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In this work we study the coupling between ionization and conformational properties of two IDPs,
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histatin-5 and -amyloid 42, in the presence of neutral and charged crowders. The latter are

modeled to resemble Bovin Serum Albumin (BSA). With this aim, Semi-Grand Canonical Monte
Carlo simulations are performed, so that the IDPs charge is a dynamic property, undergoing
protonation/deprotonation processes. Both ionization properties (global and specific aminoacid
charge, binding capacitance) and radius of gyration are analyzed in a large range of pH values
and salt concentrations. Without crowder agents, the titration curve of histatin-5, a polycation,
is salt-dependent while that of f-amyloid 42, a polyampholyte, is almost unaffected. The salt
concentration is found to be specially relevant at pH values where the protein binding capaci-
tance (directly linked with charge fluctuation) is larger. Upon addition of neutral crowders, charge
regulation is observed in histatin-5, while for -amyloid 42 this effect is very small. The main
mechanism for charge regulation is found to be the effective increase in the ionic strenght due
to excluded volume. In presence of charged crowders, significant increase in the charge of both
IDPs is observed at almost all the pH range. In this case, the IDP charge is altered not only by
the increase in the effective ionic strength but also by its direct electrostatic interaction with the

charged crowders.

1 Introduction

For many years, the basis of enzymatic biochemistry were laid fol-
lowing the classic “lock-and-key” principle, which relates the spe-
cific conformation of an enzyme with its biological function. ! Un-
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can be found as part of the supporting information: (S1) Charge and binding ca-
pacitance per aminoacid vs. pH in dilute solution; (S2) Variation of the charge of
aspartic acid, histidine and lysine due to the added salt vs. pH in dilute solution;
(S3) Charge variation vs. pH for the case with neutral crowders with salt concen-
tration 0.01 M; (S4) Variation of the IDP global charge vs. excluded volume (S5)
Binding capacitance per aminoacid vs. pH for the case with neutral crowders with
salt concentration 0.1 M; (S6) Best fit parameters to the scaling law (Eq. 13) for
the R, vs. ¢ curves (S7) Binding capacitance per aminoacid vs. pH for the case with
charged crowders with salt concentration 0.01 M; (S8) Calculations with effective
ionic strength I’ for the case with charged crowders; and (S9) Comparison of AQ(c,)
and AQ'(¢) vs. pH for systems with I’ = 0.05 M.

der this paradigm, and despite their abundance in all proteomes,
proteins with partially or entirely disordered sequences, the so-
called Intrinsically Disordered Proteins (IDPs), were considered
to have no specific biologic role or simply that of connecting or-
dered domains23. Nowadays, however, the characteristic struc-
tural flexibility of IDPs has been found to exhibit many biological
advantages such as multi-binding, the capability to avoid non-
desired interactions through functional misfolding,* or overcom-
ing steric restrictions due to macromolecular crowding®. Due to
these advantages, IDPs are involved in a wide spectra of biological
processes®, such as signalling processes, supramolecular assem-
bly or allosteric regulation, so that they are appealing targets for
drugs.

On the other side, biological media are highly concentrated
in macromolecular species, the so-called macromolecular crowd-
ing”7:8. For instance, the weight fraction of protein in blood
plasma is around 9%, with serum albumin being the most abun-
dant protein with concentration around 35-55 g/L°. In the cell
cytosol, macromolecules occupy a volume fraction of 20%-40%,
with approximate macromolecule concentrations 200-400 g/L.
The impact of macromolecular crowding in proteins with a de-
fined 3D structure has been extensively studied; it has been found
to substantially affect the reactivity, conformational properties,
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diffusion processes and self-assembly7-810-22_In the case of IDPs,
the latter point is specially relevant to unravel their physiolog-
ical role and to prevent the pathways that lead to unwanted
self-association or association of these proteins with other macro-
molecules.

Research on the response of IDPs to macromolecular crowd-
ing has been mainly focused on their conformational properties.
Macromolecular crowding effect in the conformational proper-
ties of IDPs has been found to be rather heterogeneous and, in
general, it is dependent on each IDP-crowder combination 2327,
Therefore, IDPs have been classified as foldable (fold upon crowd-
ing), unfoldable (extended upon crowding) and non-foldable
(mostly unaffected)®. This variability suggests that the impact
of molecular crowding on IDPs is not only due to the excluded
volume effect, but that other variables, such as the macromolec-
ular charge, could also play a key role. For example, the presence
of crowders may alter the conformation of the protein, which in
turn affects the ionization state of the weak acid/base groups of
the protein.

Coupling between conformational and ionization properties
has been reported to be significant in IDPs2829 and it is a rather
general trend of weak polyelectrolytes39-36. Some examples are
the swelling of poly(methacrylic) acid in a narrow range of pH37,
the important influence of ionization in protein folding3® or the
helix—coil transitions of poly(peptides) 3°. The ability of a macro-
molecule to modulate its charge as a response to an external stim-
ulus (e.g. pH variations, salt concentration changes, interactions
with other macromolecules or external fields) is known as Charge
Regulation4%*!. This capability has lead to the use of weak poly-
electrolytes in pH-responsive smart systems with multiple tech-
nological applications (see, for instance, Ref.4? and references
quoted therein).

Moreover, both IDPs and weak polyelectrolytes possess a very
flexible structure so that simulation techniques borrowed from
weak polyelectrolytes can be straightforwardly used in modeling
IDPs. In particular, “bead-and-spring” models3234-36:43-49 haye
been successfully used to simulate IDPs>%->2, Using Monte Carlo
simulations of this nature, Skepd et al. have been able to re-
produce small-angle X-ray scattering®2°3 and ellipsometry>%-°1
experiments. Furthermore, in both cases ionization equilibria can
be explicitly taken into account by using Monte Carlo simulations
in the Semi-Grand Canonical Monte Carlo ensemble 3234-36,54,55,

In this work we will focus on the effect of macromolecu-
lar crowding on charge regulation and conformational structure
of two IDPs with very different biological functions: histatin-5
and B-amyloid 42. Histatin-5 is present in human saliva®0->3
and presents antibacterial >, antifungal®’>¢, and polyphenolic-
binding>®%° properties. B-amyloid 42 is known for its abil-
ity to self-assemble, forming fibres in the brain of patients with
Alzheimer disease®1-03. This article is organised as follows. In
section two, the theoretical model, its parameterization and the
computational details are introduced. Following a step-wise ap-
proach, we analyse in section three the ionization and confor-
mational properties of the IDPs in the (i) absence of crowding
agents; (ii) presence of neutral crowders, and (iii) presence of
charged crowders.
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2 Methodology

Histatin-5 and -amyloid 42 present a rather different ionization
properties: Histatin-5 is a polycation while B-amyloid 42 is a
polyampholyte. In this work they are modelled using a simple
bead-and-spring model. The conformational and ionization prop-
erties are computed by means of Semi-Grand Canonical Monte
Carlo simulations using MOLSIM software®*. The crowders are
described by means of the recently developed Chain Entangle-
ment Softened Potential (CESP) model?!. Within this model, they
are regarded as double-shelled spheres with an inner hard-core
and an outer soft shell. In order to evaluate the effect of the crow-
der agents, we perform simulations with charged and uncharged
crowders. When considered, the crowders charge is fixed at a
given pH, and modelled by placing charged beads at the sphere
surface. Therefore, only the IDP charge is allowed to fluctuate.
In Fig. 1, two examples of the performed simulations are shown.
In the left upper panel we have depicted f-amyloid 42 in a so-
lution of neutral crowders (cyan double-shelled spheres) occupy-
ing a large fraction of the volume. In the right-hand side upper
panel the solution contains histatin-5 and charged crowders (cyan
double-shelled spheres with blue beads in its surface representing
the charges). The chemical species in solution, as well as the dif-
ferent models used, are outlined in the bottom panel of Fig. 1.
Let us discuss in detail the methods used in this work.

2.1 Theoretical model

For simplicity, let us consider the case in which only one IDP chain
is present in a medium populated by crowder macromolecules
and salt ions. The atomistic modeling of this medium is com-
putationally challenging due to the massive quantity of atoms in
solution and the physicochemical processes involved. Our model
aims to reduce the system complexity while retaining the most
relevant physicochemical aspects (electrostatic interactions and
steric hinderance) involved in the acid/base equilibria of the IDP.
We make use of a multi-layered coarse-grained description with
different degrees of detail depending on the chemical identity of
each component, as outlined in Fig. 1.

The IDP chain is described as a set of M beads joined by elastic
bonds. The bonds are approximated as springs with a harmonic
potential

kBond Z l—lQ , (1)

where /; is the length of bond j, I is the bond equilibrium
length and kg,,q is the harmonic force constant. Each bead rep-
resents an aminoacid residue and two extra beads are used to de-
scribe the terminal amino/carboxylic groups, as depicted in Fig.
1. The beads holding an acid/base group are allowed to change
their ionization state, mimicking proton binding/unbinding. For
a protein chain with § acid/basic beads, the protonation free en-
ergy Fp reads3%34-36:67

BFp
In(10)

S
Z PH — pKa i) si, 2

HMC&

where pH = —log(ay) depends on the proton activity ay, 8 =
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* Intrinsically Disordered
Protein (IDP)

@ Charge fluctuation

Bead and spring model

B-amyloid

* Crowders /
%Charge fluctuation b

Neutral crowders

Chain Entanglement Soft Potential
(CESP) model

Charged crowders

* Saltions ® QO o

Punctual charge hard-spheres Cr- Na*

Fig. 1 Upper panel: two snapshots of Semi-Grand Canonical Monte Carlo simulations of: (left) f-amyloid 42 in a medium containing neutral crowders
with excluded volume fraction ¢ = 0.39 and (right) histatin-5 surrounded by charged crowders with ¢ = 0.08. Bottom panel: Outline of the chemical
species in solution. Both IDPs (coloured chain) are modeled by means of a bead and spring model3%-52 with acid/base equilibria explicitly taken into
account. The crowders (cyan double-shelled spheres) are modeled using the Chain Entanglement Softened Potential (CESP) model?!, for which the
crowders have an inner dense core (opaque) and an outer softer region (transparent). In the case of charged crowders, small charged beads (blue) are
added mimicking the Bovin Serum Albumin surface charge. Na* (orange spheres) and Cl~ (green spheres) ions are also present with concentration of
0.01 M.

Particle -ARG- -LYS- -TYR- -HIS- -GLU- -ASP- -NH, -COOH
K, 120 104 96 63 44 40 75 3.8

Table 1 pK,-values for the titrable aminoacid residues and for the terminal amino (-NH, ) and carboxylic (-COOH ) groups, obtained from Ref.
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Histatin-5 sequence: (24 aminoacids: 15 basic and 5 acid groups)

NH, = ASP = SER = HIS = ALA = LYS = ARG = HIS = HIS = GLY = TYR = LYS = ARG = LYS —
= PHE = HIS = GLU = LYS = HIS = HIS = SER = HIS = ARG = GLY = TYR — COOH

B-amyloid 42 sequence: (42 aminoacids: 7 basic and 8 acid groups)

NH, = ASP = ALA= GLU = PHE—= ARG = HIS = ASP = SER = GLY = TYR — GLU = VAL = HIS -
== HIS = GLN = LYS = LEU = VAL = PHE = PHE - ALA = GLU — ASP — VAL = GLY — SER —

— ASN = LYS = GLY — ALA = ILE = ILE = GLY — LEU — MET — VAL — GLY — GLY — VAL —

= VAL = ILE = ALA — COOH

Fig. 2 Aminoacid sequence of Histatin-5%065 and B-amyloid 428'. The amino acids with basic and acid groups are coloured in blue and red,

respectively.

1/(kgT) is the inverse of the thermal energy with kg the Boltz-
mann constant and 7 the temperature. For a given ionizable
group i, i; and pKj, ; represent its reduced chemical potential and
its acid constant, respectively. s; is a variable representing its pro-
tonation state, whose value can be either 1 (protonated) or O
(unprotonated).

The crowders are modelled using the recently developed Chain
Entanglement Softened Potential (CESP) model2!. In this model,
the particles interact through an empiric inter-particle interaction
potential containing a continuous shouldered well, similar to that
used in computational models of coarse-grained fluids®8%°. The
particle is divided into two distinct regions: (i) the core, which
is densely populated by atoms and modeled as a hard-sphere of
radius R¢, and (ii) the outer part, in contact with the solvent,
which is less dense and can be penetrated by other particles with
energetic cost U,. Its radius is estimated as the hydrodynamic
radius of the macromolecule Ry, as depicted in Fig. 1. The mean-
field pair-wise potential, Fcgsp, corresponding to this model, is
given by the empirical expression

N 24
dg U, dc/dy dp +dc U,
F = E — — — tanh ii— -
CESP L & < ) ) tan (dE —dc dj > + 2

dij

3)
where d;; is the distance between the centers of the interacting
particles i and j. &y =1Jmol™! and dy = 1 nm are added to correct
the units2! while d¢ = Rg; +Rc ; and dy = Ry; + Ry, ; represent
the sum of hard core and hydrodynamic radii of particles / and
J, respectively. Conversely, the steric repulsion between protein
beads, ions and between beads and ions is calculated only using
the first, repulsive, term in Eq. 3.

The electrostatic interaction in the implicit solvent assumption
obeys the Coulomb potential

N N [B
Bre=Y Y 7. 4i4) @

where /g is the Bjerrum length, which is /g ~0.71 nm at 298 K.

4| Journal Name, [year], [vol.],1-16

The total free energy of the system reads

F =Fg+ Fp+Fcpsp + Fc. (5)

2.2 Parameterization

The aminoacid sequences of histatin-5 and f-amyloid 42 can
be found in Fig. 2. Both IDPs are short peptide chains with
a flexible random-coil structure but they exhibit very different
acid/base properties. Histatin-5 consists of a large number of
basic aminoacids (mainly histidine), so it is positively charged
in a wide range of pH-values. f-amyloid 42, on the other hand,
presents almost the same number of acid and basic aminoacids, so
its charge undergoes a transition from positive at low pH-values
to negative at high pH-values. Inspired by the model suggested
by Skepo et al., we describe aminoacid residues as beads with
hard-core radius Rc = 0.2 nm®%>3, There are also two extra
beads for the terminal amino/carboxylic groups with the same ra-
dius R¢ = 0.2 nm. The aminoacids hard-core and hydrodynamic
radii are taken to be equal. The beads are joined by harmonic
bonds with equilibrium bond length I, = 0.41 nm and force con-
stant kpong = 240 kJ mol 'nm~2 or 0.4 N m~!. The intrinsic acid
constants (pK,;) of the aminoacids are taken from Ref. 66 and can
be also found in Tab. 1.

Aiming to mimic a biologically realistic scenario, the crowders
have been chosen to resemble Bovine Serum Albumin (BSA). We
have chosen BSA instead of its human variant because it has been
more extensively used in research and it is thus better parame-
terized. Since we are also interested in the effect of the crowder
charge, we firstly study the simpler situation of neutral crowders
with the same dimensions as BSA. The hard-core radius Rc can
be estimated as?!

M
Rc(BSA) = ¢/ ier\: ~2.73nm, ©)

where v = 0.736 cm3g~! and My = 70 kg mol ! are the specific
volume”! and the molecular weight”? of BSA, respectively, and
Ny is the Avogadro constant. Ry is calculated using the Stokes-
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pH 3.00 3.50 4.00 450 4.65
Net charge/e | +22 +18 +10 +6 0

5.00 6.00 7.00 8.00 9.00 10.0 11.0
-4 -9 -15 -19 -22 -26 -27

Table 2 Average net charge of Bovine Serum Albumin (BSA) at different pH values. The values were obtained from capillary electrophoresis by

measuring the electrophoretic mobility of BSA70.

Einstein equation

kgT
Ry(BSA) = >

= 6xnD =3.64 nm (@)

where 1 = 0.932 mPa is water viscosity at room temperature’>.
D =6.32-10"2 nm?ns~! represents the BSA translational diffu-
sion coefficient at 293 K, obtained from dynamic light scatter-
ing”74 and quasi-elastic light scattering”> experiments at pH = 5,
near the isolectric point of BSA (pH ~ 4.65) 79, Although the diffu-
sion coefficient of BSA slightly varies with the pH-value74 (which
leads to different Ry values ranging from 4.29 nm for pH =3 to
3.53 nm for pH = 7), we will consider, for simplicity, the size of
BSA to be pH-independent. The entanglement energetic cost Uy
has been determined in a recent publication?! to be U; = 5000 J
mol~! by fitting brownian dynamic simulations using CESP poten-
tial (Eq. 3) to experimental long-time diffusion coefficients. This
value prevents crowders to overlap at low concentrations while it
allows crowder-particle inter-crossing at high crowder concentra-
tions.

In the simulations with charged crowders, we have to account
for the fact that the net charge of the BSA is sensitive to the pH
of the medium. One could in principle treat explicitly the ioniza-
tion equilibrium of BSA and the consequent charge fluctuations.
However, this turns to be computationally very expensive. We
have thus decided to assign charge to the charged crowders ac-
cording to the solution pH and keep it constant during the simu-
lations, i.e., charge regulation is included in the IDPs but not in
charged crowders. The net charge of BSA for different pH values
was obtained from capillary electrophoresis experimental data”®
and can be found in Tab. 2. It is distributed in hard-sphere beads
with R¢ = 0.2 nm containing one elementary charge, which are
randomly placed at the surface of the crowders (at a distance Ry
from the center, see Fig. 1). Previous works have pointed out
the relevance of the charge distribution in protein-polyelectrolyte
interactions”76-80, This is not the case of our system, where pre-
liminary calculations showed no significant effect of the charge
distribution of the crowders in the conformational and ioniza-
tion properties of the IDPs. This difference is possibly due to the
fact that polyelectrolytes, in general, have larger charge densities
than IDPs. For a given pH-value, all the crowders are considered
to have equal charge distribution. In order to avoid anisotropy
problems, the crowders are allowed to rotate during the simula-
tion.

Finally, the electroneutrality of the solution is ensured by
adding the appropriate amount of sodium Na™ and chloride CI™
ions, also modeled as hard spheres with radii equal to its ionic
radii: Rc(Nat) = 0.10 nm and Rc(Cl™) = 0.18 nm81-83,

2.3 Computational details

Semi-Grand Canonical Monte Carlo simulations3%34-36,54.55

were performed using MOLSIM v6.4.7 software ®4. An additional
routine with the CESP contribution to the free energy was added
to the original MOLSIM code. The routine was tested by repro-
ducing the results presented in Ref.%!. The simulations were per-
formed at room temperature 7 = 298.15 K in a cubic simulation
box with a side length L =22 nm. L was tested and found to be
large enough to prevent finite-size artifacts. Periodic boundary
conditions were applied in all space directions. The long-range
electrostatic interactions are corrected with standard Ewald sums
with a cutoff in real space Reys = L/2 = 11 nm and reduced Ewald
splitting parameter o* = 3.0 with error in F¢ of around 107° kJ
mol~!84 The simulations consisted of 10° to 107 MC steps, with
thermal equilibration of 10°> MC steps. Typical runs lasted from
1 to 8 days using the Idun cluster (Norwegian University of Sci-
ence and Technology, NTNU) 8%, depending on the total particle
number, which ranged from 50 to 1300. In each MC step, the
following trial moves are performed: (i) translation of a particle
(protein beads, crowder particles, ions); (ii) translation of the IDP
chain as a whole; (iii) pivot rotation of a chain section of the IDP
chain; (iv) slithering of the IDP chain, where a section of the chain
is moved to the other end of the chain, mimicking the reptation of
a snake; (v) protonation/deprotonation of an acid/basic bead of
the IDP chain. The charge of a counter-ion is accordingly changed
to maintain the system electroneutrality; and (vi) rotation of the
crowders. The increment in the free energy is computed and the
standard Metropolis algorithm applied: the trial configuration is
always accepted if AF <0 and it is accepted with a probability
equal to exp(—PBAF) otherwise.

The sought thermal averages were the average charge of a spe-
cific residue type A, (ga); the binding capacitance of A36:86.87,
(ca), defined as

_(daa _ / » 2
{ca) = (T,UA) = <qA> —(qa)”, ®
the protein average charge Q
G
Q=Y Nalga), 9
A

where N, is the number of ionizable groups of type A among the
G different types of acid/base groups; the global IDP binding ca-
pacitance, given by 36:86.87

aQ (a<qA>)
C_——_—Z N, _2 Naca. 10
3 A 3 ACA (10)
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Finally, we also computed the radius of gyration Rg, which reads

M
1
Rg=Y IE (ri—rj)% (11
i
where r; is the position of bead i and M is the number of beads of
the IDP.

3 Results and discussion

3.1 Histatin-5 and B-amyloid titration in absence of crow-
ders

Let us firstly discuss the ionization and conformational properties
of histatin-5 and f-amyloid 42 in absence of crowder agents. The
average protein charge Q as a function of the pH-value is shown
in Figs. 3a (histatin-5) and 3b (f3-amyloid 42) at added salt con-
centrations ranging from ¢ = 0 (no added salt) to ¢s = 0.5 M.
Since we only add 1:1 salts, ¢s can be directly identified with the
ionic strength /. Note that in calculating / in this way the concen-
tration of ions H™ and OH™ coming from water self-ionization,
which could be significant at very low and high pH-values, are
neglected. However, as it will be seen, at these pH-values the in-
fluence of the ionic strength is very weak, so that we can identify
I as the added salt concentration quite accurately.

It can be observed that histatin-5 essentially behaves as a poly-
base with average charge ranging from +15 to —2 and an isoelet-
ric point pI close to 10.5, due to the presence of 15 basic but only
5 acidic groups. The pl-value of Histatin-5 is in good agreement
with previous theoretical and computational calculations®8-1
Conversely, f-amyloid 42 contains eight acidic and seven basic
groups, and exhibits an amphoteric behaviour. Its charge ranges
from +7 to —8 with pI ~ 5, which is consistent with the observed
self-aggregation of this protein at pH values close to 5%2. The
obtained histatin-5 titration curves agree reasonably well with
previous work59, where the average charge was computed us-
ing Semi-Grand Canonical Monte Carlo simulations with implicit
ions using the Debye-Hiickel potential. This mean field approxi-
mation is known to fail when increasing the ionic strength 2394,
so that moderate deviations from our computations are found at
low pH-values for ionic strength larger than 0.1 M.

Clearly, the impact of the added salt on the titration curves
is much more pronounced in the case of histatin-5, while it is
very weak for B-amyloid 42. This point is better discussed by
computing the increment in the charge due to the addition of
salt at concentration cs, i.e., AQ(cs) = |Q(cs)| — |Q(0)|, shown in
Figs. 3c (histatin-5) and 3d (B-amyloid 42). It can be observed
that in general AQ(cs) increases with ¢s. This is not surpris-
ing since the added salt screens the electrostatic repulsion be-
tween equally-charged aminoacids along the chain favoring ion-
ization343>. Moreover, AQ(cs) is larger for histatin-5 than for j3-
amyloid 42. This is possibly a consequence of the more balanced
composition of $-amyloid 42, since the increase in cg screens both
the attractive and the repulsive interactions.

The binding capacitance as a function of the pH value is plot-
ted in Figs. 3e and 3f for histadin-5 and -amyloid 42, respec-
tively. Note that the maxima of C and AQ(cs) (panels ¢ and d)
take place at the same pH values, with pH ~ pK, ; of the most
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abundant amioacids, that is, histidine for histatin-5 and aspartic
and glutamic acid for f-amyloid 42. Therefore, the salt screening
effect is maximum for pH-values in which the protein charge reg-
ulation and fluctuation are maxima (recall that capacitance and
fluctuations are directly linked, see Eqn. 10)3686:87 It can be
also observed that for histatin-5 the maxima of C are higher and
shifted towards larger pH values as ¢y increases. This behavior
is also found in weak polyelectrolytes3%->C, The capacitance and
charge increment Aga(cs) = |ga(cs)| —|ga(0)| for each individual
amino acid type as a function of the pH and ¢s can be found in
the Supporting Information’ (Figs. S1 and S2).

The radii of gyration Ry as a function of pH and salt concen-
tration are presented in Figs. 4a (histatin-5) and 4b (-amyloid
42). It can be observed that for histatin-5, Rg decreases as the pH
increases (panel a), while, for B-amyloid 42, Ry exhibits a mini-
mum around pH =5 (panel b). This fact can be easily explained:
at the isoelectric point (pI) of the IDPs (pI ~ 10.5 for histatin-5
and pI ~ 5 for B-amyloid 42) the aminoacids of the proteins are
either neutral or perfectly balanced, and, as a result, the repul-
sive electrostatic intramolecular interactions are minimized and
the protein is, on average, more compact. The increase in ¢s from
zero (squares) to 0.5 M (diamonds) generally leads to a decrease
in the Ry. Again, the presence of salt screens the intramolecular
interactions, leading to less extended conformation. This effect is
more pronounced at pH values far from the isoelectric point. In-
terestingly, for pH-values close to pl, the situation is reversed and
Rg slightly increases with the ionic strength of the medium. In
this case, the intramolecular attractive electrostatic forces seems
to be more important than their repulsive counterpart.

3.2 Charge regulation of IDPs in crowded media with neu-
tral obstacles

Let us now populate the system with neutral crowders with the
same geometrical properties as BSA. For simplicity, all results
shown in this section refer to systems with constant salt concen-
tration ¢s = 0.1 M, except otherwise stated. We have also per-
formed computations at ¢ = 0.01 M, with similar results, which
are reported as Suplementary Information’ (Fig. S3). The titra-
tion curves of histatin-5 and -amyloid 42 were calculated at dif-
ferent excluded volume fractions ¢, defined as

_ 4TNeRE

R (12)

where Rc = 2.73 nm is the hard-core radius of the crowders, L =
22 nm is the length of the simulation box and N, is the number
of crowder particles, which ranges from 2 to 63. Note that the
outer soft shell of the crowders can be penetrated, specially at
high crowder concentrations2!, which is the reason why only the
hard-core radius is considered in Eq. 12.

The effect of macromolecular crowding in the ionization prop-
erties of the IDPs is quantified by means of the difference be-
tween the absolute charges with and without crowding AQ'(¢) =
|0(¢)] —10(0)| where Q(¢) is the average charge of the protein at
a given ¢ value. AQ'(¢) is shown in Figs. 5a (histatin-5) and 5b
(B-amyloid 42) as a function of the pH at ¢-values ranging from:
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Fig. 4 Radius of gyration Ry of (a) histatin-5 and (b) f-amyloid 42 at salt concentrations ranging from ¢; =0 M (no added salt) to ¢s = 0.5 M. The

markers are the same as in Fig. 3.

¢ =0.1to ¢ =0.5. It can be observed that the impact of crowding
is very different for the two studied IDPs. The average charge of
histatin-5 increases with the crowder concentration at all the pH
range, with a maximum increase of 0.6 units at pH = 6. Only for
systems at pH = 11, a small decrease in the average charge ob-
served. Conversely, f-amyloid 42 (Fig. 5b), presents a titration
behavior that is nearly insensitive to the crowder concentration.
It is only observed a small increase with ¢ at pH =3 and pH = 10
and a small decrease at pH values from 4 to 7. The AQ'(¢) vs. ¢
curves have been found to be very well fitted to an empiric power
law in all the pH-range for both IDPs (See Section S4 in the Sup-
porting Information®).

We also analyze the dependence of the average charge per
aminoacid type ga with ¢ by calculating the difference in charge
with and without crowders Ag)(¢) = |ga(¢)| — |ga(0)|, where
ga(9) is the average charge of an aminoacid type A at a given ¢-
value. In Figs. 5c (histatin-5) and 5d (B-amyloid 42), Aq), (¢) for
aspartic acid (ASP), histidine (HIS) and lysine (LYS) are shown.
These aminoacids are chosen as representatives of residues with
acidic, neutral and basic isoeletric points, respectively. It can
be observed that crowding affects the protonation/deprotonation
of the aminoacids differently and Ag),(¢) of ASP, HIS, and LYS
strongly depend on the identity of the IDP protein.

Interestingly, the variation of Q can be achieved by neutraliz-
ing aminoacids whose charges have opposite sign to that of the
macromolecular charge. For instance, if an acidic residue, nega-
tively charged, gets protonated, the global charge becomes more
positive. An example can be observed at pH = 3, where both
IDPs experience global charge increase (Figs. 5a and 5b), but
the (absolute) charge of their acidic groups decrease (ASP in the
Figs.5c and 5d). Note that at this pH only the charge of the acidic
residues is affected by crowding, because pH~pK, ; ~ 3. This is,
again, the pH region where their binding capacitance, and conse-
quently the charge regulation ability of ASP, exhibits a maximum

8| Journal Name, [year], [vol.],1-16

(see Fig. S5 in the Supporting Information). As discussed in the
previous subsection, the maxima and minima in AQ’(¢) coincide
with the peaks in the charge capacitance C, as observed in Fig. 5e
and Fig. 5f.

Hypothetically, the dependence of the macromolecular charge
on ¢ could be regulated by two possible mechanisms. On the
one side, larger excluded volumes lead to increase in the effective
ionic strength I’ of the solution (same number of salt ions in a
reduced accessible volume). For a system with N charged chemi-
cal species, I’ can be expressed in terms of the crowder excluded
volume fraction ¢ as

1

N Cs
I'9)=-Y @)z = : (13)
i=1

(1-9)

where ¢{(¢) is the “effective” concentration of the chemical
specie i with charge z. For instance, for ¢ = 0.5 and ¢; = 0.1
M the effective ionic strength is I’ = 0.2 M. As a result, the
intra-molecular electrostatic interactions are weaker since they
are more screened, and the average protein charge should be
affected. 343 On the other hand, in most of cases, excluded
volume is found to induce more compact protein conforma-
tions.>7-8. This compaction of the IDPs reduces the distance
between charged groups and thus increases the intra-molecular
electrostatic interactions.

N |

Let us assess the relative importance of these two possible
mechanisms. With this aim let us take as a reference situation
¢s = 0.1M. For ¢ = 0.5, the effective ionic strength is I’ = 0.2. If
the variation in the IDPs charge is only due to the increase of I’
induced by crowding, the corresponding charge variation in pres-
ence of crowding

AQ'(9=0.5)=]Q(¢ =0.5,c =0.IM)| — |Q(¢ = 0.¢s = 0.1M)]
(14)
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Fig. 6 Comparison between: i) charge variation produced when the
added salt concentration is incremented from ¢; = 0.1 M to 0.2 M with-
out crowders AQ(I' = 0.2M) (Eq. 15, circles); ii) charge variation pro-
duced when adding neutral crowders with resulting ¢ = 0.5, AQ’ (¢ =0.5)
(Eq. 14, triangles), to a protein solution with added salt concentration
¢s =0.1 M, i.e., with effective ionic strength I’ = 0.2 M. Blue color refers
to histatin-5 while red color refers to f-amyloid. As can be observed,
AQ' (¢ =0.5) ~ AQ(I' = 0.2M) evidencing that the main effect of the crow-
ders is to increment the effective ionic strength.

should be the same as the charge variation without crowding
but taking ¢ = I’

AQ(I' =0.2M) = [Q(¢ = 0,¢, = 0.2M)| — |Q(9 = 0,c5 = 0.1M)],
(15)
that is

AQ (¢ =0.5) ~ AQ(I' = 0.2M) (16)

This comparison is shown in Fig. 6. Clearly AQ(I' = 0.2M)
and AQ'(¢ = 0.5) are very similar for all the range of pH-values.
This result strongly suggests that the main mechanism by which
neutral crowders affect the charge regulation is increasing the
effective ionic strength. Conversely, it seems that protein com-
paction induced by macromolecular crowding does not affect the
IDPs charge.

Figs. 7a (histatin-5) and 7b (B-amyloid 42) show the normal-
ized radii of gyration, Rg(¢)/Rg(0), where Rg(0) is the radius of
gyration in absence of crowders, at different pH and ¢ values.
It can be seen that it slightly decreases with ¢. This is in good
agreement with the results obtained by Kang and co-authors®>,
which found a reduction of the macromolecule dimension due to
the presence of crowders of comparable size. They proposed to
fit the normalized R, to the scaling law ?>%

Rg(0)/Rg(0) = (1-cAg)', a7

where A = R, (0)/R. is the ratio between the IDP radii of gyration
without crowders Rg(0) and the crowder compact radius R, and
c is an empiric parameter to be fitted. In this work, A was found
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(Eq. 17).

to range from 5.4 to 8.0, depending on the IDP and the pH con-
ditions. The best fit curves to Eq. (17), are depicted as dashed
lines in the Figs. 7a and 7b. The corresponding c-values (listed
in Section S6 as Supporting Information’), are found to be nearly
independent of the IDP and the pH value, with ¢ ~ 0.09 in all the
cases. It is also worth mentioning that if A is set to 1, following
the approach used in Ref. 53 where the crowders were IDPs, we
obtain c-values for histatin-5 around ~ 0.6, close to the reported
value ¢ = 0.71 for similar salt conditions.

Page 10 of 17



Page 11 of 17

Published on 27 October 2020. Downloaded by Universitat de Barcelona on 10/27/2020 11:05:35 AM.

3.3 IDPs titration in presence of charged crowders

The charged crowders are here modeled as a coarse grained ver-
sion of Bovine Serum Albumin (BSA) proteins, which we assume
to have the same characteristic radii (Rc and Ry) than the neutral
crowders of the previous sub-section. The only difference is that
we incorporate ionized groups at the surface, modeled as charged
beads which mimic the ionized groups of the protein. The total
charge of the surface corresponds to the average charge of BSA at
the pH-value and salt concentration of the simulation. The latter
information, shown in Tab. 2, is taken from Ref.”%, where the av-
erage charge of BSA for ¢; = 0.01 M in a wide range of pH-values
was experimentally determined. The charge of the crowders is
compensated by the corresponding counter-ions in order to main-
tain the electroneutrality of the solution. We restrict ourselves to
¢ values up to 0.2 due to two reasons: (i) for very acidic/basic
pH values the number of counter-ions increases dramatically with
¢ making the computations prohibitively expensive and (ii) the
presence of charged hard beads in the crowder surface increases
the excluded volume, which complicates the equilibration of sys-
tems at large ¢-values.

Following the same order as in the previous sub-section, let us
firstly analyze the variation in the IDP charge induced by the pres-
ence of charged crowders, AQ'(¢) = |Q(¢)| —|Q(0)|, depicted in
Figs. 8a (histatin 5) and 8b (-amyloid 42). The average charges
of the specific residues A¢), (¢) = |ga(9)| — |ga(0)| are reported in
Figs. 8c and 8d. The simulations are performed at four ¢-values:
0.05 (triangles), 0.1 (squares), 0.15 (inverted triangles) and 0.2
(circles). It can be observed that, for the same pH and ¢ val-
ues, charged crowders induce significantly larger variation in the
charge of the individual aminoacids and in the IDP global charge.
For example, for ¢ = 0.2, histatin-5 exhibits a maximum AQ’(¢)
value of 0.2 units (pH = 6) with neutral crowders while in the
presence of charged crowders the maximum AQ’(¢) is 0.75. Like-
wise, for B-amyloid 42, AQ'(¢) is very small for neutral crowders
but increases significantly for almost all pH range with charged
crowders. Again, the AQ'(¢) vs. ¢ curves have been found to
be very well fitted to an empiric power law in all the pH-range
for both IDPs (See Section S4 in the Supporting Information®).
The binding capacitance C in the presence of charged crowders is
presented in Figs. 8e and 8f. It can be seen that crowding pro-
duces the shift of the first maximum towards larger pH values for
histatin-5. A small increase in the height of the first maximum (at
pH = 4) for B-amyloid 42 is also found. The same trend can be
observed in the binding capacitance per aminoacid (Supporting
Information®, Fig. S7).

Note that, as happened with neutral crowders, in some cases
(mostly at acidic pH-values), the protein charge increases by re-
ducing the charge of the aminoacids with charge sign being oppo-
site to the global charge. This fact can be observed, for example,
at pH = 3 in Figs. 8a and 8c. Curiously, this phenomenon takes
place for almost all the pH range in the case of f-amyloid 42 (See
Figs. 8b and 8d). Note also that, for f-amyloid 42, the depen-
dence of Aga of HIS with pH depends of the nature of the crowder.
In the presence of neutral crowders, its charge slightly increases
for larger ¢ values (See Fig. 5d), while the opposite situation is
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observed for charged crowders.

In the previous sub-section, we highlighted that a fundamen-
tal mechanism of charge regulation upon the addition of neutral
crowders was the increment of the effective ionic strength I’ due
to the reduction of the available volume. This effect should be
even larger if the crowders are charged due to the presence of
the counter-ions associated to them. I’ can now be calculated by
modifying Eq. 13 in order to include the counter-ions coming
from the crowders. The resulting effective ionic strength I’ reads

Cs 3¢|z(pH)|
(1—9)  47RANA(1—9)’

where z(pH) is the crowder charge at a given pH value (see Tab.
2), R is the crowder hard-core radius (we take R.=2.73 nm as
in the previous sub-section) and Ny is the Avogadro number. The
second term on the right-hand side represents the contribution
of the counter-ions coming from the charged crowders. I’ vs. ¢
curves (Eq. 18) for ¢ =0.01M at different pH-values can be found
as Supporting Information’ (see Section $8). Depending on ¢ and
pH, I’ may amount to as much as 0.18 M, almost twenty times the
cs-value.

As in the previous section, let us investigate if the main mech-
anism for the IDP’s charge regulation is the increment in I’. We
want to compare the resulting charge variation AQ(I' = 0.02M),
calculated in the same way as in Eq. 15, with that of a system
with charged crowders whose effective ionic strength is always
I' = 0.02M, independently of the pH-value. That means that, for
each pH-value, we have to calculate the ¢-value for which Eq. 18
predicts I’ = 0.02 M. The comparison between the charge varia-
tions in both situations, AQ(I’ = 0.02M) and AQ'(¢), is shown in
Fig. 9. As in the case of neutral crowders, both charge variations
are very similar, evidencing that the main effect of the charged
crowders is to increment the ionic strength. However, in this
case it can be observed a shift between AQ(cs) and AQ'(¢) val-
ues which was not detected for neutral crowders (Fig. 6). This
fact suggests that there is a significant contribution to charge reg-
ulation from the electrostatic interaction between the IDP and
the charged crowders. This observation is in good agreement
with previous research on the interactions between weak poly-
electrolytes and charged nanoparticles, where the titration curves
of weak polyelectrolytes was observed to be shifted as the surface
charge of the nanoparticle increased®’. This effect seems to be,
however, more modest for IDP’s than for polyelectrolytes, prob-
ably because the charge density is smaller in the case of IDP’s.
The same analysis has been performed for I’ = 0.05 M, i.e. larger
excluded volumes, which is reported as Supporting Information’
(see Section S9). The resulting shift is less pronounced in this
case, suggesting that effect of increasing I’ is now more pro-
nounced and the IDP-charged crowder interaction plays a minor
role. However, further research would probably be necessary to
fully clarify this point.

The normalized radius of gyration Ry, as a function of ¢ for pH
ranging from 3 to 11 is depicted in Figs. 10a and 10b. It is found
that increasing ¢ leads to a slight decrease in Rg of both IDPs.
This fact can be in part due to the steric hinderance caused by
the presence charged crowders, which also took place in the case

I'(¢.pH) = (18)
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Fig. 8 Panels a and b: variation in the absolute macromolecular charge due to the presence of charged crowders, AQ'(¢) = |Q(¢)|—|Q(0)[; panels
c and d: variation in the average charge per aminoacid, A¢), (¢) = |ga(¢)| — |¢a(0)]; and panels e and f: binding capacitance C. Panels on the left-hand
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Fig. 9 Comparison between: i) charge variation produced when the
added salt concentration is incremented from ¢, = 0.01 M to 0.02 M with-
out crowders (AQ(I' = 0.02M) = |Q(¢ = 0,¢s = 0.02M)| — |Q(¢ = 0,¢s =
0.01M)/, circles); and ii) charge variation produced when adding charged
crowders AQ'(¢) (triangles) to a protein solution with added salt concen-
tration ¢ =0.01 M. The excluded volume ¢ (pH,0.01M) is chosen such as
the effective ionic strength I’ (calculated using Eq.18) is always I’ = 0.02
M. Blue color refers to Histatin-5 while red color refers to f-amyloid.

of neutral crowders. However, for the same ¢, this effect is much
stronger in the presence of charged crowders, as one concludes by
comparing the normalized Rg vs. ¢ curves obtained with neutral
(Figs. 7a and 7b) and with charged crowders. The difference is
specially remarkable for histatin-5 at pH-values between pH = 3
and pH = 4, in which histatin-5 is highly charged. This difference
can be explained again by the fact that increasing charged crow-
der concentration produces an extra increase in the effective ionic
strength of the media, which weakens electrostatic repulsion and
facilitates protein compaction. The normalized Ry obtained by the
simulations (markers) have been fitted to the scaling law in Eq.
17 (dashed lines) and the resulting c-values are listed in Section
S6 in the Supporting Information'). In general, very good fitting
is obtained, with c¢-values ranging from 0.08 to 0.33. For pH val-
ues close to the IDPs isoelectric points (5 and 11 for histatin-5 and
B-amyloid 42, respectively), the obtained c-values are similar to
those corresponding to neutral crowders. Away from the isoelec-
tric point, however, the resulting c-values for charged crowders
are larger than those calculated in the presence of neutral crow-
ders, specially for histatin-5 in the range pH = 3 to pH =4.

4 Conclusions

The effect of macromolecular crowding in the charge regula-
tion of two Intrinsically Disordered Proteins (IDPs), histatin-5
and f-amyloid 42, is studied by means of Semi-Grand Canoni-
cal Monte Carlo simulations. It is found that the titration curve
of histatin-5 depends on the salt concentration. This effect is spe-
cially remarkable at pH-values for which the binding capacitance
presents a maximum, i.e. the protein charge is more susceptible
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Fig. 10 Normalized radius of gyration, Rg, of (a) histatin 5 and (b) -
amyloid 42 vs. ¢ at pH-values ranging from 2 to 12 in the presence of
charged crowders. Dashed lines represent the best fit to the scaling law
(Eq. 17).

to be regulated. Conversely, the titration curve of 3-amyloid 42
was nearly insensitive to salt concentration, probably due to its
polyampholyte nature: repulsive and attractive intra-molecular
forces are affected in opposite way. The radius of gyration Rg
of the IDPs is significantly salt dependent for pH values far from
their isoelectric point pl. In this case, Ry is reduced as the salt
concentration increases, due to screening of the intra-molecular
electrostatic repulsion.

Our results suggest that the main mechanism by which neutral
crowders change the IDP charge is the effective increase in salt
concentration due to excluded volume (which screens the IDP
charge). The presence of neutral crowders induces charge regu-
lation on histatin-5 whereas the charge of f-amyloid 42 is nearly
unaffected. This can be again probably explained by the fact that
in histatin-5 the positively charged basic residues are predomi-
nant. Conversely, 8-amyloid 42 is a polyampholyte, and repulsive
and attractive forces are affected in opposite manner.
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The situation changes when charged crowders are introduced.
For both IDPs, the global charge increases with ¢ for almost all the
pH range. In this case, the effect of crowding in the IDPs charge
is found to be not only dependent on the increase in the effective
ionic strength, resulting from the volume reduction and the addi-
tion of counter-ions associated to the charged crowders, but also
due to their direct interaction with the charged crowders, caus-
ing a shift when compared to the systems in absence of charged
crowding agents at the same ionic strength.

For both neutral and charged crowders, the analysis of the av-
erage charge per aminoacid type reveals that, in some cases (spe-
cially at acidic pH-values), the mechanism through which the IDP
regulates its global charge consists of neutralizing the charge of
the aminoacids with charge sign opposite to that of the global
charge. Moreover, the pH values for which the charge is more af-
fected by crowding coincide with those of the maximum binding
capacitance. Finally, the radius of gyration Ry decreases with ¢,
and its dependence on ¢ fits very well the power low proposed in
the Ref. >, containing only one fitting parameter.

We highlight that, even though the charge regulation of the
IDPs induced by macromolecular crowding can be in principle
considered moderate, it could have relevant biological impli-
cations. For example, charge regulation due to macromolec-
ular crowding could be relevant in membrane-less organelles,
which are formed by charged macromolecules.”® Furthermore,
the physicochemical effects here discussed could be probably
more intense in systems with larger charge densities (polycar-
boxylates, polyamines, polysaccharides) or in the presence of
multi-valent ions. It is worth to mention that in our simulations
the salt concentration is kept constant. This situation resembles
an in vitro experiment, where the titration of the IDP is performed
in presence of a buffer at constant salt concentration. Alterna-
tively, one could perform simulations at constant salt chemical
potential, which could be more convenient, for instance, in de-
scribing dialysis experiments. Further work is necessary to clarify
this point. To our knowledge, the present work represents the
first attempt to study, at least by computational simulation, the
interplay between charge regulation and macromolecular crowd-
ing.
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