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ABSTRACT: Deposition of human serum amyloid A (SAA) amyloids in
blood vessels, causing inflammation, thrombosis, and eventually organ
damage, is commonly seen as a consequence of certain cancers and
inflammatory diseases and may also be a risk after SARS-COV-2 infections.
Several attempts have been made to develop peptide-based drugs that
inhibit or at least slow down SAA amyloidosis. We use extensive all-atom
molecular dynamic simulations to compare three of these drug candidates
for their ability to destabilize SAA fibrils and to propose for the best candidate, the N-terminal sequence SAA1-5, a mechanism for
inhibition. As the lifetime of peptide drugs can be increased by replacing L-amino acids with their mirror D-amino acids, we have also
studied corresponding D-peptides. We find that DRI-SAA1-5, formed of D-amino acids with the sequence of the peptide reversed, has
similar inhibitory properties compared to the original L-peptide and therefore may be a promising candidate for drugs targeting SAA
amyloidosis.
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Various cancer and inflammatory diseases can promote
overexpression of serum amyloid A1,2 to 1000 times

higher concentrations than seen usually.3 The resulting higher
chance for misfolding and aggregation leads often to serum
amyloid A (SAA) amyloidosis as a secondary disease bringing
on widespread damage to tissues and organs, with kidney
failure a common complication.4 Similar SAA concentrations
have also been reported after SARS-COV-2 infections,5−7

suggesting an increased risk for SAA amyloidosis. It has been
speculated that SAA amyloids are also implicated in the
multisystem inflammatory syndrome in adults (MIS-A) which
has a similar spectrum of symptoms as SAA amyloidosis.8

Hence, there is an interest in finding drug candidates that can
inhibit or at least slow down SAA amyloid formation.
Several attempts have been made to develop such drugs

based on synthesis of small peptides. These peptides are
chosen from the sequence of amyloidogenic proteins for their
complementarity to the regions on the SAA protein that are
responsible for self-association.9−13 This peptide-based ap-
proach has been successfully applied to combat aggregation of
amyloid-β (Aβ) peptides (connected to Alzheimer’s disease)
and α-synuclein (implied in Parkinson’s disease), where so-
designed inhibitors are able to prevent fibril formation and to
disaggregate preformed fibrils, both in cell culture models and
in animal models.9−15 Earlier biophysical studies have
confirmed that the N-terminal sequence RSFFS of the SAA
protein (to which we refer in the following as R5S) and the Aβ
peptide segment Aβ17−20 (LVFF), called by us L4F, can
significantly suppress the SAA aggregation process.10 However,
that study considered as drug target only the short SAA1−12
fragment,16,17 which has a different aggregation propensity
than larger segments.12 For this reason, we choose in the

present study assemblies of larger SAA fragments as drug
targets but select again these two peptides as possible drug
candidates. In addition, we add as a third inhibitor candidate
the peptide FVFLM of the protein SERPINA1, found in the
urine and placenta18 of pregnant women suffering from
preeclampsia. The choice of this peptide, called by us F5M,
is motivated by an in silico study of Kouza et al.19 who showed
that FVFLM strongly binds with central hydrophobic domain
Aβ16−20 (KLVFF), thereby disrupting the Aβ aggregation
pathway. We hypothesize that a similar mechanism is likely for
inhibition of SAA aggregation. All three inhibitor candidates
are listed in Figure 1 together with their names used in this
study.
SAA fibrils are not formed by the full-sized protein but by

shorter fragments derived after enzymatic cleavage. The most
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Figure 1. Inhibitor candidates evaluated in this study. Carbons are
colored in gray, nitrogen in blue, oxygen in red, and sulfur in yellow.
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common fragment is SAA1−76, but the only experimentally
resolved human SAA fibril structure is for the segment
SAA2−55, deposited in the Protein Data Bank under identifier
6MST.20 Hence, in the present paper we compare through
unbiased all-atom molecular dynamics (MD) simulations the
ability of the three inhibitor candidates to reduce the stability
of this fibril structure, a necessary condition for lowering the
risk for amyloidosis. As regular MD of a few hundred
nanoseconds were sufficient for our purpose, we did not
utilize a more advanced enhanced sampling technique relying
on artificial dynamics; albeit, enhanced sampling methods such
as replica exchange molecular dynamics (REMD) have been
employed in the past successfully to study the Aβ fibril−drug
interaction at the molecular level.21

Our results suggest that the fragment SAA1−5 (RSFFS, to
which we refer as R5S) has a larger effect on fibril stability than
L4F (the LVFF segment Aβ17−20) and F5M, the segment
FVFLM of SEREPINA1. Since short half-life time and the
resulting need for frequent drug administration are common
complications in peptide-based therapies that would also
hamper the use of R5S as a potential drug, we have also studied
versions of R5S where the L-amino acids are replaced by D-
amino acids. This is because peptides made of D-amino acids
are resistant to proteolytic digestion, resulting in longer half-life
times. Hence, following our earlier work22 we have studied
both a variant where the sequence is unchanged (D-R5S) and
one where also the sequence is reversed (DRI-R5S). The later
variant is chosen because such D-retro-inverso peptides
resemble the parent peptide and have often similar biological
activity.23−25

All systems investigated by us are listed in Table S1 of the
Supporting Information. Their preparation and the protocols
and techniques used in the setup and analysis of our
simulations are described in the Materials and Method section,
which can be also found in the Supporting Information. As
amyloid formation decreases the entropy of the SAA chains,
overcoming this loss of entropy requires an energetic bias
toward the fibril structure. Peptide inhibitors work by reducing
the energetic stabilization of the fibril structure upon binding
to the fibril. Hence, for evaluating the peptide inhibitor
candidates we have to ensure first that in our simulations the
fibril stability is not already artificially decreased by other
interfering factors such as, for instance, the chosen ionic
strength. Another potential systematic error could result from
the missing first residue in the experimentally determined
SAA2−55 fibril model. This residue, an arginine, is at neutral pH
protonated and, therefore, able to form salt bridges with
negatively charged residues. These salt bridges are missing in
simulations of our model which as a consequence may
underestimate the stability of the fibril. In order to exclude
such systematic errors, we first compare simulations of the
fibril with and without the N-terminal arginine and without
added salt (except for counterions) and at 150 mM NaCL (the
physiological intracellular salt concentration). The time
evolution of the root-mean-square deviation (RMSD) to the
respective start configuration is shown in Figure 2. As the
RMSD is calculated over all the backbone atoms and all chains
in the respective fibril model, we call it a global RMSD.
Comparing the four simulations, we observe first that the

RMSD is lower in simulations of the fibril with physiological
salt concentration than it is in the simulations of the
corresponding systems without salt. Hence, omitting salt
artificially decreases fibril stability. While this effect is small in

simulations where the first residue is missing, raising from (4.4
± 0.4) Å in 0 mM to (4.7 ± 0.4) Å in 150 mM, it is more
pronounced in simulations where the arginine is added. Here,
the final RMSD value at 100 ns is (5.8 ± 0.4) Å in 0 mM NaCl
and (5.0 ± 0.8) Å in 150 mM NaCl.
Similarly, we find in accordance with previous experimental

results20 that addition of the N-terminal arginine reduces the
stability of the fibril even when comparing the two models at
the same salt concentrations. The presence of arginine breaks
stabilizing contacts at the cross-stacking interface and N-
terminal hydrophobic cluster (see Figure S1 in the Supporting
Information), with the effect lower when the electrostatic
interactions are screened by the Na+ and Cl− ions. We remark
that by repeating the above four simulations now adding the
R5S inhibitor, we find the same trend as for the control
simulations (in the absence of any inhibitor); see Supporting
Information Figure S2. Hence, for our evaluation and the
comparison of the inhibitors, relying on longer trajectories, we
use the experimental fibril model without added N-terminal
arginine and choose a salt concentration of 150 mM.
With the optimal simulation conditions determined, we then

compare for all three inhibitor candidates the stability of the
SAA fibril in the presence of the inhibitor with the stability of
the control. Our results are shown in Figure 3, where we show
in the top row the global RMSD to the start configuration and
in the middle row the chain RMSD with respect to the start
configuration. In Figure 2 is the global RMSD calculated for
the backbone atoms in all chains of the fibril model, whereas
the chain RMSD is the average over chain-wise calculated
RMSD values. Hence, the global RMSD measures the
structural deviation of the entire fibril while the chain RMSD
measures the structural distortion of each protein chain within
the fibril. On the other hand, the residue-wise root-mean-
square-fluctuation (RMSF) shown in the bottom row describes

Figure 2. Time evolution of global RMSD of control simulations.
RMSD values are calculated in reference to the experimentally
resolved structure (PDB ID: 6MST) considering only backbone
atoms in all chains of the respective fibril model. The data are
averaged over three trajectories, with the shaded region indicating the
standard deviation of the average. Systems displayed are those with
arginine at 0 mM (a), with arginine at 150 mM NaCl (b), without
arginine at 0 mM (c), and without arginine at 150 mM (d). In order
to allow for a more easy comparison of the four systems, we have
drawn dashed lines at 6 Å to guide the eyes.
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the flexibility of a certain residue in the chains that make up the
fibril.
Focusing first on the top two rows in Figure 3, we see that

global and chain RMSD are correlated. Both RMSD values are
growing for all three inhibitors faster and to higher values than
for the control, with the effect most pronounced for Inh1. For
instance, the global RMSD values averaged over the final 100
ns and the three trajectories are for the control (0.49 ± 0.02)
nm, for R5S (0.74 ± 0.05) nm, for L4F (0.66 ± 0.03) nm, and
for F5M (0.60 ± 0.04) nm. The correlation between global
and chain RMSD is especially obvious for R5S inhibitor where
the sudden rise in global RMSD at 200 ns is mirrored by one in
chain RMSD. The correlation between the two quantities
suggests that the dissolution of the fibril goes in hand with a
change in chain structure. In order to quantify the structural
change of the SAA chains, we have also calculated the residue-
wise backbone RMSF along the trajectories and show this
quantity in the bottom row of Figure 3. Here we find that the
large structural deviations, seen by visual inspection in the β-
arch formed by residues 2−22 and in the C-terminal cavity
formed by residues 45−55, is correlated with high flexibility of
the residues in these two regions. Note that the RMSF
distribution of each residue is for each of the inhibitor
simulations broader than for the control (the fibril without
inhibitor candidate added). Hence, the inhibitor disturbs the
chain conformations which in turn leads to dissolution of the
fibril geometry.
Note that we simulated initially the control and the

inhibitor-containing system for 200 ns. As the differences
between R5S and L4F inhibitors were small and, unlike the
control or F5M inhibitor, the RMSD in both systems appeared
to continue growing, we extended simulations for R5S and L4F
inhibitors by 50 ns, with the extension drawn in a different
color. With this extension, it appears from Figure 3 and visual

inspection of the snapshots in Figure 4 that the structural
deviations are largest in the presence of R5S inhibitor.

We have quantified this observation by measuring for both
the control and inhibitor simulations the solvent-accessible
surface area (SASA), the number of stacking contacts
(Nstacking), the number of stacking hydrogen bonds
(NHB‑stacking), the number of packing contacts (Npacking), the
number of packing hydrogen bonds (NHB‑packing), and the
interstrand packing distance (Dpacking). We list in Table 1 the
mean and standard deviation of these quantities, as calculated
over the last 100 ns of each system for three independent 200
ns-long trajectories. The first of these quantities, the solvent-
accessible surface area (SASA) of the hydrophobic residues, is
a measure for the solvent exposure of the hydrophobic residues
in the SAA fibril. It is measured in the VMD package by
running a spherical probe of 1.4 Å radius over the fibrillar
surface. In the case of R5S inhibitor, the hydrophobic SASA
increases by about ∼26% over the control, suggesting the
inhibitor causes conformational changes in which the tightly
packed hydrophobic core becomes hydrated. This is not the
case for the other two inhibitors, where the SASA values
increase by only about 11%.
VMD is also used to calculate the total number of stacking

contacts (Nstacking), stacking hydrogen bonds (NHB‑stacking),
packing contacts (Npacking), and packing hydrogen bonds
(NHB‑packing). We define contacts by a distance cutoff of 4.5 Å
and hydrogen bonds by the condition that the distance
between the N and O atoms is less than 3.0 Å and the angle of
N−H···O is between 160° and 180°. Table 1 shows that the
presence of the inhibitors decreases the number of hydrogen
bonds and hydrophobic contacts involved in packing of the
two folds more than the ones stabilizing the stacking of chains.
For example, in the presence of R5S, we observe a 49% loss in
contact at the packing interface, but the stacking contacts
decrease by only 9%. This loss of contacts at the packing
interface is also reflected by an increase of about 29% in the
interstrand packing distance Dpacking (shown also in Table 1) in
the presence of R5S. The corresponding change is much

Figure 3. Time evolution of the global and chain RMSD measured in
simulations of the fibril in the absence (in black) and presence of
three inhibitors (in red). Residue-wise RMSF values are calculated
over the final 100 ns of each trajectory. Data in the presence of R5S,
L4F, and F5M inhibitors are shown in the first, second, and third
columns, respectively. The simulations with R5S and L4F inhibitors
present were later extended up to 250 ns. This additional timespan is
drawn in blue. Chain RMSD and RMSF values are averaged over all
six chains in the SAA fibril and all three trajectories. The shaded
region represents the standard deviation. The RMSD and RMSF
values are calculated in reference to the experimentally resolved
structure considering all backbone atoms in residues 2−55. For better
visualization of subtle differences, we have drawn the dashed lines at
suitable global/chain RMSD and RMSF to guide the eyes.

Figure 4. Representative final configuration extracted from a control
simulation of the SAA2−55 fibril is shown in (a). Corresponding final
snapshots extracted from simulations in the presence of R5S, L4F, and
F5M inhibitors are shown in (b), (c), and (d), respectively. N- and C-
terminal residues are marked by blue and red spheres, respectively.
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smaller for the other two inhibitors where Dpacking increases by
only about 2%. Here, Dpacking is defined by the distance
between the center of mass of two chains at the interface where
they are packed (residues 28−31).
Our above analysis shows that R5S, the N-terminal sequence

SAA protein (RSFFS), is more effective than the other two
inhibitors in destabilizing the SAA fibril. Hence, we focus in
the following on this inhibitor, trying to understand the
mechanism by which R5S destabilizes SAA fibrils. For this
purpose, we have first tried to quantify the destabilization of
the SAA fibril by R5S by calculating the binding free energy of
the chains. The later quantity is estimated by the MMPBSA
approach26 as thermodynamic integration or other exact
methods would have been too costly in terms of computation
time, and values are listed in Tables S2 and S3 in the

Supporting Information. As in many other studies,27,28 we did
not consider the entropic contribution in the binding free
energy calculation. This is discussed in detail in the trajectory
analysis section in the Supporting Information.
We find that the presence of R5S reduces the fibril stability

by about 60 kcal/mol, from (−311 ± 80) kcal/mol in the
control to (−254 ± 60) kcal/mol. The loss of stability is
mostly from the change in the packing free energy, i.e., the
difference in free energy of the fibril 2F3L and of two separated
proto-fibrils 1F3L, which changes from (−148 ± 54) kcal/mol
for the control to (−38 ± 38) kcal/mol in the presence of the
inhibitor. The change in packing free energy of about 90 kcal/
mol is due to a loss of interactions between residues of about
252 kcal/mol that is only partially compensated by a gain in
solvation free energy of about −160 kcal/mol. A less

Table 1. Solvent-Accessible Surface Area (SASA), Number of Stacking Contacts (Nstacking), and Stacking Hydrogen Bonds
(NHB‑stacking); Number of Packing Contacts (Npacking) and Packing Hydrogen Bonds (NHB‑packing); and Interstrand Packing
Distance (Dpacking)

a

System Control R5S L4F F5M

SASA (Å2) 6298 ± 388 7931 ± 639 6962 ± 46 6966 ± 399
%ΔSASA - 26 11 11
Nstacking 16100 ± 376 14643 ± 509 15667 ± 412 15118 ± 861
%ΔNstacking - −9 −3 −6
Npacking 2265 ± 216 1149 ± 492 1782 ± 170 1648 ± 302
%ΔNpacking - −49 −21 −27
NHB‑stacking 56 ± 7 53 ± 6 53 ± 7 50 ± 8
%ΔNHB‑stacking - −5 −5 −10
NHB‑packing 7 ± 2 4 ± 2 6 ± 2 5 ± 2
%ΔNHB‑packing - −41 −14 −34
Dpacking (Å) 9.5 ± 0.3 12.2 ± 5.0 9.6 ± 0.3 9.7 ± 0.4
%ΔDpacking - 29 2 2

aAverages are calculated over the three independent trajectories considering only the final 100 ns of each 200 ns long trajectory, with the
corresponding standard deviations also shown. The change between simulations in the presence and absence of the inhibitors is listed as percent
changes.

Figure 5. Intrapeptide side-chain distance map measured during simulations of SAA fibrils in the presence (a) and absence of (b) of peptide
inhibitor R5S. The corresponding interpeptide side-chain distance maps are also shown in (d) and (e), respectively. For a comparison, we also
show (c) intrapeptide and (f) interpeptide side-chain distance maps of the cryo-EM SAA fibril model (PDB-ID: 6MST). Residue pairs whose
average contact distance exceed 1.0 nm are excluded. Distance maps are calculated using the last 100 ns in all three independent trajectories.
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pronounced difference is seen for the elongation free energy,
i.e., the difference in free energy by adding one layer to the
fibril (2F3L compared with 2F2L + 2F1L), which decreases by
about 20 kcal/mol, from (−143 ± 54) kcal/mol in the control
to (−125 ± 53) kcal/mol in the presence of R5S. The
difference is again due to a reduction of interactions between
residues, with the loss of about 56 kcal/mol only partially
compensated by a gain in the solvation free energy of about
−37 kcal/mol. Hence, our MMPBSA analysis indicates that the
loss in fibril stability results from a loss of electrostatic and van
der Waals interactions.
We have therefore compared in the next step the map of

inter- and intraresidue distances measured either in the
simulations where R5S inhibitor is present or in the control
(where neither R5S nor one of the other two inhibitors is
present). These maps are shown in Figure 5, with the coloring
marking the average distance between two residues.
Visual inspection of the cryo-EM structure (PDB-ID:

6MST) (resolved at 3.0 Å resolution) together with the
intrachain and interchain distance map, derived from this
structure and shown in Figure 5c and 5f, demonstrates that the
N-terminal β-arch formed by residues 2−22 is stabilized by the
densely packed hydrophobic core formed by residues F4, F6,
F11, M17, W18, and A20 and by salt bridges between residue-
pairs D12-R15 and D16-R19. Of importance are also contacts
between the C-terminal end encompassing residues 47−55 and
the region encompassing residues 19−26 that stabilizes the C-
terminal cavity, namely multiple hydrophobic contacts
involving the residues A21, M24, W53, V52, and A54 and
the salt bridges between E26-R47. These contacts are also seen
in the control simulations (see Figure 5b and e), indicating
that these contacts are conserved in the absence of any
inhibitor. On the other hand, in the presence of the peptide
inhibitor R5S, these contacts are rarely found (see Figure 5a
and d). Similarly, while only few contacts at the N-terminal
cross-stacking interface (encompassing residues 11−17) are
lost in the control simulations (Figure 5e), the stacking
contacts are lost in the presence of R5S (Figure 5d), which
may be one reason for its ability to destabilize the SAA fibrillar

architecture as it causes a loss of van der Waals energy of about
56 kcal/mol (see Supporting Information Tables S2 and S3).
Corresponding figures for the other two inhibitors, L4F and

F5M, are shown in Figure S3 of the Supporting Information.
Similar as in the case of R5S are the hydrophobic cluster at the
N-terminus perturbed in the presence of L4F, as are the C-
terminal cavity stabilizing contacts between the C-terminus
(residues 47−55) and the residues 19−26. However, for F5M
the interstacking interface at the N-terminus is conserved over
the course of the simulation and the disruptive effect of F5M is
even lower: the distance maps in Figure S3 do not show any
obvious loss of contacts.
We next have calculated the residue-wise binding probability

of R5S inhibitor toward the SAA fibril to understand the
relation between R5S binding and the loss of intrachain and
interchain contacts. For this purpose, we define a binding site
as the closest residue with at least one heavy atom within 4.5 Å
from the R5S and do not consider peptide inhibitors that move
away from the fibril. Data are averaged over the final 100 ns of
all three trajectories and shown in Figure 6. From the binding
probability map we see that R5S preferentially binds with
aromatic residues (F3, F4, F6, F11, W18, and Y21),
hydrophobic residues (L7, A10, A14, M17, and A20), and
polar and charged residues (S2, S5, E9, and S22) at the N-
terminus, disrupting the most amyloidogenic and hydrophobic
segment of the protein. We also observe lower binding
probability toward the packing interface through hydrophobic
and polar interactions. As a result it increases the interstrand
packing distance by about 29%. The resulting loss in contacts
between polar and charged residues leads to a reduction of
electrostatic energy between residues by about 219 kcal/mol
and of the van der Waals energy by about 34 kcal/mol, that
decreases the packing energy of the fibril in the presence of
R5S (see Supporting Information Tables S2 and S3).
Interestingly, we do not find any binding affinity toward the
aromatic and hydrophobic residues at the C-terminal end
(residues 53−55) and the GPGG motif (residues 48−51).
We remark that the binding affinities of L4F, shown in

Figure S4 of the Supporting Information, are similar to R5S
but bind more toward certain aromatic and hydrophobic

Figure 6. Residue-wise binding probability (normalized) of R5S inhibitor for the SAA fibril. Data are averaged over the final 100 ns of all three
independent runs.
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residues (e.g F3, F4, and M24) and less toward polar and
charges residues. The differences reflect that L4F is purely
hydrophobic while there are two polar serine (S) and one
positively charged arginine (R) residue in R5S inhibitor.
Interestingly, while F5M (FVFLM) is also hydrophobic, we
did not observe the same binding affinity to the hydrophobic
and amyloidogenic N-terminus (see Figure S5 in the
Supporting Information), as we observed for either R5S or
L4F.
As discussed above, our simulations show that all three small

peptides interact with the SAA fibril mostly by hydrophobic
interactions and π−π stacking. In the case of R5S there is
additional stabilization by long-range electrostatic interactions
involving the polar (S) and charged (R) residues of R5S. These
additional interactions lead to the strong binding of all six R5S
inhibitors to the SAA fibril fragment (a hexamer). On the other
hand, in the case of L4F and F5M there are fewer of the
peptides bound to the fibril. For example, in one of the L4F
inhibitor trajectories, we find after 250 ns only two peptides
still binding to the fibril. Hence, our data demonstrate the need
to consider polar and charged residues in the design of
peptides inhibiting SAA amyloidosis as sole hydrophobic
interactions are not sufficient for a strong binding.
Our above study established that the peptide inhibitor R5S,

SAA1−5(RSFFS), is able to destabilize small fibril fragments
such as the 2-fold three-layer 2F3L. While the hexamer is
above the critical size for SAA fibril stability,29 a potential
application as a drug would require that R5S inhibitor can also
dissolve fully grown SAA fibrils. Hence, in order to test
whether the destabilizing effect of R5S persists with increasing
number of layers, we have also simulated the 2F4L octamer as
the next larger SAA assembly. Comparing the time evolution of
the global RMSD in Figure 7, measured in trajectories derived
with either R5S inhibitor present or absent, we still observe the
destabilizing effect of R5S seen in simulations of the smaller
2F3L hexamer. While the stability of the SAA fibril increases
with size, and therefore the measured RMSD values are smaller
and increasing more slowly, the qualitative behavior is the
same as seen in the simulations of the smaller 2F3L fibril.

While the 2F4L octamer is still a small system, we believe that
this similarity to the 2F3L hexamer indicates that the
destabilizing effect of R5S inhibitor will likely persist for the
much larger systems one would observe in vito or in vivo.
In the preceding section we have shown that the peptide

inhibitor R5S destabilizes SAA fibrils. This destabilization is a
minimum condition for use of R5S as a potential drug
candidate inhibiting SAA amyloid formation. However, R5S
can only act as a drug if it survives long enough in the body to
be able to dissolve SAA aggregates. However, peptide-based
therapies are often hampered by short half-life times, a likely
complication for the use of R5S. For this reason, we have also
studied versions of R5S where the L-amino acids are replaced
by D-amino acids, as such peptides are resistant to proteolytic
digestion resulting in longer half-life times. Hence, following
our earlier work,22 we have studied both a variant where the
sequence is unchanged (D-R5S) and one where also the
sequence is reversed (DRI-R5S). The later variant is chosen
because such D-retro-inverso peptides resemble the parent
peptide and often have similar biological activity.23−25

Our results are shown in Figure 8, where we draw the time
evolution of the global RMSD of the SAA fibril relative to the

initial cryo-EM structure. Shown are the results from
simulations in the presence of DRI-R5S or D-R5S and the
corresponding data obtained from simulations without any
inhibitor or with L-R5S present. RMSD data over the course of
three separate 200 ns simulations for each system indicate that
the DRI-R5S is more effective to destabilize the fibril
compared to D-R5S: the averaged RMSD values over the
final 100 ns and three trajectories are (0.75 ± 0.04) nm and
(0.62 ± 0.02) nm in the presence of DRI-R5S and D-R5S,
respectively.
This observation is corroborated by the values of the

hydrophobic SASA, Nstacking, NHB‑stacking, Npacking, NHB‑packing,
and Dpacking shown in Table 2, which also lists the
corresponding data for the control and the L-amino acid
version of R5S. For example, the hydrophobic SASA increases

Figure 7. Time evolution of the global RMSD measured in
simulations of the 2-fold-four-layer (2F4L) SAA fibril in the absence
(in black) and presence of R5S inhibitor (in red). The shaded region
represents the standard deviation. The RMSD values are calculated in
reference to the experimentally resolved structure considering all
backbone atoms.

Figure 8. Time evolution of the global RMSD measured in
simulations of the 2-fold-three-layer (2F3L) SAA fibril in the presence
of DRI-R5S (blue) and D-R5S (red). For a comparison, we show also
corresponding data obtained from simulations in the presence of L-
R5S (green) and from the control simulation (black). The shaded
region represents the standard deviation. The RMSD values are
calculated in reference to the experimentally resolved structure
considering all backbone atoms.

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter

https://doi.org/10.1021/acsmedchemlett.1c00456
ACS Med. Chem. Lett. 2021, 12, 1613−1621

1618

https://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.1c00456/suppl_file/ml1c00456_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00456?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00456?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00456?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00456?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00456?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00456?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00456?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00456?fig=fig8&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://doi.org/10.1021/acsmedchemlett.1c00456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


by ∼21.6% in the presence of DRI-R5S, while the
corresponding change in the presence of D-R5S is about
16%. While the percentage difference with respect to the
control is for most of the quantities comparable for DRI-R5S
with the corresponding changes for L-R5S (see Table 2), the
fibril disruption is slightly smaller. This difference reflects that
reversing the sequence and replacing L by D amino acids does
not lead to exactly the same structure as seen in the L-parent.
This has also been observed by us in earlier work for Aβ and
amylin fibrils.22,30 However, while we do not find in the
presence of either DRI-R5S or D-R5S the increase in
interstrand packing distance that we see for L-R5S, taken
together our data do suggest that DRI-R5S has a similar
effectiveness to L-R5S in destabilizing SAA fibrils. The inter-
and intrachain distance maps in the presence of DRI-R5S that
we show in Figure S6 of the Supporting Information add
further evidence for this conclusion. The distance map is
similar to that of L-R5S, with the hydrophobic cluster, salt-
bridges, and the N-terminal interstacking interfaces disrupted
in the presence of DRI-R5S. The binding probability map in
Figure S7 also shows similar binding models as L-R5S since
DRI-R5S is again strongly binding to hydrophobic and
aromatic residues in the N-terminal hydrophobic cluster or
forming salt bridges with the charged residues E9, D12, D33,
and K34.
SAA amyloidosis is a common secondary disease connected

with various cancers and inflammatory diseases,1,2 and it may
also be a risk after SARS-COV-2 infections.8 In this paper we
have studied three peptides that may serve as drug candidates
for inhibiting or slowing down SAA amyloid formation. Using
extensive all-atom molecular dynamics simulations, we
compare the ability of the N-terminal sequence SAA1−5
(R5S), the Aβ peptide segment Aβ17−20 (L4F), and the
peptide FVFLM (F5M) of the protein SERPINA to destabilize
a small fragment of the experimentally resolved human SAA
fibril (PDB-ID: 6MST). We find that the destabilizing effect is
larger for the amphipathic R5S inhibitor than for the purely
hydrophobic L4F and F5M and persists when increasing the
fragment size. Going beyond confirming previous experimental
results,10 our numerical investigation allows us to propose a
mechanism for the inhibitor properties of R5S. We find that
this peptide binds to the N-terminus, the most amyloidogenic
and hydrophobic segment of the SAA fibril, mainly through
short-range hydrophobic and π−π stacking interactions with
aromatic and hydrophobic residues, but unlike for L4F and
F5M inhibitors the binding interface is in addition stabilized
via long-range interactions involving the polar and charged
residues of R5S. The complex binding patterns of hydrophobic,

polar, and ionic interactions disturb not only the densely
packed hydrophobic core at the N-terminus but also the
network of contacts that stabilize the SAA fibril geometry.
From these observations we conclude that for the design of
peptide inhibitors against SAA fibril formation, one should
optimize not only the hydrophobic contacts of the peptide to
the N-terminus but also salt bridge formation and polar
contacts with the charged residues in this segment. In our case
it is the presence of such contacts that set the R5S inhibitor
apart from the other two peptides where the binding to the N-
terminus is solely by hydrophobic contacts. Our proposed
mechanism is consistent with the crucial role of the N-
terminus (the first 11 residues) as starting point for the SAA
fibril self-assembly.31 Hence, it is plausible that drug candidates
such as our R5S inhibitor will have to target this domain, both
to inhibit binding of chains in the early stages of the
amyloidogenic pathway and to destabilize the aggregates.
We finally have addressed a common problem in the use of

peptides such as R5S as drug candidates: short half-life time
and the resulting need for frequent administration that makes
their use cumbersome. Following common protocols, we have
therefore also studied versions of R5S where the L-amino-acids
are replaced by their mirror D-amino acids, leading to peptides
that are resistant to proteolytic digestion and have longer half-
life times. Especially, we find that DRI-R5S, where not only L-
amino acids are replaced by D-amino acids but also the
sequence reversed, has similar inhibitory effects than the
original L-R5S. The much longer lifetime may make DRI-R5S
an attractive drug candidate targeting SAA amyloidosis, and we
hope that our computational study will encourage soon
experimental investigations of the inhibitory potency of DRI-
R5S. While we are not aware of any human clinical trial of
DRI-peptide inhibitors, we remark that similar tests as
proposed for DRI-R5S have been done for the similar sized
DRI-KLVFF (Aβ16−20), showing it to be stable against
proteolysis and inhibiting Aβ1−42 fibril growth.32 The same
group also attached a retro-inverted version of the HIV protein
transduction domain “TAT”, to this peptide, allowing it now to
cross the blood−brain barrier,33 and showed that its peripheral
administration (at 100 nmol/kg) for 21 days into an
Alzheimer’s disease mouse model significantly reduced the
Aβ plaque count. Targeting SAA amyloidosis, DRI-R5S will
not need to cross the blood−brain barrier, but we would
expect that otherwise similar experimental protocols will apply.

Table 2. Mean Values of Solvent-Accessible Surface Area (SASA), Number of Stacking Contacts (Nstacking), Number of Packing
Contacts (Npacking), and Interstrand Packing Distance (Dpacking)

a

System DRI-R5S D-R5S Control L-R5S

SASA (Å2) 7698 ± 488 7298 ± 329 6298 ± 391 7931 ± 639
%ΔSASA 22 16 - 26
Nstacking 14420 ± 498 15452 ± 679 16100 ± 376 14643 ± 509
%ΔNstacking −10 −4 - −9
Npacking 1529 ± 124 1626 ± 252 2265 ± 216 1149 ± 492
%ΔNpacking −32 −28 - −49
Dpacking (Å) 9.5 ± 0.3 9.6 ± 0.4 9.5 ± 0.3 12.2 ± 5.0

aAverages are calculated over the three independent trajectories considering only the final 100 ns of each 200-ns-long trajectory. The corresponding
standard deviations are listed in brackets. We also provide percent changes to describe the change of values calculated from simulations in the
presence of an inhibitor, compared to the values calculated in the control simulations.
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