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Abstract

Serum amyloid A (SAA) is actively involved in such pathological processes as atherosclerosis, rheuma-
toid arthritis, cancer and Alzheimer’s disease by its aggregation. One of the factors that can attenuate its
aggregation and so affects its physiological role is its interactions with glycosminoglycans (GAGs), linear
anionic periodic polysaccharides. These molecules located in the extracellular matrix of the cell are highly
variable in their chemical composition and sulfation patterns. Despite the available experimental evidence
of SAA-GAG interactions, no mechanistic details at atomic level have been reported for these systems so
far. In our work we aimed to apply diverse computational tools to characterize SAA-GAG complexes for-
mation and to answer questions about their potential specificity, energetic patterns, particular SAA resi-
dues involved in these interactions, favourable oligomeric state of the protein and the potential
influence of GAGs on SAA aggregation. Molecular docking, conventional and replica exchange molecular
dynamics approaches were applied to corroborate the experimental knowledge and to propose the corre-
sponding molecular models. SAA-GAG complex formation was found to be electrostatics-driven and
rather unspecific of a GAG sulfation pattern, more favorable for the dimer than for the monomer when
binding to a short GAG oligosaccharide through its N-terminal helix, potentially contributing to the unfold-
ing of this helix, which could lead to the promotion of the protein aggregation. The data obtained add to the
specific knowledge on SAA-GAG systems and deepen the general understanding of protein-GAG inter-
actions that is of a considerable value for the development of GAG-based approaches in a broad
theurapeutic context.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Serum amyloid A (SAA) is a highly conserved
protein that belongs to the apolipoprotein family
and is mainly produced by the liver. Its expression
is stimulated by interleukin-1 (IL-1), interleukin-6
(IL-6) and tumor necrosis factor (TNF) [1]. To date,
three isoforms of SAA have been described in
mouse and in human: SAA1, SAA2 and SAAS.
Additionally, a fourth isoform SAA4 has been iden-
tified to be produced steadily in the liver [2]. SAA
is involved in the metabolism of high-density

lipoprotein (HDL), the body’s defense against
pathogens and in cholesterol transport [3]. It is also
presented during diseases such as atherosclerosis,
rheumatoid arthritis, cancer and Alzheimer’s dis-
ease [4]. It plays a key role in the life-threatening
complications of rheumatoid arthritis caused by
deposition of insoluble amyloids arising from SAA
[5-8]. In addition, it is also involved in the body’s
defense during the acute phase of inflammation
(such as infection or tissue trauma), in which its con-
centration in blood can increase 1000-fold within
24 h [9,10]. Sustained high levels of SAA during
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the acute phase of inflammation may lead to aggre-
gation and formation of amyloid deposits by the
SAA protein [11].

SAA1 and SAA2 isoforms are dominant in the
plasma within the acute phase of inflammation.
Each of these isoforms consists of 104 amino acid
residues, which corresponds to the molecular
weight of 12—14 kDa. They differ from each other
by the amino acid residues at positions 60, 68, 69,
and 90 [12]. Due to its ability to aggregate, the struc-
ture of SAA has been unknown for many years.
Amino acid sequence analysis, circular dichroism
studies [13], and homologous modeling [14] pro-
vided an overall picture of the structure as a typical
globular protein. Based on the homology of the SAA
protein to the N-terminal domain of hemocyanin,
Stevens [14] suggested that the protein contains
about 80% of helical structure. He also indicated
that the C-terminus of the SAA forms a random coil
structure and is characterized by a high mobility.
The C-terminus of the SAA protein is rich in proline
residues, and most likely the presence of these
amino acid residues is the main reason for its disor-
dered structure. The presence of the proline resi-
dues, due to the cyclic structure of their side
chains, introduces steric hindrances that does not
allow the formation of stable secondary structural
elements [15]. The first crystal structure of the
SAA protein was published in 2014 by Lu et al.
[16]. Two different oligomeric states were proposed
based on it: a tetramer and a hexamer. The oligo-
mers are formed by monomeric subunits, where
each monomer is made of four a-helices arranged
in an antiparallel way to each other. The hexametric
structure of the SAA consisting of the two homotri-
mers is stabilized by hydrophobic interactions.
Mainly the amino acid residues of the first a-helix
of each subunit are involved in stabilizing the struc-
ture of the whole oligomer, which indicates that the
N-terminal fragment of the protein is responsible for
the aggregation of the SAA protein.

Secondary amyloidosis, a complication of
rheumatoid arthritis, begins when serum levels of
the SAA increase as a result of chronic
inflammation. Probably one of the factors
contributing to the development of the disease is
genetic predisposition [17]. It is also believed that
there is an uncharacterized amyloid formation
enhancing protein that may have an impact on the
onset of the disease [18]. The full molecular mech-
anism leading to the formation of amyloid deposits
is still unknown. There is a hypothesis that SAA
when bound to its receptor undergoes proteolysis,
because the amyloid plaques contain various
lengths fragments of the SAA in addition to its full-
chain sequences. This is most likely the result of
the incomplete protein degradation [19]. In addition,
amyloid deposits accumulating in the parenchymal
organs are also rich in non-fibrous components: gly-
cosaminoglycans (GAGs), glycosylated plasma
protein, components of the extracellular space

(perkelan, laminin, entakin, collagen type V),
apolipoproteins E and J [20,21]. The role of the
non-fibrous components has not been understood
so far, however, it is believed that GAGs may influ-
ence the formation of protofilaments, while glycosy-
lated plasma protein may stabilize amyloid fibrils
[18].

Due to the high aggregation capacity of the SAA
protein, it is important to find suitable inhibitors
that would prevent the formation of toxic SAA
aggregates. Bokareva et al. revealed the possible
interaction between SAA and human cystatin C
(hCC) [22]. Their data point to a direct interaction
between SAA and hCC, leading to functional conse-
quences to serum amyloid A, and thus to the loss of
its ability to accumulate in the human body. Those
results indicate that hCC can inhibit the oligomeriza-
tion of SAA. The in vitro studies performed by Spod-
zieja et al. provided direct information about the
binding sites of the hCC/SAA complex [23,24].
The epitope extraction/excision mass spectrometry
study showed that the binding sites are located at
the C-terminal, 19-amino-acid fragment (86—104)
of SAA, and the C-terminal 28-amino-acid
sequence (93—-120) of hCC. Those findings were
supplemented by molecular dynamics simulations
for the complexes formed by hCC and the SAA
(86—104) fragment that resulted in identification of
the crucial interaction sites [25].

The studies focused on the participation of GAGs
in SAA aggregation could be promising for gaining
the knowledge needed to prevent the protein
aggregation. It was found that one of GAGs,
heparan sulfate (HS), is present in the amyloid
deposits [26]. This suggests that GAGs are a key
players in the formation of amyloid fibrils. Bazar
et al. have proposed that heparin (HP), which is
HS class member with particular sulfation pattern,
acts as a scaffold for SAA fibrils via electrostatic
interactions [27]. The HS molecule contains highly
sulfated domains separated by elastic fragments
with low sulfation [28]. It has been suggested that
the sulfate groups in GAGs are important to facili-
tate the formation of fibrils of amyloidogenic pro-
teins [29]. A study performed by Lu et al. identified
two HS binding sites in SAA protein: first consisting
of Arg 15, Arg 19 and Arg 47 from each monomer,
the second consisting of Arg 1, Arg 62 and His 71,
which is also the binding site of HDL [16]. The
HDL scavenging by HS has been identified as pro-
moting the formation of SAA aggregates. The GAG
length required for SAA aggregation is dp14 (dp
stand for the degree of polymerization) and above
[30]. Egashira et al. showed that HP facilitates the
formation of SAA fibrils [6]. The fluorescence and
circular dichroism measurements showed that
SAA(1-27) peptide is involved in HP-induced amy-
loidogenesis. Relatively small changes in fluores-
cence and a completely different pattern in the CD
spectrum were observed for the SAA(43-63) pep-
tide, whereas SAA(77-104) peptide showed no



HP-induced changes. Electron microscopy showed
that the SAA(1-27) peptide forms short and rigid fib-
rils, while the SAA(43-63) peptide forms much
longer and flexible fibrils. Those studies suggest
that the N-terminal region of the SAA protein plays
a key role as a rigid core of the fibrils and the middle
region facilitates fiber elongation in HP-induced
SAA amyloidogenesis. Continuation of this
research conducted by Takase et al. [31] has shown
that the GAGs sulphate groups represent key struc-
tural requirements for the SAA fibril formation. They
also performed microscopic analyzes which
showed that HS, which is on average less sulfated
than HP, but containing highly sulfated domains,
has a relatively high potential to facilitate fibril for-
mation compared to other GAGs. Based on these
experimental findings, in our present work we aimed
to characterize how GAGs interact with the SAA
protein at the molecular level applying rigorous
computational approaches, some of which are par-
ticularly developed to effectively deal with protein-
GAG systems. In this manuscript, we present ato-
mistic models of SAA-GAG systems and propose
a potential molecular mechanism underlying the
intermolecular interactions that could be key for
understanding how SAA fibrils are formed, and
which role GAGs can play in this process.

Results and discussion

PBSA electrostatic potential analysis

The SAA protein is rich in negatively charged
amino acid residues and has a total net charge of
—2. Only the N-terminus of the protein contains
positively charged residues that can potentially
bind anionic GAGs.

Electrostatic potential isosurfaces for the dimer of
SAA are shown in Fig. 1 (right panel). The highest
positive potential, the most attractive for
negatively charged GAGS, is located in the
proximity of the first N-terminal helix. This SAA
fragment corresponds to the protein sequence
containing positively charged amino acid residues:
Arg 1, Arg 15, Arg 19 and Arg 25. There is also
some positive potential close to the C-terminal
part of the protein. It is induced by Arg 96 and Lys
103 and therefore this fragment has also been
taken into account when sizing the grid box in the
docking procedure.

Molecular docking and molecular dynamics
simulations

Five different GAGs of four different lengths have
been docked to the SAA monomer and dimer. The
results obtained by molecular docking were sorted
according to the best energy and divided into
clusters (clustering parameters are listed in
Supplementary Table 1). The Figs. 2 and 3
presents 50 most favourable structures and the

structures from the most numerous clusters for all
docked combinations.

When analyzing the data shown in Fig. 2, it is
observed that the GAG ligands, regardless of their
length, docked mainly to the N-terminal fragment
of the SAA monomer. The only exception is HS
with the GIcNS-GIcUA periodic unit, which also
can be found near the C-terminal fragment of the
protein (for dp2, dp6 and dp8). It can also be seen
that the longer the GAG chain is, more probably it
interacts with the C-terminus, mainly i case of HS
with GIcNS-GIcUA, GIcNS-ldoU(2S) and GIcNS
(6S)-GIcUA periodic units. This is especially
evident for GIcNS-GIcUA structures where the
GAG interacts with the SAA monomer through its
N- and C-terminus simultaneously.

Essentially similar docking results were obtained
for the SAA dimer — GAG complexes (Fig. 3). As
in the complexes with the SAA monomer GAGs
are mainly docked at the top of the N-terminal
helix in the complexes with the SAA dimer. In
addition, GAGs are also partially docked in the
middle parts of the first helix in the case of the
dimer. For most of the studied GAGs, they docked
both on the surface of the dimer as well as within
the dimer interface established by the two helices
from two different SAA subunits. A significant
difference for the monomer and the dimer is
observed only for HP dp2 and GIcNS-GIcUA dp2
potentially due to their small size. For the first of
them there is a tendency to dock inside the dimer,
while for the second GAG, the ligands, in contrast,
are mainly docked outside the dimeric interface.

Free energy MM-GBSA analysis and per
residue decomposition

We performed free energy analysis based on the
MD trajectories obtained. Table 1 consists of the
results of the MM-GBSA analysis for the SAA
monomer/GAG complexes. The most stable
interactions between the protein and a GAG,
reflected in AG values below —20.0 kcal/mol are
observed for cluster 3 of SAA monomer/HP dp2 (—
22.3 kcal/mol), cluster 1 of SAA monomer/HP dp6
(—22.4 kcal/mol), cluster 2 of SAA monomer/
GIcNS-GIcUA dp8 (-20.6 kcal/mol), cluster 2 of
SAA monomer/GIcNS-l1doU(2S) dp6 (-
22.8 kcal/mol), cluster 1 of SAA monomer/GIcNS-
IdoU(2S) dp8 (—22.8 kcal/mol) and cluster 2 of
SAA monomer/GIcNS(6S)-GIcUA dp4 (-20.3 kcal/
mol). It is worth noting that the binding strength of
HP decreased with its length, which is probably
due to the fact that this GAG is the most charged
one used in the analysis, while the protein has a
net negative charge. In some SAA monomer/GAG
complexes AG values decrease with the length of
the GAG (SAA monomer/GIcNS-GIcUA), or they
decrease to their minimum at dp4 (SAA monomer/
GIcNS6S-GIcUA) or dp6 (SAA monomer/CS6)
and then increase. In case of CS6 dp8, in two out
of ten MD simulations, ligand dissociation events
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Fig. 1. X-ray structure of the SAA dimer (PDB ID: 4IP9) in cartoon representation (left); electrostatic potential
isosurfaces for the SAA dimer in surface representation (red, —2 kcal/mol/e; blue, +2 kcal/mol/e, respectively). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Top 50 structures after docking procedure (top panels) and 5 structures from each analyzed cluster after MD
simulations for SAA monomer — GAG complexes (protein in cartoon presentation, green color; GAG molecules in
sticks presentation; light blue color — carbon atoms in top panels, blue/magenta/yellow color — carbon atoms, red color
—oxygen atoms, blue color — nitrogen atoms, yellow color — sulfur atoms). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Top 50 structures after docking procedure (top panels) and 5 structures from each analyzed cluster after MD
simulations for SAA dimer — GAG complexes (protein in cartoon presentation, green color; GAG molecules in sticks
presentation; light blue color — carbon atoms in top panels, blue/magenta/yellow color — carbon atoms, red color —
oxygen atoms, blue color — nitrogen atoms, yellow color — sulfur atoms). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

were observed, which explains the unfavourable
mean values of the ©binding energies.
Extrapolating these data obtained for the short
GAG oligosaccharides, one can hypothesize that
in vivo a long and heterogeneous GAG as HS,
which is composed by domains with different net
sulfation and, therefore, different local charge
density, would prefer to interact with SAA by its
parts that are not fully sulfated to provide
favourable and  electrostatically  balanced
interactions.

Results of the MM-GBSA analysis for the SAA
dimer/GAG complexes are summarized in
Table 2. In case of complexes formed by the
dimer of the SAA protein, there is a much greater
variety of free energy values than for SAA
monomer/GAG complexes. In contrast to the
monomer, the energy of the SAA dimer/HP
complexes increases as the degree of HP
polymerization increases. On the other hand, for
the complexes with CS6, the energy decreases to

dp6 reaching the lowest observed free energy of
binding value for the SAA dimer/CS6 dp6 complex
(-47.3 kcal/mol). The only similar trend to the
complexes formed by the monomeric protein can
be noted for the SAA dimer/GIcNS-GIcUA where
the AG values decrease with the length of the
GAG. Because in general, the dimer binds GAGs
stronger than the monomer, here we list the
complexes with AG values less than
—25.0 kcal/mol, corresponding to the strongest
binding observed: cluster 1 and 2 SAA dimer/CS6
dp6 (—47.3 kcal/mol and —-26.8 kcal/mol
respectively), cluster 2 SAA dimer/CS6 dp8
(—32.3 kcal/mol), cluster 2 SAA dimer/GIcNS-
GlcUA dp6 (—30.6 kcal/mol), cluster 1 SAA dimer/
GIcNS-GIcUA dp8 (—30.1 kcal/mol), cluster 2 SAA
dimer/GIcNS-ldoU(2S) dp6 (—29.8 kcal/mol) and
cluster 3 SAA dimer/GIcNS(6S)-GIcUA dp6
(—29.4 kcal/mol).

When analyzing the binding energies obtained
in these calculations normalized by the length of



Table 1 MM-GBSA analysis of SAA monomer/GAG complexes.

SAA monomer/GAG complex Cluster number

AG per cluster [kcal/mol] Average AG [kcal/mol]

SAA/HP dp2 1 -10.8 ~16.0

2 —-14.9
3 223

SAA/HP dp4 1 -15.6 ~15.6

SAA/HP dp6 1 —22.4 ~14.6
2 -16.8
3 ~4.6

SAA/HP dp8 1 —-10.2 -12.9
2 —14.9

SAA/CS6 dp2 1 -7.6 -10.9
2 —14.2

SAA/CS6 dp4 1 —-14.3 -15.3
2 -16.3

SAA/CS6 dp6 1 -17.6 —-17.6

SAA/CS6 dp8 1 0.0 27
2 -6.2

SAA/GICNS_GIcUA dp2 1 -5.3 6.9
2 9.4
3 -3.9
4 -7.5
5 -8.2

SAA/GICNS_GICUA dp4 1 -9.9 -9.9

SAA/GICNS_GIcUA dp6 1 -12.0 —13.2
2 —14.5

SAA/GICNS_GICUA dp8 1 -10.6 ~15.6
2 —20.6

SAA/GICNS_IdoU2S dp2 1 -12.8 -11.8
2 -10.7

SAA/GICNS_IdoU2S dp4 1 -9.9 -9.9

SAA/GICNS_IdoU2S dp6 1 -15.2 -19.0
2 —22.8

SAA/GICNS_IdoU2S dp8 1 —24.9 -18.7
2 125

SAA/GICNS6ES_GICUA dp2 1 -10.1 —10.1

SAA/GICNS6ES_GICUA dp4 1 -17.8 —19.1
2 -20.3

SAA/GICNS6ES_GICUA dp6 1 —14.1 —14.1

SAA/GICNS6ES_GICUA dp8 1 9.2 -9.2

the simulated GAGs, one can get qualitatively  energy component that are not to be

different insights into the role of electrostatics
and potential specificity of the binding in this
system. If the electrostatics would have been
the only substantial component determining
binding energy, there would be equal values of
binding  energies  obtained  after  such
normalization for a GAG of the same type.
However, the obtained differences of the values
suggest that for all analyzed GAG types there
are also other factors as the entropic
contribution and van der Waals binding free

disregarded for the description of these
interactions. For HP, the most charged GAG
from the series, there is a clear dominance of
the electrostatics, which is manifested by the
stronger repulsion between the receptor and HP
upon its elongation. However, for other GAGs
the relation between the length of GAGs and
their binding strength is more complex which
would suggest that GAG interactions with SAA,
although dominated by electrostatics, are
partially GAG sulfation pattern specific.



Table 2 MM-GBSA analysis of SAA dimer/GAGs complexes.

SAA dimer/GAG complex Cluster number AG per cluster [kcal/mol] Average AG [kcal/mol]

SAA/HP dp2 —-17.8 —-17.2
—-11.9
—21.5

—18.4

A wWN =

SAA/HP dp4 —12.0 —-17.3
—-19.1

—18.5

w N =

SAA/HP dp6 —6.1 ~10.1

—14.1

N =

SAA/HP dp8 77 ~12.8

—-17.0

N =

—12.6 -15.0
—-13.5
—20.2
—-13.7

SAA/CS6 dp2

A ON =

SAA/CS6 dp4 —24.8 —20.4

—-15.9

N —

SAA/CS6 dp6 —47.3 —31.1
-26.8

—19.3

w N =

SAA/CS6 dp8 —12.4 —20.0
-32.2

—15.2

w N =

SAA/GIcNS_GIcUA dp2 -1.4 —4.0
-5.4

-5.2

w N =

SAA/GIcNS_GIcUA dp4 -14.0 -15.2

—16.3

[\

SAA/GIcNS_GIcUA dp6 -13.3 -22.0

—30.6

N —

SAA/GIcNS_GIcUA dp8 —30.1 —24.6

—-17.7

N —

—14.6 -10.5
—6.4

SAA/GIcNS_ldoU2S dp2

N =

SAA/GIcNS_IdoU2S dp4 —23.5 —26.3

—29.8

N —

SAA/GIcNS_IldoU2S dp6 —22.7 —-23.4

—24.2

N =

SAA/GIcNS_IdoU2S dp8 —14.7 —-16.4
—21.3
—14.2

—-13.9

AN =

SAA/GIcNS6S_GIcUA dp2
SAA/GIcNS6S_GIcUA dp4

—y

-10.5 -10.5

-10.3 —19.2
—22.3
—25.0

w N =

SAA/GIcNS6S_GIcUA dp6 -17.0 —-17.3
-10.3

—29.4

SAA/GIcNS6S_GIcUA dp8 1 —19.0 —-19.4
—-19.7

w N =




Selectivity

To further analyze results of the MD simulation,
selectivity analysis for the simulated complexes
was performed. Complexes of the monomer of the
SAA protein with GAGs dp6 were selected as the
most representative. For each type of the
analyzed complex the probabilities for the RMSatd
value and the free energy of binding value were
used. The results are summarized in
Supplementary Fig. 1. In case of RMSatd values,
which were calculated for each structure obtained
in the MD simulation in relation to all other
structures, it can be seen that for each analyzed
complex, two maxima are visible. For the SAA
monomer/GIcNS(6S)-GIcUA dp6 these maxima
are most separated. The density of probability
plots for the AG values are different: the maxima
of probability are less significantly separated as in
case of RMSatd. The most visible two maxima are
observed for the SAA monomer/CS6 dp6
complex, which, combined with the two maxima
for the RMSatd plots, may indicate the selectivity
of this GAG binding by the SAA protein. Similarly,
certain selectivity can be observed in the
probability plots for SAA monomer/GIcNS(6S)-
GIcUA dp6 and SAA monomer/GIcNS-GIcUA dp6
complexes.

The performed analysis of the density of
probability for RMSatd and AG values is
speculative, and it is impossible to determine
which GAGs display higher or lower selectivity of
binding. Therefore, a quantitative analysis was
also performed, the results of which are
summarized in Supplementary Table 2. According
to the Siebenmorgen et al. the closer to 1 or —1
the S’i value is, the greater the specificity for
studied GAG. As can be seen in the table below,
the S’i values are not close to 1 or —1 for any of
the examined complexes. The highest/lowest
specificity values were found for SAA monomer/
HP dp6 (-0.5 and 0.5) and SAA monomer/CS6
dp6 (0.5).

Hydrogen bond analysis

For the obtained MD results for the SAA
monomer/GAGs and SAA dimer/GAGs
complexes, the analysis of hydrogen bonds was
performed. The occurrence of hydrogen bonds
was averaged for the duration of each simulation,
then it was also averaged for individual clusters
and types of complexes as well as the average of
the two subunits in the SAA dimer was calculated.
The obtained results are summarized in Figs. 4, 5
and Supplementary Figs. 3-10.

When analyzing the maps hydrogen bonds
occurence, it is easy to notice that mainly N-
terminal amino acid residues (1-5 of the SAA
fragment) are involved in the stabilization of the
SAA monomer/GAGs complexes. For the SAA
monomer/HP and SAA monomer/GIcNS(6S)-

GIcUA complexes hydrogen bonds are also
formed between GAGs and Arg 15 and Arg 47
residues, the frequency of these hydrogen bonds
increases with increasing degree of GAG
polymerization. The same hydrogen bonds are
observed for the SAA monomer/CS6 and SAA
monomer/GIcNS-ldoU(2S) complexes, but here
they most often occur in complexes where the
ligand has a dp6 length. A noticeably lower
frequency of stabilizing hydrogen bonds can be
observed for SAA monomer/GIcNS-GIcUA, only a
few of them have a frequency of >0.3.

When comparing the results of the hydrogen
bond analysis for the SAA monomer and dimer
complexes with GAGs, an increase in the
importance of amino acid residues belonging to
the middle part of the protein is noticeable for the
SAA dimer. For those complexes both the N-
terminal residues and the SAA(15-25) fragment
are involved in stabilizing the complexes, with the
frequency of occurrence of the GAG-Arg15
binding being much higher than for the SAA
monomer/GAGs complexes. In addition to the
above-mentioned fragments, also the Arg 47 and
Arg 61 residues are involved in the hydrogen
bonds formation. As for the SAA monomer, for the
SAA dimer, the GIcNS-GIcUA ligand forms the
least frequent hydrogen bonds with the protein.
These residues calculated to be most important in
terms of H-bonding were previously mentioned in
the literature as the ones participating in the fibril
formation [6,16].

RS-REMD

Furthermore, we aimed to verify the structures
obtained by the molecular docking and
conventional MD by the RS-REMD approach,
which previously was shown to perform very well
for protein-GAG complexes [32]. This method
allows to correctly predict a binding site and pro-
duces an ensemble of GAG-protein complex struc-
tures using an implicit solvent model, while its
performance is independent of the GAG length.
We chose both the SAA monomer and dimers as
receptors and HP dp6 and dp24 as ligands. The
HP dp24 was selected to see if a significant change
in GAG length would affect the GAG-protein dock-
ing site, or connect two alternative binding sites
(N- and C-termini of SAA). During RS-REMD simu-
lation for SAA monomer/HP dp6 the ligand found
the binding site at the N-terminus of the protein very
quickly (0.2 ns) and remained there for the rest of
the simulation time. It took longer (30 ns) to find
the same binding site by the HP dp24 ligand. In this
case, the ligand was also docked at the N-terminus
of the SAA monomer and remained there through
the rest of the RS-REMD simulation. No complex
structure was found in which the ligand would inter-
act with the N- and the C-termini of the SAA protein
simultaneously.
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As a next step, we refined 100 structures
obtained by the RS-REMD approach (Fig. 6).
Interestingly, for the SAA dimer/HP dp6 complex
the ligand docked to both first and second N-
terminal fragments, but did not dock in the middle
of the helices as it did when we performed
docking by Autodock. This is related to the fact
that RS-REMD approach experience difficulties
when a binding site is not exposed on the protein
surface but rather has a cavity topology [32]. 100
best SAA dimer/HP dp6 complex structures in
Fig. 6 are clearly divided into two groups, quite dif-
ferent from what is shown in Fig. 3 for the results
obtained by Autodock. Simulations performed for
the dimer of the SAA protein and HP dp24 provided
qualitatively different results. The ligand did not
dock between or near the two first helices, but
was searching for a favourable binding site near
the C-terminus of one of the monomeric subunits.
Perhaps due to its size, HP dp24 could not properly
align with the binding sites in the center of the struc-
ture. The SAA is a negatively charged protein which
surface has mostly negative potential (Fig. 1) and,
therefore, can be repulsive for extensively nega-
tively charged long HP it is indicated by the
observed dissociation of the GAG after the refine-
ment of RS-REMD docked solutions (Fig. 6). In
vivo, long HS molecules, therefore, most probably
would prefer to interact with SAA by less sulfated
domains than HP. Supplementary Table 3 presents
the values of the free energy of binding for the 100
complexes after RS-REMD simulations and refine-
ment of the structures. The SAA monomer/HP

SAA monomer / HP dp6

dp6 complexes have the lowest AG values, while
the SAA monomer/HP dp24 complexes are unfa-
vourable, which explains the observed dissociation
upon the refinement. For the simulations with the
SAA dimer, the difference for the dp6 and dp24
ligands is clearly visible. The latter did not bind to
the protein, which is also reflected in the positive
values of the free binding energy.

To find out which amino acid residues are the
most important for the formation of the complexes
between the SAA protein and HP dp6, we
performed per residue decomposition analysis for
the refined complexes obtained from the RS-
REMD cimulations (Supplementary Table 4). Arg
1 residue has the highest energetic contribution to
the binding (below —15 kcal/mol) and therefore is
a key responsible residue for the binding of the
HP to the protein. Also the N-terminal residues
Ser 2, Phe 3, Phe 4 substantially participate in the
formation of SAA monomer/HP dp6 complexes. In
contrast, no residues from the C-terminal protein
fragment contributed significantly. Arg 1 from both
the first and second monomeric subunits for the
SAA dimer/HP dp6 complexes also corresponded
the lowest value of free energy binding (below
—11 kcal/mol). Interestingly, if Arg 1 of one of the
subunits contributed the most to HP binding, the
next highest contribution belonged to the residue
Arg 25 on other monomeric protein subunit
(structure no. 83, 331, 490 and 180). There is also
less significant commitment of the next N-terminal
amino acid residues in favor of the residues in the
middle of the sequence (Arg 47, Arg 62) when

Fig. 6. Results of the RS-REMD simulations for the SAA monomer/dimer with HP dp6 and HP dp24 ligands — 100
most favourable (the lowest Eg e values) structures (left) and 5 most favourable structures after refinement (SAA
protein green colour, cartoon representation; cyan, yellow, magenta, dark blue, grey colours HP dp6/HP dp24, licorice
representation). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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compared to the monomeric complexes. Notably, in
the case of complexes in which a SAA dimer is
involved, Lys 103 at C-terminus can also be
observed as a weak binder (AG about —1 kcal/mol).

DSSP analysis

When analyzing the trajectories obtained in the
MD simulations, we noticed that the N-terminus of
the protein involved in GAGs binding unfolds.
Therefore, we aimed to analyze whether the
presence of the ligand influences this process. We
performed the DSSP secondary structure analysis
for the trajectories both obtained in the MD
simulations starting from AD docked structures
and RS-REMD docked structures (RS-REMD
refinement by conventional MD in the explicit
solvent) for SAA monomer/HP complexes that
corresponded to 7000 ns in total. As a reference,
we also simulated the SAA monomer alone using
the same protocol as applied for the complexes.
The results of the DSSP analysis are summarized
in Supplementary Table 5 and Fig. 7, the contents
of the 3—10 helix and alpha helix as well as their
sum were compared. The analysis was performed
for the first 10 amino acid residues corresponding
to the first helix in the SAA structure. The helical
content for the residues 8-10 is lower for the
unbound protein, while it is always higher for the
beginning of the N-terminal helix in comparison to
the unbound protein in case of the HP dp8 and
HP dp6 docked by the RS-REMD approach. This
suggests that binding of HP could promote the
unfolding of the N-terminal helix. Taking into
account the experimental data suggesting that the
GAG-induced changes in the SAA (1-27)
structure [6] could be crucial for the process of fibril-
lization, the structural changes computationally
observed in the N-terminal helix upon binding GAGs
could serve as a potential structural basis of this
event (Fig. 8).

Summary

In this computational study, SAA interactions with
GAGs were rigorously characterized for 32 systems
containing complexes between the monomeric and
the dimeric SAA protein with four types of GAGs
oligosaccharides with the lengths of dp2, dp4,
dp6, dp8. Molecular docking and MD-based
analysis of the predicted docking poses suggest
the key role of the N-terminal helix for binding
GAGs for both oligomeric forms of SAA. The
dimer binds GAGs stronger than the monomer,
and the residues from both of monomeric units of
the protein participate in this binding. The
interactions in the analyzed systems are
predominantly electrostatics-driven, and are not
highly specific, which is also confirmed by the
calculated H-bonding patterns. The application of
the RS-REMD supports the results of the
conventional MD analysis and points out that only
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short oligomeric GAG sequences can be
favourably bound directly to SAA due to its high
net negative charge. Finally, the analysis of the
SAA secondary structure content in the presence
and in the absence of GAGs indicates the
potential role of GAGs in the unfolding of the
protein, which could serve as a reason for amyloid
A fibril formation which is a crucial molecular
process for the onset of the SAA-related
neurogenerative diseases. Our work contributes to
the specific knowledge on the molecular details of
SAA-GAG interactions and demonstrates the
predictive power of the state-of-art in silico
approaches applicable for the analysis of protein-
GAG systems in general. In the present study, we
focused on the monomeric and dimeric forms of
SAA which serves as a first step towards
understanding higher order oligomers, which are
going to be the next objects of our analysis.

Materials and methods

Poisson-Boltzmann accessible surface area
(PBSA) electrostatic potential calculations

Electrostatic potential calculations for SAA
protein were performed in AMBER16 [33] with
default parameters to predict a potential GAG bind-
ing site [34].

Molecular docking

SAA1 (named SAA throughout the manuscript) X-
ray structure was used (PDB ID: 4I1P9) [16] to build
the receptors for the molecular docking. The dimeric
and monomeric forms were extracted from the hex-
americ SAA in the experimental structure and mini-
mized in AMBER16 [33] prior to be used as
receptors (the protocols are described below as
steps 1-3 in the molecular dynamics procedure).
Five different GAG types were used as ligands:

1) four structures of HP (GIcNS(6S)-IdoA(2S)
dimeric unit) dp2, dp4, dp6 and dp8 with 'C, ring
conformation for IdoA(2S) built from the structure
of the unbound HP (PDB ID: 1HPN);

2) four structures of the chondroitin sulfate (CS6,
GlcA-GalNAc(6S) dimeric unit) with dp2, dp4, dp6
and dp8;

3) three variants of HS (GIcNS-ldoU(2S), GIcNS-
GIcUA and GIcNS(6S)-GIcUA dimeric units,
abbreviated as GIcNS_ldoU(2S), GIcNS_GIcUA
and GIcNS(6S)_GIcUA, respectively) with dp2,
dp4, dp6 and dp8.

The GAGs were built using GLYCAMO06 [35] com-
patible libraries [36] for AMBER [33].

For docking simulations Autodock 3 software
was used. A grid box with dimensions of 122 A
x 80 A x 118 A contained SAA N-terminal
fragment. This part of the protein was chosen
according to the PBSA analysis results
suggesting it to be a potential GAG binding site
was used for GAGs docking. The 100 runs of
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DSSP analysis for the SAA monomer/HP complexes
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Fig. 7. DSSP analysis for the SAA monomer/HP complexes — percentage of the helical structure in the N-terminal

fragment of the SAA monomer per residue.

the Lamarckian genetic algorithm with an initial
population size of 300 and a termination
condition of 10° generations and 9995 x 10°
energy evaluations were carried out. Next, the
top energetically favorable docking results were
clustered with the DBSCAN algorithm [37] using
RMSatd (root mean square deviation for atomic
types) metric [38]. The parameters for clustering
were adjusted for each particular system and
are provided in the results section.

SAA

N-terminus

C-terminus

Molecular dynamics simulations

Five representative structures, which was found
to be an appropriate number to avoid
undersampling of docked solutions [39], were
chosen for each cluster of the docked structures
obtained by molecular docking, and they were used
as starting structures for molecular dynamics (MD)
simulations. Additionally, simulations of the
unbound SAA dimer and monomer were performed
to elucidate a potential effect of GAG binding on the

Fig. 8. Schematic representation of GAG binding effect on SAA N-terminal helix unfolding leading to the potential

increase of its propensity for fibrillization.

12
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protein unfolding process. All MD simulations were
performed in AMBER16 [33] with ff99SBonlysc
parameters for proteins and GLYCAMO6 [35]
parameters for GAGs, respectively. The total length
of each MD simulation was 25 ns, which is appropri-
ate for this type of system according to our previous
analysis [39]. For the SAA monomer alone and SAA
monomer complexed with HP dp2, dp4, dp6 and
dp8 complexes MD simulations have been further
extended to 100 ns for the DSSP analysis. The
MD simulations were performed under periodic
boundary conditions with TIP3P [40] cubic water
box with 10 A distance from any complex atom in
each direction to the box wall. All initial structures
were neutralized by counter ions. The MD protocol
was divided into 4 steps: 1) energy minimization to
remove close contacts between atoms was per-
formed first with 500 steepest descent cycles and
1000 conjugate-gradient cycles W|th harmonic force
restraints on solute (10 kcal/mol/A?) and then with
3000 steepest-descent cycles and 3000
conjugate-gradient cycles without restraints; 2)
heated up the systems to 300 K for 10 ps with har-
monic force restraints on solute (10 kcal/moI/Az) 3)
simulation in constant temperature and pressure
(NTP ensemble) until the density has stabilized at
around 1 g/ml; 4) 25 ns (100 ns for SAA
monomer-HP) simulation was carried out at con-
stant pressure using NTP ensemble (with 2 fs time
step, the cutoff for non bonded interactions 8 A and
the Particle Mesh Ewald [41] procedure).

The CPPTRAJ program from AMBER Tools 17
was used for the analysis of the obtained MD
trajectories.

Free energy MM-GBSA analysis

For the energetic post-processing of the
trajectories and per residue decomposition
Molecular Mechanics Generalized Born Surface
Area (MM-GBSA) was used as implemented in
AMBER16 [33]. The MM-GBSA analysis was done
for all simulations for the frames corresponding to
the fourth step of the MD simulations (as described
above). Obtained values for the binding free energy
are made up of explicit enthalpy and implicit solvent
entropy, and therefore should be understood so
rather than as strict values of the free energy of

binding.
The selectivity of the binding poses was
calculated using method proposed by

Siebenmorgen et al. [42] and described in details
in our previous work [43]. The only modification of
this approach applied here consisted of considering
best scored pose as a reference for “correct” dock-
ing results since there are no reference experimen-
tal structures available. In brief, the scores for the
docked poses obtained from the MM-GBSA calcu-
lations are normalized: the difference between the
score and the mean value were divided by the min-
imum value. Then, all the binding poses were clas-
sified as “correct” and “incorrect” depending if they

13

fall within the 1.5 A cutoff of RMSatd from the refer-
ence pose. The normalized scores for both groups
were further compared.

Repulsive scaling replica exchange molecular
dynamics

For the Repulsive Scaling Replica Exchange
Molecular Dynamics (RS-REMD) [44] simulations
the protocol as presented in our previous work on
protein-GAG complexes was applied [32]. The HP
dp6 and dp24 and the SAA dimer and monomer
were used as ligands and receptors, respectively.
Every ligand was placed at the opposite side of
the protein in respect to the putative binding site
suggested by the PBSA data. The MD simulations
were performed using implicit solvent with igb = 8
with an infinite cutoff for non-bonded interactions.
First, the 3000 steps of steepest descent and
3000 steps of conjugate gradient minimization was
performed. Next, it was followed heating to 300 K
for 10 ns with a a Langevin thermostat (y = 5 ps

. In the production run the harmonic restraints
of 0.05 kcal/mol/A2 were applied on all heavy atoms
of protein. The positional restraint of 1.0 kcal/mol/A2
between the center of mass (COM) of the receptor
and ligand was applied to avoid ligand dissociation
too far away from the receptor. For all four systems,
16 replicas were used with different Lennard-Jones
(LJ) parameters for atomic pairs from both receptor
and ligand molecules: parameters d adjusting the
effective van der Waals radius and a factor e chang-
ing the LJ potential well depths were assigned to
0.00 A 0.01 A, 0.02 A 0.04 A, 0.08 A, 012A
0.16 A 020A 024A 028A 0.32 A, 0.38 A,
0.44 A, 0.50 A, 0.58 A, 0.68 A and 0.000, 0.015,
0.030, 0.0045, 0.060, 0.075, 0.090, 0.120, respec-
tively as previously calibrated [44]. During produc-
tion run, 25,000 MD exchange steps between
adjacent replicas were produced, obtaining a total
of 250 ns per replica. In the production run every
10® MD steps an exchange between neighboring
replicas was attempted as it is implemented in
AMBER MD package [33] by a default replica
exchange procedure.

RS-REMD refinement

The refinement of the structures obtained in the
RS-REMD step was performed based on
electrostatic energy values obtained from the MM-
GBSA calculations as described in our previous
work [32]. First, the binding free energy was calcu-
lated in AMBER16 [33] program. The trajectory for
the first replica (with unmodified LJ parameters)
was used. Then, the 100 best frames with the low-
est value of electrostatic energy were selected for
refinement. These structures were refined by carry-
ing out four steps of MD simulation in the explicit as
described in the MD simulations section.
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Hydrogen bond analysis

Hydrogen bonds between the SAA protein and
GAGs were calculated from the MD trajectories
using CPPTRAJ [45], defining a hydrogen bond dis-
tance cutoff of 3.0 A and a hydrogen bond angle cut-
off of 135°. The number of reported hydrogen bonds
was averaged over the entire MD trajectories and
across replicates, and subsequently summarized
and visualized using in-house scripts coded in
Python 3.8.5 using the numpy 1.19.2 [46], pandas
1.1.3 [47] and matplotlib 3.3.2 [48] libraries.

Data analysis

Statistical analysis and graphical presentation of
the obtained data were performed by R-package
[49].

Visualization

Each trajectory was visualized in VMD [50] and
Pymol [51]. The Pymol was also used for the pro-
duction of figures.
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