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Amyloid b-protein (Ab) and Tau, two common pathogenic proteins associated with Alzheimer’s disease
(AD), cross-interact, and thus co-assemble into hybrid aggregates. However, molecular mechanism of
the cross-interactions remains unclear. To explore the issue, docking and molecular dynamics (MD) sim-
ulations were coupled to study the cross-interactions between Ab pentamer and Tau pentamer. Four
stable hybrid decamer conformations including double layer, single layer, block, and part-in were
obtained by protein-protein docking software HADDOCK 2.2. Then, MD simulations were used to explore
the molecular mechanism of cross-interactions between Ab pentamer and Tau pentamer. The results of
MD simulations showed that the part-in structure was the most stable among all the above four repre-
sentative ones. The binding energy between Ab and Tau was about �759.77 kJ�mol�1 in the part-in struc-
ture. Moreover, the part-in conformation would undergo conformational transition, which would
improve its hydrophobicity and make the structure more compact. This work offers a structural under-
standing of cross-interactions between Ab and Tau linked to AD.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction Recently, many in vivo and in vitro studies have proven that
Occurrence and development of Alzheimer’s disease (AD), one
of the representative neurodegenerative diseases, are closely
related to the misfolding and further aggregation of its pathogenic
proteins [1,2]. Both extracellular amyloid plaques and intracellular
neurofibrillary tangles are the two major pathologic markers of AD.
Amyloid b-protein (Ab) and Tau are the major constituents of amy-
loid plaques and neurofibrillary tangles, respectively. And the mis-
folding and aggregation of Ab and Tau is considered the main
causes for the formation of amyloid plaques and fibrous tangles,
respectively. The amino acid sequence length of Ab ranges from
36 to 43, and Ab42 and Ab40 are the two most common and abun-
dant ones. Although Tau is bigger than Ab and contains about 352–
441 amino acids, it has the strong aggregation properties like Ab.
The R2�R4 area of Tau most likely formed orderly b-sheet struc-
ture in human brain of AD patients [3–5]. Especially, six residues
region (275VQIINK280 and 306VQIVYK311) in R2 and R3 plays an
important role in Tau fibrillogenesis.
many amyloid proteins cross-interacted each other [6–11]. There
is growing evidence that the cross-seeding of different amyloid
proteins would promote their self-assemble [12–14]. For example,
clinical and epidemiological studies have identified the diagnosis
of type 2 diabetes as a risk factor for the development of AD due
to the cross-seeding between Ab and human islet amyloid
polypeptide [15,16]. In addition, it has been identified that Ab
co-aggregated with Tau, which plays a crucial role in the occur-
rence and development of AD [17–20]. Previous studies have found
that fibrous tangles of Tau are often accompanied by the appear-
ance of Ab plaques. Therefore, it can be speculated that the two
amyloid proteins may copolymerize synergistically or accelerate
each other. For example, Ab aggregates can promote Tau aggrega-
tion, thus enhancing Tau pathology [21] and exacerbating brain
lesions of AD patients [22]. Moreover, Lewis et al. [23] have also
reported that the introduction of Tau in the brain of Tg2576 trans-
genic mice also enhances Ab fibrillogenesis.

Although many in vitro and in vivo studies have been conducted
[24–26], the molecular mechanism of the interactions between Ab
and Tau and their influence on each other’s aggregation remains
unclear. For example, Yifat et al. [27] explored the cross-
interactions between Ab tetramer and Tau tetramer by molecular
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dynamic (MD) simulations. They found that Ab and Tau tetramers
tend to form a lower energy stable complex. And Miller et al. [28]
studied the cross-interactions between Ab and NAC region of a-
synuclein. The complex conformation of Ab and a-synuclein was
first obtained by docking. Then, two single layer conformation
and three double layer conformation were identified. However,
there are still some problems in the cross-interactions between dif-
ferent amyloid protein oligomers. For example, some 3D structure
of Tau, only a small fragment in the repeated regions that are easy
to form the b-sheet structure, are often applied [27,29–31]. In addi-
tion, the way of artificial selection is usually performed to gain the
complex of different amyloid protein [28,32].

Herein, protein-protein docking and MD simulation methods
were coupled to explore the cross-interactions between Ab and
Tau in atomic detail. First, Ab-Tau hybrid decamer was obtained
using the protein-protein docking software HADDOCK 2.2. Then,
the change of each secondary structure and the number of contacts
of the hybrid decamer were analyzed based on the results of MD
simulations. Further, the change of binding energy between Ab-
Tau hybrid decamer was also probed by molecular mechanics-
Poisson Boltzmann surface area (MM-PBSA) method. Thereafter,
the interactions between Ab and Tau pentamer in different confor-
mations was also investigated. Finally, the novel part-in conforma-
tion obtained by docking was studied in detail. These results have
important implications for understanding the cross-seeding of Ab-
Tau oligomers and the development of subsequent inhibitors com-
bat against AD.
2. Materials and Methods

2.1. Protein-protein molecular docking

Both 3D structures of Ab42 (PDB ID: 5OQV [33]) and Tau306-378

(PDB ID: 5O3O [34]) pentamer were obtained from the Protein
Data Bank (https://www.rcsb.org/). In order to obtain the hybrid
decamer model of Ab-Tau, the protein-protein docking software
HADDOCK 2.2 [35] was used. During the process of the protein-
protein docking, only Ab/Tau pentamer could form the free move-
ment within cut-off of 0.5 nm and the relative positions of all main
chain atoms of amyloid protein were fixed. Moreover, nonpolar
hydrogen atoms were ignored. The distribution of protons of side
chain of histidine’s residues in Ab/Tau pentamer was calculated
using H++ online site (https://biophysics.cs.vt.edu/index.php) [36–
38] at the neutral environmental conditions.

One thousand typical conformations were obtained from the
HADDOCK results, and then top of 200 conformations were
selected based on semi-flexible docking of HADDOCK 2.2. During
the explicit solvent optimization, the system temperature was first
gradually heated from 100 K to 310 K. Then, 1250 samples were
obtained at 310 K with the time step of 2 fs.

Cluster analysis was performed based on the obtained 200 Ab-
Tau hybrid decamers. The cluster analysis script of HADDOCK 2.2
software was used based on the root mean square deviation
(RMSD). The algorithm developed by Daura et al. [39] was applied
to classify the conformation into each cluster with the cut-off of
0.75 nm. Finally, the HADDOCK score was used to select the typical
Ab-Tau hybrid decamers.
2.2. Molecular dynamics simulation

The typical conformations of the Ab/Tau hybrid decamer were
further analyzed by MD simulations. GROMACS 5.1.4 [40] software
was used to perform MD simulation together with CHARMM36
force field with CAMP correction [41]. First, an Ab-Tau hybrid dec-
amer was placed in the center of a cubic box. Periodic boundary
condition was used to simulate an infinitely solution environment.
The minimum distance Ab-Tau hybrid decamer from the edge was
set as 1.0 nm. Then, TIP4P water model was used to fill the simu-
lation box. At the same time, counter ions were added at random
positions to neutralize the simulation system. Detailed parameters
of different systems are shown in Table S1 (Supplementary
Material).

The energy minimization simulation was first performed for
50000 steps using the steepest descent method to eliminate unrea-
sonable atom-atom contacts. Under the isothermal-isometric
(NVT) ensemble, the leap-frog integral algorithm was then used
to integrate the motion equation with a time step of 2 fs for
100 ps equilibrium dynamics simulation [42,43]. Maxwell distribu-
tion was used to generate random initial velocities for all atoms.
The LINCS [44] algorithm is used to constrain all covalent bonds
containing hydrogen atoms. Verlet was used to calculate van der
Waals interactions. Both van der Waals (VDW) and electrostatic
(ELE) interactions of short distance truncated smoothly at 1 nm.
And the list of non-bonding atoms was updated every 10 steps.
Dispersion correction is applied to the energy and pressure terms
to account for the truncation of van der Waals interactions. The
particle mesh Ewald [45] method with the grid size of 0.016 nm
was used to calculate the long-range electrostatic interactions,
and its intercept was defined as 1.2 nm. Moreover, under the
isothermal-isostatic (NPT) ensemble, the Parrinello-Rahman and
V-rescale methods were used to maintain the standard atmo-
spheric pressure of 0.1 MPa and constant temperature of 310 K
in the system, respectively [46]. And the time and the pressure
coupling constant was set to 0.1 ps and 2.0 ps, respectively. Next,
NPT simulation was also performed for 100 ps. Finally, the produc-
tion MD simulation is performed for 50 ns. And the MD trajecto-
ries, speed, energy, and log file were saved once every 50 ps.
2.3. Analysis of MD simulations

MD trajectories were analyzed using the built-in tools and
related programs in the GROMACS 5.1.4 package. The gmx sasa
and gmx hbond commands were used to calculate solvent accessi-
ble surface area (SASA) [47] and the number of inter-molecular
hydrogen bonds between Ab and Tau pentamers. The gmx mindist
command was selected to analyze the distance between hydropho-
bic residues of Ab and Tau pentamers with an intercept of 0.35 nm,
which is commonly used to represent the hydrophobic interactions
[48]. Likewise, it was also used to calculate the number of atom-
atom contacts between Ab and Tau pentamers.

Dictionary secondary structure of proteins (DSSP) [49] plug-in
was used to analyze the secondary structure and calculate the con-
tent of each secondary structure of all residues in Ab and Tau pen-
tamers. Visual molecular dynamics (VMD) 1.9.4 software [50] was
used to analyze the trajectory of MD simulation and render the
screenshots. Moreover, the binding free energy between Ab and
Tau pentamers in Ab-Tau hybrid decamer was calculated using
the g_mmpbsa plugin [51].
3. Results and Discussion

3.1. Four typical Ab-Tau hybrid decamers were identified

HADDOCK software was first used to obtain the typical struc-
ture of Ab-tau decamers. Based on the cutoff of RMSD 0.75 nm of
Ab-Tau hybrid decamer, all conformations were divided into nine
clusters. Then, four typical structures including double layer, block,
single layer and part-in were obtained. Table S2 lists the results of
protein-protein docking including type of conformation, HADDOCK
score, number of conformations, vdW and electrostatic energies,
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and embedded surface area (BSA). From Table S2, four typical con-
formations including double layer, block, single layer and part-in
were identified. And their representative snapshots were shown
in Fig. S1 and selected in the following MD simulations. Similar sin-
gle layer morphology of Ab and Tau complies was observed by
Miller et al. [27]. They only observed the single layer motif because
that both Ab17-42 and Tau repeats consist of two b-strands con-
nected by U-turn. That is, initial structure of Ab and Tau aggregates
plays an important role in their cross-seeding. Moreover, the most
unfavorable structure, a double layer conformation with the high-
est score of 300, was also selected for following study. Table 1 lists
the typical conformations and HADDOCK score of five
conformations.
3.2. Secondary structure analysis of Ab-Tau hybrid decamer

Previous studies have found that amyloid protein aggregates
are characterized by b-sheet-rich structure in parallel or antiparal-
lel arrangement [52–54]. To explore the effect of different binding
modes on the secondary structure of the hybrid decamer, the con-
tent of secondary structures of Ab-Tau hybrid decamer was first
calculated in the last 10 ns (Fig. 1). There are four typical secondary
structure including b-sheet, coil, b-bridge and turn in Ab-Tau
hybrid decamer. Fig. 1(a) shows the content of each secondary
structure of A�E conformation. As expected, the content of b-
sheet structure takes overwhelming majority of the five conforma-
tions, indicating that all of five typical structures maintained b-
sheet structures. However, it should be noted that the content of
b-sheet structure in different conformations has slight difference
(Fig. 1(a)).

To analyze the effect of Ab-Tau hybrid decamer with different
binding modes on the content of b-sheet, b-sheet content of each
Ab/Tau pentamer in five hybrid decamers were calculated. And
pure Ab and Tau pentamers were also selected for the control
groups (Fig. 1(b) and 1(c)). As can be seen from Fig. 1(b), the
cross-interaction between Ab and Tau pentamers has little impact
on b-sheet content of Tau, indicating that the overall structure of
Tau is less susceptible to the Ab pentamer binding. However, it is
worth noting that the content of b-sheet of Tau only decreases in
the E conformation (double layer) compared with the isolated sys-
tem. It suggests that the cross-interaction for E conformation can
reduce the b-sheet content of Tau. However, there is an enormous
influence on the content of b-sheet in Ab of Ab-Tau hybrid decamer
(Fig. 1(c)). For example, the cross-interactions play an important
role in enhancement of the content of b-sheet of Ab in B (single
layer) and C (double layer) conformations, but it has almost no
effect on A (block) and D (part-in) conformations. Moreover, the
cross-interactions reduce the content of b-sheet of Ab in E (part-
in) conformation.
3.3. Analysis of the contact number of Ab-Tau hybrid decamer

To explore the affinity between Ab and Tau pentamers in differ-
ent conformations, the time evolution of atom-atom contact num-
Table 1
The typical conformation, HADDOCK score and type of the representing composite
conformation in the data analysis

Typical conformation HADDOCK score Type

A 175 Block
B 173 Single layer
C 104 Double layer
D 219 Part-in
E 300 Double layer
ber between Ab and Tau pentamers in five conformations was first
calculated (Fig. 2). The number of contacts between Ab and Tau
pentamers in A conformation rapidly decreased, ranging from
180 dropped to 40. It implies that the binding of Ab and Tau pen-
tamers in A conformation (block) is weak, and the conformation is
also unstable. Similar phenomenon was observed as for E confor-
mation. In the E conformation, for example, the number of contacts
between Ab and Tau pentamers decreased gradually, ranging from
210 at the initial state of MD simulation to 120 at the end of the
MD simulation.

However, in conformations B and C, the atomic contact number
between Ab and Tau pentamers keeps relatively stable. In the D
conformation, the number of contacts between Ab and Tau pen-
tamers fluctuate sharply during the first 10 ns. And then stabilized
to about 140 in the last 40 ns MD simulation, indicating that the D
conformation was relatively stable during most of the simulation
time. Notably, although the number of contacts between Ab and
Tau pentamers in the E conformation finally drops to 120, the con-
tact number is still much higher than the 40 in the A conformation.

3.4. Analysis of binding energy of Ab-Tau hybrid decamer

Based on the last 10 ns MD trajectories, the MM-PBSA method
was applied to calculate the average binding energy between Ab
and Tau and the results are shown in Fig. 3. The binding energy
between Ab and Tau in the four conformations (i.e., A�D) is less
than 0, indicating that the binding energy between Ab and Tau in
the A—D conformation is favorable. Especially, D conformation
has the lowest binding energy (�759.77 kJ�mol�1), implying that
the binding energy between Ab and Tau in the part-in conforma-
tion is the strongest one. As expected, the average binding energy
between Ab and Tau in the E conformation is 250.61 kJ�mol�1

(Fig. 3). It implies that there are unfavorable interactions between
Ab and Tau in the double layer conformation. That is, the double
layer structure is very unstable.

To further examine the contribution of residues of Ab and Tau in
different conformations, the average binding energy between Ab
and Tau was decomposed into each residue. The binding energy
between different residues of Ab and Tau in A�E conformations
were shown in Figs. S2–S6, respectively. For clarity, residues with
minor contribution were ignored. Although each residue of Ab
plays an important role in cross-interactions with Tau, the region
of V313-G355 of Tau contributes greatly. In conformation A, only
residues D7, G9, and Y10 of Ab and residues V331 and P332 of
Tau contribute greatly to the cross-interactions between Ab and
Tau (Fig. S2). That is, the binding ability between Ab and Tau in
conformation A is relatively weak, implying that the conformation
A is unstable. As for conformation B, the residues F4, D7, E11, V18,
F20, E22, and I41 of Ab and the residues C322, G335, Q336, and
V337 of Tau were found to contribute greatly in the cross-
interactions between Ab and Tau. Interestingly, these residues of
Ab mainly are acidic and non-polar residues, while these residues
of Tau mostly are weak polar and non-polar residues (Fig. S3). Sim-
ilar with conformation A, only 4 hot spots (i.e., D7, S8, G9, and Y10)
of Ab and 2 residues (i.e., N327 and I328) of Tau were identified in
the conformation C (Fig. S4).

Fig. S5 shows the free energy decomposition of Ab and Tau in
the conformation D. The residues E3, D7, L34, M35 and V36 of Ab
and the residues L325, V331, R349 and G355 of Tau were identi-
fied. Especially, the negative charged residues E3 and D7 of Ab
and the positive charged residue R349 in Tau contributed greatly
in the cross-interactions between Ab and Tau. However, the posi-
tive charged residue R5 is unfavorable for the binding between
Ab and Tau. In addition to these charged residues, many hydropho-
bic residues including L34, M35, V36, L325, V331 also offer the
favorable binding energy. Although the contribution of each



Fig. 1. (a) Average contents of each secondary structure including coil, b-sheet, b-bridge, bend and turn. Percentages of b-sheet structure in (b) Tau and (c) Ab pentamers for
conformations A�E in the last 10 ns MD simulation.

Fig. 2. The number of atom-atom contacts between Ab pentamer and Tau pentamer
in the conformations A�E as a function of simulation time.

Fig. 3. Binding energy between Ab pentamer and Tau pentamer for the conforma-
tions A�E based on the trajectories of last 10 ns MD simulation.
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hydrophobic residue is low, the number of residues is tremendous.
Thus, these hydrophobic residues still provide considerable non-
polar binding energy.
In conformation E, the hydrophobic residues V331 and Q336
and negative charged residue E338 of Tau contributed greatly to
the cross-interactions between Ab and Tau (Fig. S6). In contrast,
the positive charged residues of K16 and K340 offered positive
energy. For example, the positive charged residue K16 of Ab
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Fig. 4. (a) The types and quantities of non-bonding interactions and (b) the values of van der Waals binding energy and electrostatic binding energy between Ab and Tau
pentamers in the conformations A�E during the last 10 ns MD simulation.
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contributed up to 75.3 kJ�mol , implying that the residue K16 is
unfavorable for the cross-interaction between Ab and Tau.

3.5. Direct interaction and binding energy among Ab-Tau hybrid
decamer

Previous studies have proven that both hydrogen bonding and
hydrophobic interactions play an important role in the formation
and stabilization of Ab fibrils and Tau proteins [55]. Herein, the
direct interactions among five different Ab-Tau decamers were first
explored. During the last 10 ns, the common three kinds of direct
interactions including hydrogen bonds, salt bridges and hydropho-
bic interactions were calculated and shown in Fig. 4(a). From
Fig. 4(a), hydrogen bonds exist in all of five conformations. How-
ever, both salt bridges and hydrophobic interactions only exist in
specific conformations. For example, hydrophobic interactions
and salt bridges only occurred in the conformations B and D and
C�E, respectively.

Fig. 4(b) shows the van der Waals (VDW) and electrostatic ener-
gies (ELE) of five conformations during the last 10 ns. As shown in
Fig. 4(b), the values of electrostatic force are higher than that of van
der Waals force for almost all conformations. Compared with other
four conformations, the values of van der Waals and electrostatic
interactions in conformation A are the lowest. Moreover, as for
the conformations A, C, D and E, it should be noted that the electro-
static energy is stronger than that of VDW one. Especially for the
conformation D, the electrostatic energy between Ab and Tau is
as high as �2700 kJ�mol�1.
Fig. 5. (a) Values of the solvent accessible surface area (SASA) and (b) the number of wate
a function of simulation time.
3.6. Comprehensive analysis of part-in conformation

The part-in conformation is a novel binding mode, which has
not been studied yet. Moreover, the binding ability between Ab
and Tau in part-in conformation is the strongest, and thus their
structure is also very stable. Therefore, a comprehensive analysis
on the properties of part-in conformation was further performed.
First, the trajectory of the conformation D during the MD simula-
tion was analyzed to validate their structural stability. Fig. S7
shows the typical structure of part-in conformation at initial and
final stage of MD simulation. From Fig. S7(a), the contact area
between Ab and Tau in part-in conformation is small in the initial
period of MD simulation. At the end of the MD simulation, how-
ever, the N-terminal of Ab and the C-terminal of Tau move closer
together, and finally the N-terminal of Ab insert into the inside of
the Tau protein (Fig. S7(b)).

Moreover, solvent accessible surface area (SASA) and the num-
ber of water molecules with range of 0.4 nm in the D conformation
were calculated during the whole 50 ns (Fig. 5). In Fig. 5(a), the
SASA value of Ab-Tau hybrid decamer gradually decline, ranging
from the initial 290 nm2 falling to 270 nm2 at the end of MD sim-
ulation. Meanwhile, the number of water molecules around Ab-Tau
hybrid decamer within 0.4 nm also decreased from 5200 to 4700
(Fig. 5(b)). These results indicate that the N-terminal of Ab inserts
into the interior of Tau protein, which can make the structure of
Ab-Tau hybrid decamer more compact.

Fig. 6 shows the schematic diagram of the salt-bridge interac-
tions between the residues of the N-terminal of Ab and them on
r molecules within 0.4 nm of the conformation D (i.e., part-in structure) displayed as



Fig. 7. (a) van der Waals (VDW) and electrostatic (ELE) binding energies between the Ab pentamer and the Tau pentamer in the part-in region and the other region for the
conformation D and (b) the structure of the two regions at the end of the MD simulations.

Fig. 6. Residue type in the N-terminal of Ab and the C-terminal of Tau. The acidic, alkaline, polar, and non-polar amino acids are shown in red, blue, green, and orange,
respectively. The possible salt bridge interactions are represented by a two-way black arrow.
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the C-terminal of Tau. Evidently, six salt bridges formed between
Ab and Tau. It implies that strongest electrostatic interactions exist
in the conformation D, consistent with previous energy analysis
(Fig. 4(b)).

In addition, the van der Waals and electrostatic interaction
analysis was further performed to explore the binding energy
between Ab and Tau (Fig. 7). Herein, N-terminal of Ab and C-
terminal of Tau are defined as the part-in region, and the remain-
ing two regions are viewed as the other region (Fig. 7(b)). And van
der Waals and electrostatic energy between the part-in region and
the other region were calculated and shown in Fig. 7(a). The results
further confirmed that the binding is dominated by the part-in
region, while the other region accounts for only about 10%. More-
over, the binding energy in part-in region is dominated by electro-
static interactions although van der Waals interaction is
unfavorable in positive. But in the other region, the van der Waals
interactions play a dominant role, while the electrostatic interac-
tions have relatively small contribution (Fig. 7(a)).
4. Conclusions

Protein-protein docking and MD simulations were performed to
explore the detailed cross-interactions among Ab-Tau hybrid dec-
amer. Based on the protein-protein docking results, four typical
conformations including single layer, block, double layer, and
part-in were obtained. Secondary structure analysis of all confor-
mations showed that binding mode of the conformation B (single
layer) and C (double layer) can promote the content of b-sheet of
Ab-Tau hybrid decamer. But for the conformation E (double layer),
the cross-interactions disrupt the initial b-sheet structure. And
then, interaction energies of five conformations were analyzed. It
is found that only conformation A has the lowest contact number.
While in E conformation, the binding between Ab and Tau is unfa-
vorable, and the number of contacts is also very little. For confor-
mation D (part-in), the binding energy is the strongest among all
the five ones, and the contacts between them are also highly close.
Moreover, there are strong hydrogen bonds, salt bridges and
hydrophobic interactions in D conformation. Finally, the part-in
conformation was further studied in detail. Conformational transi-
tion occurs during the MD simulation, and the N-terminal of Ab
partly inserts into the interior of the Tau pentamer. Thus, it led
to the increasing of the hydrophobicity of part-in conformation
and make its structure closer. Therefore, this work is of great sig-
nificance for further understanding the mechanism of cross-
seeding among amyloid proteins and could help to further under-
stand the molecular mechanism of AD.
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