the former buried in-
side HSA, whereas the latter is on the surface, in line with
a previous observation that these two types of substances
have distinct determinants for HSA interactions (8). In addi-
tion to fatty acids, cholesterol and drugs such as tolbutamide
and warfarin have been reported to compete with Ab in
binding to HSA binding (3,12). It was speculated that these
molecules might bind to the same sites as Ab (3) or the
Biophysical Journal 116, 248–257, January 22, 2019 255
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hydrophobic tail of Ab might partially insert into the buried
pockets (12). The flexibility-based mechanism proposed
here stands as an alternative.

The affinity of HSA for monomeric Ab is relatively weak
(dissociation constant in the submillimolar range (29)), and
thus, Ab-HSA binding can be qualified as nonspecific. In
our MD simulations, nonspecificity is manifested by the
multiple Ab binding sites on the HSA surface and the mul-
tiple ways that Ab interacts with HSA within each major
binding site. It is possible that each HSA simultaneously
binds multiple Abmonomers. In this way, HSAwould effec-
tively take away monomeric Ab from the pool competent
for fibrillization. It is also possible that multiple sites on
HSA are involved in binding several subunits of Ab oligo-
mers, protofibrils, or fibrils, and, conversely, larger Ab as-
semblies simultaneously accommodate multiple HSA
molecules. This scenario would explain the apparent micro-
molar affinity of HSA for Ab oligomers or protofibrils, for
which NMR data have indeed implicated binding sites
on all the three domains of HSA (6). How HSA inhibits
Ab fibrillization is still a matter of debate (6–8,10,12).
Our results are compatible with HSA binding Ab mono-
mers, oligomers, and larger assemblies and reinforces the
notion that HSA inhibition occurs at multiple steps during
the fibrillization process.

The MD simulations carried out here have addressed
some pressing issues on Ab-HSA interactions and their
interference by fatty acids but leave much else to be desired.
The lengths of the trajectories are still much too short, and
the numbers of replicate simulations are still much too
few. Hence, we were not able to observe possible Ab confor-
mational transitions upon binding HSA or the dissociation
of Ab from even the relatively weak binding sites on HSA
(Fig. S4, C and D), let alone collect statistics on such un-
binding events. It would also be interesting to carry out
comparative simulations of Ab oligomer binding to apo
and FA$HSA, such as using discrete MD (47). This work
has provided a foundation for such future studies.

The flexibility-based competition mechanism proposed
here has many implications. First, this mechanism at its
essence has much in common with a form of allosteric regu-
lation that is mediated by stimulating or quenching of
conformational flexibility prevalent at different timescales
(48). So, the interference of fatty acids on Ab-HSA binding
can be viewed as a novel example of allosteric action
where small molecules through quenching protein flexibility
suppress the binding of partners at multiple surface sites.
Second, flexibility has been thought as the key for intrinsi-
cally disordered proteins to form promiscuous interactions
with partners. We now see that globular proteins like HSA
can just as well use flexibility in achieving optimal binding
with Ab.

Third, we hypothesize that flexibility-based competition
helps regulate the organization and traffic of proteins in
cellular environments. In cellular environments, nonspecific
256 Biophysical Journal 116, 248–257, January 22, 2019
interactions of proteins with their neighbors are ubiquitous
and can facilitate subcellular localization and biological
function (49). In the same way that fatty acids interfere
with HSA-Ab binding in in vitro studies (8,12), hydropho-
bic molecules transported by HSA may coincidentally sup-
press the latter’s nonspecific interactions with other plasma
proteins. The same mechanism may also explain competi-
tive binding in other cellular contexts, including the possible
competition between maltose and peptidoglycan for the
maltose binding protein (50).
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