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Abstract

Cosolvents modulate the stability of protein conformations and exhibit contrasting
effects on the kinetics of aggregation by globular proteins and intrinsically disordered
proteins (IDPs). The growth of ordered protein aggregates, after the initial nucleation
step is believed to proceed through a dock-lock mechanism. We have studied the ef-
fect of two denaturants (guanidinium chloride (GdmCl) and urea) and four protective
osmolytes (trimethylamine N-oxide (TMAO), sucrose, sarcosine, and sorbitol) on the
free energy surface (FES) of the dock-lock growth step of protein aggregation using a
coarse-grained protein model and metadynamics simulations. We have used the pro-
teins ¢Src-SH3 and ABg_40 as model systems representing globular proteins and IDPs,
respectively. The effect of cosolvents on protein conformations is taken into account
using the molecular transfer model (MTM). The computed FES shows that protec-

tive osmolytes stabilize the compact aggregates, while denaturants destabilize them for
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both ¢Src-SH3 and ABy_40. However, protective osmolytes increase the effective energy
barrier for the multi-step domain swapped dimerization of c¢Src-SH3, which is critical
to the growth of protein aggregates by globular proteins, thus slowing down overall
aggregation rate. Contrastingly, denaturants decrease the effective barrier height for
cSrc-SH3 dimerization, and hence enhances the aggregation rate in globular proteins.
The simulations further show that c¢Src-SH3 monomers unfold before dimerization and
the barrier to monomer unfolding regulates the effective rate of agrgegation. In the case
of IDP, ABy_40, protective osmolytes decrease and denaturants increase the effective
barriers in the dock-lock mechanism of fibril growth, leading to faster and slower growth

kinetics, respectively.
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Introduction

Under physiological conditions, proteins generally exist in native folded form, which are
functionally active and carry out a myriad of biological tasks. Upon changes in the physico-
chemical properties that influence protein stability and dynamics, proteins can undergo
misfolding and form aggregates called amyloid fibrils.'™ Misfolded globular proteins and
intrinsically disordered proteins (IDPs) form disordered aggregates when their concentration
exceeds a critical value. From the disordered protein aggregates, a structured aggregate
nucleates and grows through a dock-lock mechanism®1° leading to mature amyloid fibrils,
which are associated with a series of neurodegenerative disorders.!!!? Initially in the dock
stage, the protein in solution interacts with the defects present at the edges of the ordered
nucleated fibril and docks onto the fibril. In the lock stage, the protein, which is docked
on the fibril, undergoes a structural transition and becomes part of the fibril contributing
to its growth.® 1913717 The structure and growth of amyloid fibrils are affected by several
physico-chemical factors like temperature, pressure, pH and cosolvents. An important class
of cosolvents are small organic molecules called osmolytes that shifts the equilibrium between

18-21

folded and unfolded states of the protein, and hence osmolytes can also strongly influ-

2233 reveal contrasting qualitative effects

ence protein aggregation. Numerous experiments
of denaturants and protective osmolytes on the nucleation and growth rate of fibrils by glob-
ular proteins and IDPs. A few simulation studies elucidated the effect of cosolvents on the
growth of fibrils by small IDPs,3* 36 and a globular protein.?” To understand the mechanis-
tic differences in the fibril growth by globular proteins and IDPs, which will provide insight
into the experimental results, we computed the effect of six different cosolvents on the free
energy surfaces (FES) for fibril growth using coarse-grained protein models and computer
simulations.

Experiments investigating the role of protective osmolytes in aggregation, conclude that

22-28

generally protective osmolytes delay the aggregation rate in globular proteins, and en-

hance the aggregation rate in the case of IDPs.?32933 For a globular protein to aggregate, it
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has to break a significant fraction of its native contacts present in its folded state, to interact
and form inter contacts with another protein present in the solution.3®3 The unfolding re-
quired for a globular protein to aggregate should favor denaturants in small concentrations
over protective osmolytes. Whereas IDPs, which are unstructured in solution, form compact
structured aggregates, and this process should favor protective osmolytes over denaturants.
It is also difficult to generalize these results for all the proteins, as among other factors, these
processes also depend on the sequence details of a protein chain, topology of the folded state
and subtle interactions between the protein, solvent and osmolyte.

The effect of cosolvents on the growth rate and aggregate structure depends on the

40-46 and

mechanism of aggregation. In the aggregation of globular proteins, experiments
simulations®” provide strong evidence for domain swapping, where two or more identical
protein chains exchange a part of their secondary structure or a tertiary globular domain.

4748 on human cystatin C show that amyloid formation is suppressed when

Experiments
dimer formation is prevented indicating an interdependence between the two. To explain
the role of domain swapping in protein aggregation, a few models are proposed.*3* In the
“run away domain swapping” model,*? proteins exchange their domains with the neighboring
proteins and the chain continues to grow. In the “off-pathway folding” (OFF) model,*® the
domain swapped oligomers are proposed to be the end products, which cannot convert to
fibrillar structure and they slow down fibril formation. This indicates that domain swapping
plays a key role in the aggregation of globular proteins and it is analogous the dock-lock step
for fibril growth after the nucleation event.

Experiments and simulations show that domain swapping in globular proteins is governed

5354 which undergo at least partial unfolding to ini-

by the topology of the folded monomers,
tiate domain swapping.®*°%°¢ Studies have shown that a protein monomer can be engineered
to undergo domain swapping by modulating the stiffness of the hinge region connecting the

two domains in the folded monomer, by introducing mutations in the hinge region,%%° short-

ening the hinge region by deleting residues, %152 lengthening the hinge region by introducing
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Figure 1: Schematic of the dock-lock step in the growth of fibrils by a globular protein and
an IDP. (A) The NMR structure®® of SH3 domain of cSrc tyrosine kinase (PDB ID: 1SRL)
consists of five beta strands (/5;-05), out of which §; and S, are connected via distal loop, (35
and f3 are connected via n-Src loop, and 3 and (3, are connected via RT loop and turn. c¢Src-
SH3 module swaps its RT loop with an identical monomer to form an intertwined dimeric
aggregate (PDB ID: 3FJ5).5! The monomer has 56 residues and the amino acid sequence
and corresponding secondary structure is reported below the dimer structure. In the dimer,
the glutamine residue in the 44th position is mutated to arginine residue. The free energy
is computed for the dimerization of ¢Src-SH3 monomers. (B) The amyloid fibril template
of the IDP Afy_49 made from three peptides labeled P,, P; and Py is constructed using the
solid state NMR structure (PDB ID: 2LMN).%? The residues 1-8 from the N-terminal in each
peptide are disordered in the fibril and are truncated. The free energy is computed for the
binding of an unbound Aj peptide (P;) to the fibril template (P, — Py).
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small peptide chains®® or proteins,® and by stabilizing the domain swapped dimers by the
formation of disulfide bonds.® Simulations® also revealed that functionally active partially
folded protein conformations can form domain swapped dimers leading to the hypothesis
that domain swapping can be a consequence of protein function imposing constraints on the
structrure. Since domain swapping involves protein unfolding, cosolvents, which influence
the stability of protein conformations, should also strongly influence domain-swapping in
proteins, which is a key step in the growth of aggregates by globular proteins.

In this paper, we studied the effect of four protective osmolytes (TMAO, sucrose, sarco-
sine, and sorbitol) and two denaturants (urea and GdmCl) on the dock-lock growth step of
amyloid fibrils, which contributes to fibril elongation after nucleation. Using cSrc-SH3 and
APy_40 as model systems for globular proteins and IDPs, respectively, we studied the effect

of cosolvents on the FES of the dock-lock step (Fig. 1). c¢Src-SH3 domain is a 56 residue

51,67-72 73-76 to

long peptide, which is widely studied both experimentally and computationally
probe various aspects of protein folding. This peptide is shown to form intertwined dimers
by swapping its RT loop (n-Src loop acting as hinge loop) and amyloid fibrils in mildly
acidic conditions.”™ Whereas ABy_4 peptide is an IDP whose aggregates are associated with
neurodegenerative diseases.!1!2 It is computationally challenging to construct the FES asso-
ciated with the fibril elongation process using atomistic description of proteins and unbiased
simulations. Coarse-grained protein models™ ® have played an important role in elucidat-
ing various aspects of nucleation and growth of protein aggregates. To bridge the time
scale between simulations and experiments, we modeled the proteins using a coarse-grained

75,85

self-organized polymer-side chain (SOP-SC) description and used metadynamics simu-

lations®® to construct the FES associated with dock-lock step of fibril growth. Co-solvent

effects are incorporated in the FES using the molecular transfer model (MTM).57:88
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Figure 2: Amyloid fibrils of globular proteins grow by domain-swapping in the dock-lock step.
(A) The free energy of c¢Src-SH3 domain swapping, F(Qinter, Qintra,dim), computed using
metadynamics and umbrella sampling simulations, is projected onto the number of inter
native contacts present between the two monomers in the domain swapped dimer (Qinter),
and the number of native intra contacts present in both the folded monomers (Qintra dim)-
The free energy landscape shows five basins corresponding to the folded monomers (basin A),
an intermediate state where one monomer is folded and the other monomer is unfolded (basin
B), both the monomers unfolded (basin C), partially formed dimer (basin D) and domain
swapped dimer (basin E). (B) Free energy surface, F(Qinter; Qintra,mon ), Projected onto Qinter
and the number of native intra contacts present in only one monomer (Qintra.mon). Basin B
disappears from the free energy landscape as we eliminate the possibility of one monomer
folded and the other monomer unfolded, when we project the free energy onto Qjnser and
Qintramon- (C) Free energy surface, F(Qinter, Qintramon | Rem = 4.5 A), of ¢Src-SH3 dimer
formation when the center of mass between the two monomer is restrained using a harmonic
potential at R.,, = 4.5 A. The minimum energy path o(Qinter; Qintra,mon) corresponding
to the formation of the domain swapped dimer (basin E) from the two unfolded protein
monomers is shown in black. (D) A representative structure of the partially formed dimer
corresponding to basin D. Nearly 33 % of Q. contacts are formed in this basin.
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Results and Discussions

Free Energy Surface for Fibril Elongation. Experiments** stipulate that domain swap-
ping is a key step in the aggregation of globular proteins. To elucidate the mechanism we
computed the underlying FES of domain swapping in a single domain globular protein, cSrc-
SH3, which is found to form intertwined domain swapped dimers. 455! We used coarse-grained
SOP-SC model of the Q128E mutant of the dimeric crystal structure® (PDB ID: 3FJ5) as a
reference system (Fig. 1A). A detailed description of the SOP-SC model and the force-field
is described in the Supporting Information (SI). The FES (Fig. 2A) for the domain swapped
dimerization of cSrc-SH3 is constructed using a combination of umbrella sampling® and

86,9091 simulations as described in the SI. The free energy is projected onto

metadynamics
three collective variables (CVs): (1) centre of mass distance (R.,) between the cSrc-SH3
monomers (M; and M), (2) intra native contacts present in the folded c¢Src-SH3 monomers
(Qintra.dim), and (3) inter native contacts present in the domain swapped cSrc-SH3 dimer
(Qinter). For efficient exploration of the underlying energy landscape, we used umbrella
sampling on the CV R,,, where we added a restraint on R, using a harmonic potential.
To explore all possible scenarios, where the separation between monomers is small enough
to facilitate dimerization, to large separation between monomers where dimerization is not
possible, we varied R., between 2 A to 35 A using multiple umbrella sampling windows.
The difference in R,,, between successive umbrella windows is 1 A. In each of these umbrella
sampling windows, metadynamics simulations are run on the CVs, Qintra,dim and Qinter, to
compute the FES for domain-swapped dimer formation, F(Qinter, Qintradim | Rem). The
convergence of the metadynamics simulations is shown in Fig. S1 in the SI. Finally the
free energy F(Rem, Qinters Qintra,aim) 1S obtained by combining F(Qinter, Qintra,dim | Rem)

obtained from different umbrella windows using the weighted histogram analysis method

(WHAM) 192 (details are in the SI). The free energy F(Qinter, Qintra.dim) is computed using
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the equation

F(Qinter7 Qintra,dim) = _kBT log / dRcm exp(_ﬁF(Rcma Qinterv Qintra,dim))7 (]-)

where 5 = 1/kgT, kp is the Boltzmann constant and 7' is the temperature. The contour
plot of F(Qinter, Qintra,dim) for cSre-SH3 dimer formation is computed at 7" = 353 K, which
is 0.96xT)s, where T); is the melting temperature of the coarse-grained cSrc-SH3 monomer.
To facilitate conformational transitions in ¢Src-SH3, we chose T close to T)y.

The free energy F(Qinter, Qintra.dim), shows five major basins denoted as A to E, when
the total number of intra native contacts present in both the monomers (Qintra,dim) are
considered (Fig. 2A). The basins correspond to both the monomers folded (basin A), one
monomer folded and the second monomer unfolded (basin B), both the monomers unfolded
(basin C), intermediate populated during domain swapping (basin D) and domain swapped
monomers forming a dimer (basin E). When we project the free energy onto Qe and the
number of intra native contacts present in only a single monomer (Qintra,mon ), the free energy
F(Qinter, Qintra,mon) shows only four basins with the basin B missing (Fig. 2B). This proves
that indeed, basin B is composed of one folded and one unfolded monomers, and there is no
partially folded state involved. The computed FES reveals that unfolded monomers swap
their RT loops and undergo partial structuring to give rise to swapped dimers, which is
very similar to the domain swapping mechanisms observed in Cyanovirin-N°® and p13sucl?®
proteins. Basin D in both F(Qinter, Qintra.aim) and F(Qinter, Qintra,mon) appear at similar
values of Qjner, indicating that it is an intermediate in the dimer formation (Fig. 2A, B).

To characterize the structure of the dimer intermediate corresponding to basin D, we
chose an umbrella window corresponding to R, = 4.5 A, where the distance between
the monomers is optimal to form a dimer. The free energy corresponding to this window,

F(Qinter, Qintramon | Rem = 4.5 A), shows three basins, C, D and E (Fig. 2C). A represen-

tative structure of the intermediate from basin D is shown in Fig. 2D. In this intermediate
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structure, nearly half of the native contacts present in the domain swapped structure are
present (Fig. S3). The contact map of the protein conformations in basin D shows that the
p-strands s, B3 and (4 in one monomer (M;) forms contacts with the g-strands g5, 5 and
Bt respectively of the second monomer (M;) (Fig. 2D and S3). The RT loop of M; forms
contacts with strand ] of M. A closer inspection of the intermediate structure reveals
that RT" loop of M, does not engage in any inter chain interactions in this structure, and
this leads to two possibilities. Either the M, monomer can swap its RT" loop with the M;
monomer to give rise to a closed dimer (basin E), or it can undergo domain swapping in
an end to end fashion with other unfolded monomers as proposed in the “run away domain
swapping” model,*? resulting in fibrillar aggregates. Thus the intermediate in basin D can
act as a template for further aggregation, and in terms of the dock-lock mechanism, basin D
and E act as the dock and lock stages, respectively.

The mechanism of domain swapping can also depend on temperature. In this study since
we performed simulations close to the melting temperature (T = 0.967)/), the monomers
unfolded completely in the first step of domain swapping as partially folded structures in

93,94

small globular proteins are not stable at high temperatures. Experiments and simula-

37.95.96 show that either by introducing mutations or changing the stability conditions

tions
by varying temperature and denaturant concentration, or by applying external mechanical
force between protein segments, a very low population (< 7%)%%* of transiently folded in-
termediates can be populated. These transiently populated intermediates, which are not
completely unfolded are also shown to form domain swapped structures leading to protein
aggregates.>* As the transiently populated intermediates have very small stabilities it is
extremely difficult to compute the free energies for dimerization in these conditions.

We also studied the growth phase in aggregation of intrinsically disordered Ay 49 pep-
tides, where unstructured monomeric ABg_49 peptides in solution, bind to a preformed fibril

template yielding [-sheet rich aggregates. The SOP-SC structure of the fibril template

(Fig. 1B), consisting of three Afqy 4o peptide chains (labeled as P,, P; and Pj) is constructed

10
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using the solid state NMR structure (PDB ID: 2LMN).%? The FES for the binding of an
unstructured peptide (P;) in solution, to the fibril template (P, — P;) is computed using
metadynamics simulations (Fig. 1B). During simulations, the fibril template (P, — Py) is
kept fixed by applying harmonic restraints on the positions of the coarse-grained beads. The
FES is projected onto the CVs, centre of mass distance between the peptides P, and P
(RIAF2) ) and total number of native contacts, Qo (= Qp, + Qp, + Qp, p,), present when the
peptide P; is part of the fibril (PDB ID: 2LMN). Here @ p, and Qp, are the number of intra
native contacts present in peptides P; and P, respectively, and @) p, p, is the number of inter
native contacts present between peptides P, and P». The convergence of the metadynamics
simulations is shown in Fig. S2.

The computed FES F(RI\P2 (),,;) shows two major basins (Fig. 3A). The basin F corre-
sponds to the free unbound state of the peptide P;, and is characterized by relatively high
Rf,}f 2 and low values of ;. The basin L corresponds to the locked state where the free
monomer P; binds to the fibril template and undergoes a structural transition to S-strands.
In basin L, the peptide P; is characterized by low RZ'"2 and high Q. as it is locked onto
the fibril, maximizing the number of contacts with the fibril. Other than these two major
basins, a third wide basin is also observed in the vicinity of basin L. This basin corresponds
to the docked state (D) of peptide P;, where it is disordered and partially bound (docked)
to the fibril template forming contacts with the peptides from the fibril template. This wide
basin indicates that a large number of conformations are possible for the partial binding of
the monomer P; to the fibril template. This FES strongly supports the dock-lock mechanism
of fibril growth.5 1014

Cosolvent Effects on the Minimum Energy Pathways in the Free Energy Sur-
face. To illustrate the effect of cosolvents on the FES associated with the growth of fibrils
formed by both globular proteins and IDPs, we constructed the minimum energy pathway
(MEP), connecting various basins on the energy surface” (Fig. 2 and 3). We studied the

effect of four different protective osmolytes (TMAQO, sucrose, sarcosine and sorbitol), and two
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Figure 3: Free energy surface associated with the dock-lock fibril growth step of the IDP
ABg_40. (A) The free energy, F(RIP2 (), for the binding of a peptide in solution shown
in blue (P;) onto the amyloid fibril template shown in magenta (P, - P) is projected onto
the center of mass distance between the peptides P, and P, RI1F2 and the total number of
native contacts, Qit(= Qp, + Qp, + Qp,.p,), Wwhere Qp,, Qp, and Qp, p, are the number of
native contacts present in peptides P;, P, and between P; and P, in the fibril state. The
three basins in the free energy correspond to the free state of the monomer P; (basin F), the
docked state where peptide P; interacts with the fibril template (basin D), and the locked
state where peptide P; becomes part of the fibril (basin L). The free energy is computed at T’
= 350 K and in the absence of cosolvents ([C] = 0 M). The minimum energy pathway (MEP),

o(RPP2:Q,1), connecting the three basins is shown in green. (B) The effect of denaturant
GdmCl on the free energy surface for ABg_4 fibril growth is studied by projecting the free
energy onto o(RIDP2; Q). GdmCI stabilizes the free state compared to the docked and
locked states, and also increases the barrier height separating the free state from the docked
state. (C) The effect of protective osmolyte TMAO on the free energy surface for ASBg_40
fibril growth is studied by projecting the free energy onto o(RIA2: Qypr). TMAO stabilizes
the locked state compared to the free state, and also slightly decreases the barrier height
separating the free state and docked state.
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different denaturants (urea and GdmCl), on the MEPs. The effect of cosolvents on protein
conformations is taken into account using MTM and perturbation theory.”®#” The proba-
bility of observing protein conformations generated using metadynamics simulations®-°! in
the absence of a cosolvent ([C] = 0) are reweighed® to construct the FES for fibril growth
in the presence of a cosolvent with concentration [C] (see SI for a detailed description of the
simulation method and data analysis).

The MEP o(RI1P2; Qy) depicting ABy_y0 fibril growth is a function of RP12 and Qe

and connects all the three major basins corresponding to the peptide free state (F), docked

state (D) and locked state (L) (Fig. 3A). We probed the effect of cosolvents on fibril growth by

PP,
cm )

studying the variations in the o (R Q10t) as a function of cosolvent concentration (Fig. 3B,
C). In the case of denaturant GdmCl, with increase in GAmCI concentration ([GdmCl]), the
docked and locked states become unstable compared to the free state, as the denaturants
stabilize extended or unfolded states of proteins (Fig. 3B). The barrier height (AF},) for
transition between the free state to the docked state increased by ~ 2.0 kcal /mol as [GdmCl]
increased from 0 to 6 M (Table 1). Similar results are also obtained in the case of the
denaturant, urea (Fig. S4A). From these results we can conclude that denaturants reduce
the growth rate of fibrils formed by IDPs and also destabilize the final aggregate state. In
contrast to the denaturants, the protective osmolyte, TMAQO, enhanced the stability of the
docked and locked state compared to the free state (Fig. 3C and Table 2). There is also a
small decrease (= 0.3 kcal/mol) in the barrier height (AF} ) for the transition between the
free and docked states indicating that TMAO slightly enhances the growth rates for ABy_4
fibril formation (Table 2). Similar trends are observed in the MEPs in the presence of other
protective osmolytes: sucrose, sarcosine and sorbitol (Fig. S4B - S4D), indicating that the
protective osmolytes can slightly enhance the fibril growth rates and also stabilize the fibrils
formed by IDPs.

The effect of cosolvents on domain swapping in globular proteins (cSrc-SH3), which is

analogous to the dock-lock step is interesting as domain swapping involves two major steps.
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Figure 4: Cosolvent effects on the domain-swapped dimerization of c¢Src-SH3. The effect of
(A) GdmCl and (B) TMAO on the unfolding of ¢Src-SH3 monomer is studied by projecting
the free energy F'(Qinter, Qintramon | Rem = 32 A) onto the number of native contacts present
in a monomer, Qintra,mon- GAmCI stabilizes the protein unfolded state compared to the folded
state and also decreases the barrier height for transition to the unfolded state from folded
state. TMAO destabilizes the protein unfolded state compared to the folded state and
increases the barrier height for transition to the unfolded state. The effect of (C) GdmCl
and (D) TMAO on the formation of domain swapped dimer from unfolded states is studied
by projecting the free energy surface F'(Qinter, Qintramon | Rem = 4.5 A) onto the MEP,
0 (Qinter; Qintra.mon). GAmCI destabilizes the intermediate and dimer corresponding to the
basins D and E, respectively, compared to the protein unfolded state in basin C. GdmCl
also increases the barrier height for the transition to basins D and E from basin C. Whereas
TMAO stabilizes the intermediate and the dimer state compered to the unfolded states and
also decreases the height of the barrier for transition to the dimer state from the unfolded

state.
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In the first step, the proteins unfold increasing the surface area of the protein exposed to
solvent. In the second step, unfolded proteins during the course of their folding, domain swap
and form dimers, where the total surface area of the proteins exposed to solvent decreases.
Denaturants such as urea and GdmCI favor the first step, and hinder the second step in
contrast to the protective osmolytes. This implies that both denaturants and protective
osmolytes can either increase or decrease the overall transition rate for the protein monomers
to form a domain swapped dimer.

The FES for domain swapping in cSrc-SH3 shows that in the first step, the folded protein
monomers undergo unfolding, i.e. transition from basin A to C (Fig. 2B). The free energy for
this transition, when projected onto Qintra,mon, Shows that as expected GdmCl stabilizes the
unfolded state compared to the folded state by 2.5 kcal/mol and decreases the barrier height
(AF}.) for unfolding by 1.6 kcal/mol on increasing [GdmC1] from 0 to 1 M (Fig. 4A and
Table 3). This shows that GdmCI stabilizes unfolded state of cSrc-SH3 monomer compared
to folded state, and also increases the protein unfolding rate. Whereas on increasing [TM AO]
from 0 to 6 M, the barrier (AFjC) to unfolding increases by 1.3 kcal/mol, and the unfolded
state gets destabilized by 2 kcal /mol compared to the folded state (Fig. 4B and Table 4).
This shows that TMAQO destabilizes the ¢Src-SH3 monomer unfolded state compared to
folded state, and also decreases the protein unfolding rate.

To illustrate the effect of cosolvents on the second step in c¢Src-SH3 dimer formation,
where domain swapping transition takes place from the protein unfolded states (basin C)
to the dimer state (basin E), we constructed the MEP o (Qinter; Qintramon) on the FES
F(Qinter, Qintramon | Rem = 4.5 A) (Fig. 2C). In contrast to the protein unfolding step, on
increasing [Gdm(Cl] from 0 to 1 M, the stability of both the intermediate state (basin D) and
dimer state (basin E) decreases by 2.2 kcal /mol and 4.4 kcal/mol, respectively, compared to
the unfolded state (basin C), while the barrier height for intermediate formation (AFS,),
and dimer formation (AF li)E), increases by 1.4 kcal/mol and 1.16 kcal/mol, respectively

(Fig. 4C and Table 3). This shows that GdmCI not only decreases the stability of the
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intermediate state and c¢Src-SH3 domain swapped dimer compared to the monomer unfolded
states, but also it diminishes the growth rate. Similar trends in the FES are also observed
for the denaturant, urea (Fig. S5A - S5B). In contrast, on increasing [T'M AO] from 0 to
6 M, the intermediate state (basin D) and the dimer state (basin E) are stabilized by 1.8
kcal/mol and 4.4 kcal /mol, respectively compared to the unfolded state (basin C), while the
barrier height for intermediate formation (AF},,), and dimer formation (AF},;) decreases
by &~ 1.3 kcal/mol and 1.0 kcal/mol, respectively (Fig. 4D and Table 4). This implies
that TMAO increases the stability of the intermediate state and c¢Src-SH3 domain swapped
dimer compared to the protein unfolded states, in addition to enhancing the growth rate
for intermediate and dimer formation. Similar results are obtained for other protective
osmolytes, sucrose, sarcosine and sorbitol (Fig. S5C - S5H).

However, the effect of cosolvents on the rate of domain swapping in globular proteins,
which is a key step in the fibril growth is not as trivial as observed in the case of IDPs. The
time scale (7) for transition across a barrier of height AF* is of the order, 7 ~ exp(BAF*).
Due to the exponential dependence on the barrier height, the effective or overall time scale
for dimer formation is strongly influenced by the changes in the largest barrier, which is
the transition from basin A to C compared to the transitions between basins C to D, and
basins D to E. For example, at 7= 353 K and [C] = 0 M conditions, using the data from
Table 4, the ratio of the estimated time scale for transitions between the basins A to C (74¢)
and basins C to D (7¢p) is Tac/7ep =~ 30. Since denaturants urea and GdmCl decrease
the barrier height between basins A and C, denaturants can effectively increase the rate of
cSre-SH3 domain swapped dimer formation although they destabilize the dimer compared
to the folded monomers. On the other hand since protective osmolytes increase the barrier
height between basins A and C, they should decrease the effective rate of dimer formation,
although they stabilize the dimer state compared to the monomer state. This implies that
the growth rate of fibrils formed by globular proteins after nucleation can be enhanced by

using denaturants and decreased by protective osmolytes.
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The predictions from simulations find support from experimental studies. Experiments

2498 yrea

studying fibril formation by the globular protein Insulin show that denaturants
and GdmC] not only decrease the lag time for fibril nucleation, but also increase the fibril
elongation rate. Whereas protective osmolytes like TMAO prolonged the nucleation time and

also decreased the fibril elongation rate in globular proteins like insulin, ?>2325:26 lysozyme, 2”

RNase A% and prion.? In agreement with the predictions from the simulations on IDPs,343°

experiments show that protective osmolytes like TMAOQO, betaine and sarcosine promote rapid

31,32 Aﬁ 29,100 23,33
)

aggregation in the IDPs tau protein, a-synuclein, and hormone glucagon
peptide.?® Denaturants GdmCl, urea and sodium dodecyl sulfate (SDS) decreased the fibril
formation rate in AfS peptides,3®1%! tau protein®? and hIAPP. !0

In summary, we can conclude that denaturants destabilize and protective osmolytes sta-
bilize the final product, i.e. the aggregated state, which is the locked state in the case of
the IDP, ABy_40 (Fig. 3), and the domain swapped dimer state in the case of cSrc-SH3
(Fig. 4). The effect of cosolvents on the growth rates of fibrils formed by IDPs is also clear
from the free energy surfaces (Fig. 3). GdmCI increased the transition barriers for both
the dock and lock steps in the FES, whereas TMAQO decreased the barriers. This shows
that GdmCIl decreases and TMAOQO increases the fibril growth rate in IDPs. However, the
primary finding of this study is the effect of cosolvents on the growth rates of aggregates by
globular proteins. Aggregation by globular proteins typically involves domain swapping and
using c¢Src-SH3 protein as a model system, we showed that this is a mutli-step process. The
first step required complete unfolding of ¢Src-SH3 monomers, and in the second step these
unfolded monomers swapped their RT loops and refolded to form domain swapped dimers.
Denaturants decreased and increased the barrier height of the first and second steps, respec-
tively; contrarily, osmolytes increased and decreased the barrier height of first and second
steps, respectively. However, due to the exponential dependence of rates on barrier heights,

the effective rates are mostly governed by the largest barrier and in this case it is the first

step, which is the barrier for the unfolding of cSrc-SH3 protein monomers. Thus denaturants
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enhanced overall rate of dimer formation although they destabilized the dimer compared to
the monomers, while protective osmolytes slowed down the growth rate but stabilized the
dimers compared to the monomers, and these predictions are in agreement with the experi-
ments. Although we have studied only the effect of cosolvents on the growth step of protein
aggregates, these results should also hold for the nucleation step or the lag phase, as unfold-
ing of globular proteins is also a requirement in the nucleation step of protein aggregates

when domain swapping is observed.

Materials and Methods

The coarse-grained SOP-SC models for the dimerization of ¢Src-SH3 and fibril growth of
ABy_4 are prepared using the structures with PDB ID: 1SRL,%® 3FJ5°! and 2LMN,5? re-
spectively. The detailed description of the coarse-grained model and the energy function is
given in the SI. The total energy of a protein conformation in the SOP-SC model described

by a set of coordinates, {r}, in the absence of a cosolvent ([C] = 0) is given by

Eca({r},0) = Ep + ENp + ENB, (2)

where the term Ejp describes the bonded interactions present in the protein, EYp and E4N
describes the non-bonded native and non-native interactions, respectively. The effect of
cosolvent on a protein conformation is taken into account using the molecular transfer model
(MTM). 78788 Tn the presence of a cosolvent with concentration [C], the total energy of a

74,87

protein conformation with coordinates {r} is given by

Eca({r},[C]) = Eca({r},0) + AG, ({r}, [C]), (3)

where AGy-({r}, [C]) is the free energy of transferring a protein conformation with coordi-

nates {r} from water to a solution with cosolvent concentration [C].
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86,9091 are performed to compute the free energy for fibril

Metadynamics simulations
growth in the absence of cosolvents ([C] = 0) (see SI for details). To compute the effect
of cosolvent on the fibril growth, the term AGy,({r}, [C]), which describes the effect of co-
solvent on a protein conformation is treated as a perturbation in eq. 3. The free energy of
fibril growth in the presence of cosolvents is computed by reweighing the probabilities of

protein conformations obtained in the absence of cosolvents. 92 Detailed description of the

simulation method and data analysis is described in the SI.
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Table 1: GdmCIl effect on the relative difference between the energy minima of different
basins, and barrier height separating the basins in the free energy landscape of Ay 4o fibril

growth (Fig. 3)

Table 2: TMAOQO effect on the relative difference between the energy minima of different
basins, and barrier height separating the basins in the free energy landscape of AfBqy_4o fibril

growth (Fig. 3)

[GdmCl) | AFpp | AFL, | AFp, | AF),
(M) (kcal/mol) | (keal/mol) | (kcal/mol) | (kcal/mol)
0 1.77 9.38 -1.77 0
1.0 3.00 9.64 -1.22 0.05
2.0 4.26 9.9 -0.66 0.17
3.0 0.47 10.3 -0.15 0.4
4.0 6.66 10.6 0.3 0.62
5.0 7.8 11.0 0.67 1.0
6.0 8.7 11.3 1.50 1.61

[TMAO] | AFpp | AFp, | AFp, | AF),
(M) (kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol)
0 1.77 9.38 -1.77 0
1.0 1.47 9.34 -2.10 -
2.0 1.1 9.3 -2.35 -
3.0 0.7 9.24 -2.54 -
4.0 0.3 9.20 -2.77 -
5.0 -0.04 9.16 -2.92 -
6.0 -0.44 9.1 -3.1 -
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Table 3: GdmCl effect on the relative difference between the energy minima of different
basins, and barrier height separating the basins in the free energy landscape of c¢Src-SH3
dimerization (Fig. 2B,C and 4A,C)

[GdmCl] | AFs | AFL. | AF.p | AFL, | AFpp | AF),
(M) (kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol)
0 4.8 6.5 2.4 4.1 -1.14 1.16
0.25 4.2 6.13 3.0 4.4 -0.58 1.4
0.5 3.6 5.6 3.5 4.8 0.0 1.7
0.75 3.0 5.3 4.1 5.1 0.55 2.0
1.0 2.3 4.9 4.6 5.5 1.1 2.33
1.5 0.95 4.0 - - - -
2.0 -0.55 3.35 - - - -
3.0 -4.32 2.69 - - - -

Table 4: TMAOQO effect on the relative difference between the energy minima of different
basins, and barrier height separating the basins in the free energy landscape of c¢Src-SH3
dimerization (Fig. 2B,C and 4B,D)

[TMAO] | AFac | AF\. | AFop | AF.L, | AFpp | AF),
(M) (kcal/mol) | (keal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol)
0 4.8 6.5 2.4 4.1 -1.14 1.16
1.0 5.17 6.7 2.0 3.8 -1.55 0.98
2.0 5.55 6.8 1.8 3.6 -2.0 0.8
3.0 5.86 7.0 1.5 3.4 -2.4 0.6
4.0 6.2 7.2 1.2 3.1 -2.8 0.45
2.0 6.5 7.3 0.9 2.9 -3.30 0.3
6.0 6.8 7.8 0.6 2.8 -3.73 0.3

32



https://doi.org/10.1101/490136

bioRxiv preprint doi: https://doi.org/10.1101/490136; this version posted December 9, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Graphical TOC Entry

Protective osmolytes
= ; Domain swapped dimer
2 Src SH3 monomer / /-~
= £ // \
= H /) S
Fl g )
2 = @
) - —_—
&}
inate

AR fibril

E \g

33


https://doi.org/10.1101/490136

