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Effects of macromolecular crowding on protein folding and aggregation studied
by density functional theory: Dynamics
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Inside the living cell is inherently crowded with proteins and other macromolecules. Thus, it is indispensable
to take into account various interactions between the protein and other macromolecules for thorough under-
standing of protein functions in cellular contexts. Here we focus on the excluded volume interaction imposed
on the protein by surrounding macromolecules or “crowding agents.” We have presented a theoretical frame-
work for describing equilibrium properties of proteins in crowded solut{@gnsR. Kinjo and S. Takada, Phys.

Rev. E(to be published. In the present paper, we extend the theory to describe nonequilibrium properties of
proteins in crowded solutions. Dynamics simulations exhibit qualitatively different morphologies depending on
the aggregating conditions, and it was found that macromolecular crowding accelerates the onset of aggrega-
tion while stabilizing the native protein in the quasiuniform phase before the onset of aggregation. It is also
observed, however, that the aggregation may be kinetically inhibited in highly crowded conditions. The effects
of crowding on folding and unfolding of proteins are also examined, and the results suggest that fast folding is
an important factor in preventing aggregation of denatured proteins.

DOI: 10.1103/PhysReVvE.66.051902 PACS nunter87.15.Nn, 87.15.Aa

[. INTRODUCTION theories can describe the kinetics of aggregation semiquanti-
tatively or even quantitatively, they predefine the structure of
Unlike in typical biochemical experiments in which the aggregates and only the growth rate of aggregates can be
proteins of interest are purified and diluted, the living cell istracked. Recently, molecular simulation studies on the com-
inherently crowded with a wide variety of other proteins andpetition between protein folding and aggregation have also
macromolecules which generally occupy 20—30 % of the tobeen performe@10-12. Molecular simulations have advan-
tal cell volume[1]. It is natural to expect that miscellaneous t@ges in that they can provide detailed pictures of protein
interactions present in such crowded conditions may altefonformational changes upon folding and/or aggregation.
physical, biochemical, and even physiological properties ofOWever, the number of proteins and other macromolecules
the protein of interesf2]. Among all the complex interac- that can be handled in a simulation is limited, whereas ag-

tions between proteins and macromolecules, the exclude%‘regatlon typically mvolvgs qu'tg a 'Iarge ngmber of mql-
ecules. To complement simple kinetic theories and detailed

volume effect is of prominent importance because it is al- : ) . .
. . olecular simulations, there is a need for another theoretical
ways present as long as molecules exist. The effects IMPOS& mework that can track the morphological evolution as

by thle exlcluded vg!ur‘rle ?ff ma(;ro?ole(c:julis are called n"lnacwe” as the growth rate of aggregates consisting of a large
romolecular crowding” effect§2—6] and those macromol- number of proteins.

ecules that impose §uch gffects are termed “crowding |, our previous papef13], we presented a density func-
agents’[5]. Among a wide variety of phenomena affected by (iona) theory that describes a system of proteins and crowd-
macromolecular crowding, we focus on crowding effects onng agents at equilibrium, and showed that crowding effects
protein stability, folding, and aggregation in this paper.  on protein stability and aggregation can be treated in a uni-
Not only static properties but also dynamic aspects ofiied framework. Two main results obtained there are that, as
macromolecular crowding and aggregation are also of muckhe bulk density of the crowding agent increases, aggregation
interest because formation of aggregates such as inclusiaf denatured proteins is enhanced and the native protein is
bodies and amyloid fibrils is always a dynamical processincreasingly stabilized unless aggregation ocdaf. Here
Recently, it has been suggested that transient aggregates due extend the theory to treat nonequilibrium phenomena
ing amyloid fibril formation may be inherently toxic to the such as aggregation dynamics. The method used here is
cell, regardless of whether or not the final amyloid fibrils arebased on a dynamic density functional thepty] which is
toxic [7]. The experimental measurement of the crowdingwidely used in simulations of phase separation dynamics of,
effect on the rate of amyloid formation is also reported, in-for example, polymer meltgl5,16. With this extension, it
dicating that crowding accelerates amyloid formati@. has become possible to see dynamic aspects of crowding
There are also theoretical studies of aggregation kinetics ureffects on protein stability, folding, and aggregation in a uni-
der the influence of crowding ageri8,9]. Although some fied framework.
The paper is organized as follows. In Sec. Il, we briefly
summarize the free energy density functional presented pre-
*Electronic address: akinjo@theory.chem.sci.kobe-u.ac.jp viously [13], and then formulate a set of equations that de-
"Electronic address: stakada@kobe-u.ac.jp scribe the dynamics of the density fields of the protein and
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crowding agent. The results of dynamics simulations are preHlere we have defined a set of interaction parameters,
sented in Sec. lll, showing morphological variations of tran-

sient aggregates and crowding effects on aggregation as well U :f dsue (Is) 6)
as on folding and unfolding. Section IV tries to relate the @p @p '

simulation results with the crowding effects in the cell and

. : R . 1
;(;r(r:].evtlexpenmental observations. The conclusion is given in Va,B:EJ ds 2U2ﬁ5(|5|)- )
II. THEORY AND MODELING wherg d is the .spatial .dime_nsiorﬁi.e., d=3.). The Ipca_l
chemical potential,(r) is defined as a functional derivative
A. Density functional of the free energy with respect tog*(r),
The free energy density functional that describes the sys-
tem of proteins and crowding agents was introduced in our ()= oF
preceding pap€grl3]. We briefly review it here. “« See(r)
First, the system we consider consists of two chemical
species: one protein speci@enoted byP) and one crowd- d%(r)
ing agent species@). But the protein can be either native =7t TINf ——————— | +W,(r), ®
(N) or denatured Q). Therefore, there are actually three po— >, $P(r)
physical speciesN, D, andC. Each of the three species is A
characterized by an intrinsic free energy («=N,D,C). where the last term,(r)=(U. s+ V, sz) #P(r) may be

Next, we assume the following bare interaction potential

(U, 5 @ B=N.D,C) between two molecules: regarded as the potential of mean force for the speeies
a,B a,p=N,U, .

) (r<R,+Ry), B. Dynamics

U p(N)=1 €ap [RatRs<I<3(R,+Rpl, (1) The dynamics of the system consists of two different pro-
' 0 ~3(R +R cesses: diffusion and folding-unfolding reactions. Therefore,
[r>3(R.+Rp)], we assume that the following diffusion-reaction equations

. oo . . . ' describe the dynamics of the system:
from which the effective interaction potentlaffﬁ is defined 4 4

as[17] o4
¢r7t(r):_V~JN(r)—ku(r)¢N(f)+kf(r)¢D(r)’ ©3
() =T(a—e s, @
D
Throughout this paper, we always set ;=0 for all «,f (Mat(r) =—V-3°(r) +ky(r) p"(r) —k(r)¢°(r), (9b)

=N,D,C except forep p. Since denatured proteins are, in
general, prone to attract each other due to exposed hydropho- c
bic side chains and hydrogen-bonding grougsp is set to I$=(r)
some negative value. at

The system is represented by the density fields of the . ,
native protein, denatured protein, and the crowding agent/hereéJ“(r) is the flux of the species, andk,(r) andki(r)
SN(r), ¢P(r), and ¢S(r), respectively. The solvent density &€ S|_te-depende_nt unfolding and_foldmg tran5|t_|on rates, re-
#S(r) is indirectly defined by¢S=py—3,4* where the ;pe_ctwely. Equation) are esser_1t|ally the equations of con-
summation is over=N,D, andC, andpy is the total bulk MUty for the conserved variabless™(r)+¢°(r) and
density of the system. Assuming that the effective interactiorf? (1)-

ue® is short ranged, the free energy functional is given b The functional form of the flux® is derived heuristically
@p g 9y 9 y from Fick’s law. According to Fick’s law, the flux in an ideal

F[{¢%()}]=Fi+Fn, 3) (dilute) solution is given by
J¥(r)=—D*V¢*(r), (10

=-V-J3%r), (90

whereF; is the ideal part,

where D is a diffusion constant. The crowded solution is
> {7, + TN ¢+ TN ¢5|, not ideal, however, and macromolecular interactions cannot
a be neglected. Therefore we replace the dengftgr) on the
(4)  right-hand side of Eq(10) with the effective density or ther-
) ) modynamic activity a,(r)=exgu,(r)/T]. Furthermore,
andF, is the nonideal part, since the diffusion at a site will be influenced by the crowd-
1 edness of the sitehe more crowded the site, the slower the
a _= a B a g 4B diffusion there, we require that the flux is also proportional
Fal{¢(r}]= Zf dr;ﬁ [Vapd®¢"=Va gV % VI, to the square of the vacan¢gr solvent densityof the site,
(5)  ¢3(r). Finally, the flux term becomes

Rl n= [ ar
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34(r)= —D{$()}?Va,(r) = — D ()} 2Ver'T.
11)

In the limit of infinite dilution (¢“—0 for all «=N,D,C),
Eqg. (11) reduces to the ordinary Fick’s law, EG.0).

PHYSICAL REVIEW E 66, 051902 (2002

C. Numerics
1. Physical scales

We describe the physical scales of the system treated, al-
though they have been described in the previous plBdr

The transition rates of folding and unfolding vary over The unit of energy is defined as the folding temperature in
sites due to stabilization or destabilization by interactiondilute solution, which is~3 kJ/mol. In all the simulations
with nearby molecules. Therefore it is necessary to defingelow, we sef =1; henceny= 5p holds. For simplicity, we
site-dependent folding and unfolding transition rates. Firsket = 7,=0. The intrinsic free energy of the crowding
we assume a two-state kinetics of folding and unfolding andhgent does not play any role in the present model; hence we
introduce the intrinsic free energy of the transition statesets.=0. These values are always used below. The intrinsic
n7s. According to the transition state theory, the unfoldingfree energy of the transition state protein is setjas=1 or

and folding rate constantskf( and k¥, respectively in a
dilute protein solution are given by

k3= voexd — (15— 7/ T], (12)

k9=woexd — (15— 7p)/T], (13)

where v, is the attempt frequency. When interactions be-
tween molecules cannot be neglected, the rate constants b
come site dependent. We assume that the potential of the
mean forceWr4(r), for the transition state protein is a linear
combination of those for the native and denatured proteins

Wrg(r)=oWy(r) +(1—o)Wp(r), (14)

nts=5. The former value corresponds to fast-folding pro-
teins and is used in most of the calculations, while the latter
value represents proteins which fol@nd unfold more
slowly. The unit length is taken as approximately 10 nm, so
that the radii of the molecules are0.1 unit length. The
experimentally measured radius of gyration of the native
state of the IgG binding domain of streptococcal protein L
62 amino acid residug¢ss 1.65 nm and that of the denatured
ate (denatured by GdmGlis ~2.6 nm[18]. Hence Rp
1.5Ry. In all the calculations below, we set the radius of
the native protein to 0.4 unit length and that of the denatured
one to 0.6. In order to keep the volume fraction of the dena-
tured protein in a unit volume less than unity, we ggt
=1. In the following numerical simulations, the linear sys-

wherew €[0,1] is a weight constant. Experimental values of tem size is set to 64 unit length.

Tanford’s 81 [18] suggest thatv=0.8 is a reasonable value
which we always use in the following. The site-dependent

unfolding and folding rate constanf&,(r) and k¢(r), re-
spectively are given by

k() =Kk exp —{Wrg(r) —Wy(r)}T], (15
ke(r) =k exd —{Wrs(r)—Wp(r)}/T]. (16)

The reaction terms in E49a) can be rearranged as

2. Discretization scheme

The set of partial differential equations, E®), are dis-
cretized by the line method so that the spatial dimension of
the system is composed of 832X 32 lattice sites with the
lattice constanh=64/32=2. The periodic boundary condi-
tion is always imposed in all directions. The diffusion terms
in Eq. (9) are discretized by applying central finite differenc-
ing twice. Settingr =(x,Y,z), the discretization in the di-
rection reads

apN(r)
= —ky(r)eN(r) +ke(r) (1) 912 T
at reaction o"X[d) (] o"Xe
_ S {7t Wrg(nHT 2
1/0¢ (r)e T T . i d’s X+ E,y,Z {eﬂa(x+h,y,z)/T_ e,ua(x,y,Z)/T}
X (e#o(N/T_ gun()/T) (17) h? 2
2
The reaction terms in Eq9b) can be rearranged in the same —| #S x—h y z) {e,u.a(x,y,z)/T_e,ua(xfh,y,z)/T}
way, and give the negative of E(L7). 2’ '
With the above choice of dynamics, it can be shown that (19

the free energy is a decreasing function of time,

dF SF 9 a®
w2 [T =3 [ e

(¢S)2e,ua/T
:_E DaJ dr T |V1ua|2

_ VOJ dr¢5e*{st+WTs‘r/T(ﬂN_MD)(eMN/T_eMD/T)

<0. (18

where [ ¢S(x+h/2)y,2)]? is calculated as the geometric
mean:

[¢5(x=h/2y,2)]?= ¢3(x=h,y,2) $3(x,y,2). (20

The discretized diffusion term for the lattice sitebecomes

I(r) 1o
( o )diﬁusion:ﬁD 2 ¢S(ri)¢s(rj)

X(eua(rj)/T_eﬂa(fi)/T)_ (21)
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The summationX’) is taken over the neighboring sites with Note that the mod&=0 is excluded in this definition ofk)

appropriate weighting factors: so that 27/(k) does not diverge when the system is com-
pletely uniform.
2’ =Wy D AW, D s> (22) IIl. RESULTS
Jeny Jeny Jeng

A. Morphological variations of aggregation processes

whereny, n,, andn; are the set of nearest neighbor, next- e first performed several tentative simulations with
nearest neighbor, and next-next-nearest neighbor lattice sitegnai pulk density of the crowding agepg=0.05 in order
respectively. As in the preceding pafi@s], the weighting g getermine the range of the interaction parameggs that
factors are adopted from Rdfl9), that is,w;=0.294726, ¢4, cause the aggregation of the denatured protein. In all the
W,=0.235425, andv;=0.175818. The discretized diffu- f|iowing calculations, we set the bulk number density of the
sion term here is the same as that introduced by Gd@®t  roteinp,=0.1, and alle, =0 except forep . The initial

for descr!blng order-disorder dynamlcs of alloys. density fields were set quasiuniform such that'(r)

The diffusion constanD“ may, in general, depend on =0.50p[ 14+ EV(r)], #P(r)=0.50p[ 1+ £2(r)], and ¢S(r)
species, but here we uBs*=0.1 for all species. The attempt = pc[ 1+ £5(r)] where £%(r) are uniform random fields in
frequencyy, of folding-unfolding transition rates is also set e rangef —0.1,0.1. Additional corrections were made to
t0 0.1. o o o , enforce the conditions th&pN+ ¢°)=pp, (#°)=pc, and

The spatial discretization of the diffusion-reaction E®). 0< ¢A(r)<po for A=N,D,C, andS Each simulation con-
produces a stiff set of ordinary differential equations withgjsis of ten runs with the same parameters but with different

respe;:t to timet. leJmeri((:jaI integration Ofl, tr;e;e ordirllart)t/ initial random fields. The radii of the molecules were set as

equations was periormed using an explicit kunge-sultan —0 4, R,=0.6, andR-=0.4, and the intrinsic free en-
N 7 D Yy C Uy ]

Chebyshev method of second order. We usedkthex2 code ergy of the transition state protein is given by<=1.

developed by Abdulle and Medovikd21]. Two morphologically different regimes of aggregation of
the denatured protein were found depending on the value of
D. Analysis of dynamics simulations epp (Fig. ).

The time evolution of the system is monitored in terms of Figures 1a)-1(c) correspond fo the simulation with

the change in free energy, the relative fraction of the native 2:0 _Q'll which 1S the minimum negative valu_e for the

protein (f :<¢N>/<¢N+¢D>) and the relative spatial de- aggregation to OCC.L{I.e.., fore_D,D>—O.1l, aggregation was

viation ’; of  the nati\’/e protein  density [s not observed In this simulation, a small number of the de-
N

tured aggregates of quasispherical shapes form after some
= (=D M. naturec _ ( _
<(¢. (67))/(¢7)]. The angular brackets) denote latent time[Fig. 1(a), t=6X 10°], which then grows rapidly.
averaging over the system. The morphology of denature

aggregates can be visualized by the isosurfaces of the dens\%ereas smaller ones become even smaller and eventually

. . D .
e e e Ao i o anSN[Fi, 107 O large agregate survies at e
we make use of the characteristic length of the system des_tage[F|g. Uc)]. This case withep p=—0.11 may corre-

fined in terms of the structure factor. First, defining the Fou spond to a nucleation regime of aggregation, and we call it

. Pry N D ‘the nucleationlike regime in the following.
rier transform of¢™(r) = ¢™(r) + ¢°(r) as Figures 1d)-1(f) show the morphological evolution in

o the simulation withep p=—0.2 which makes the system
Eﬁp(k):J drgP(rye= (23)  more liable to aggregate than the previous simulation. This
case corresponds to the spinodal decomposition regime. In
this simulation, a large number of small aggregates form
immediately[Fig. 1(d), t=3X 10?]. These small aggregates
rapidly grow and coalesce to form large spongelike aggre-
S(k)=($P(K) d°(—K))noise- (24)  9gates[Fig. 1(e)], which then contract and split into smaller
pieces[Fig. 1(f)]. During the course of evolution, the aggre-
gates of complex shapes become of simpler and more spheri-
cal forms. The transient spongelike aggregékég. 1(e)] are
, , - only loosely connected in the sense that the density of the
use the discrete Fourier transform #F(k) so that the val-  genatured protein does not change significantly between in-
ues ofk are discrete. Following Shinozaki and Oof2],  sjge and outside the aggregates. The aggregates at later
the characteristic length scale is defined as(X) where stageqFig. 1(f)] are denser. These differences of the aggre-
gates in Figs. (e) and Xf) are clearly seen in Fig. 2 where
the distribution of the denatured proteins in the spongelike

s the simulation proceeds, larger aggregates grow larger

the structure facto8(k) is given by

The bracketg ),0iseON the RHS of Eq(24) means averaging
operation over different initial noise fields. In practice, we

go [kl ~S(k) aggregate$Fig. 2@)] is in sharp contrast to that in aggre-
(ky= ———. (25  gates at a later stag€ig. 2b)].

2 k| ~2S(K) Next we turn to the time evolution of physical quantities.

k0 Figure 3 shows the time evolution of characteristic length
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(b)

-—)

e r
Je =

0 ik |l

FIG. 2. Cross sections of the system wjis=0.1 andep p
=—0.2. The density field of the denatured proteif(r) is shown.
(@) and (b) correspond ta=1x10® [cf. Fig. 1(e)] andt=1x10°
[cf. Fig. 1(f)], respectively. Note that the gray scale ranges from 0 to
0.2 in(a), and from 0 to 1 in(b).

2x/{k), free energy, fraction of the native proteify
=(4")/pp, and relative spatial deviation of the native pro-
tein densitysy=\((#"—(6™)*)/($").

The characteristic length72(k) in the nucleationlike re-
gime [Fig. 3(a), dark ling initially increases untilt~1000
when it starts to decrease uriti- 5000. The relative spatial
deviation of the native protein densisy [Fig. 3(d)] indi-
cates that aggregates begin to formtat5000 so that the
sudden drop in Z/(k) and its subsequent increase corre-
spond to the embryonic and growing aggregates, respec-
tively, whereas the initial increase irm2(k) may correspond
to smoothing of the initial random fluctuations. The time
evolution of 27/(k) in the spinodal decomposition regime
[Fig. 3(@), light line] is rather modest compared to that in the
nucleationlike one. After passing the initial hill around

FIG. 1. Morphological evolution of the aggregates of the dena-~ 100, 2m/(k) increases very slowly. Even after 10°, it

tured proteins represented by the isosurface'dfr)=0.1. (a)—(c)

correspond tap p=—0.11, and(d)—(f) to ep p=—0.2. The bulk

protein densitypp is set to 0.1 in both cases. Time&) t=6
(b) t=1%X10°, (c) t=5%X10°, (d) t=3%x1C, (e) t=1
and(f) t=1x 10°.

X 10°,
X 10%,

500

450

2l
g

I50

In

(a)

S P S S — . |

%_

Free Energy

5

reaches only less than Z0nit length. This extremely slow
aggregation process may be attributed to the strong interac-
tion between the denatured proteiqigp which hinders the
diffusion of proteins to form larger aggregates. In the nucle-
ationlike regime withep p=—0.11, the free energy stays

AN
a7t

ArH

(b)
\\

Enn

FIG. 3. Time evolution of(a)
characteristic length scale
2x/(k), (b) free energy(c) frac-
tion of the native protein(d) rela-
tive spatial deviation of the native

Ny

g

1

time

it w Ly protein densitysy . In (b) and(c),
@ ten trajectories with different ini-

tial random fields are shown for
each case, wheredd) focuses on
one trajectory. Horizontal narrow
lines in (c) are the equilibrium
values offy in the uniform sys-
tem.
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nearly fixed until the onset of aggregation tat 10* [Fig. (@)
3(b)]. The free energy rapidly drops when initial aggregates
grow larger, but the rate of decrease becomes slow after
short period of time. The effect of initial random fields ap- -
pears at very late stages of aggregation, but it does not influ
ence the latent time for the onset of aggregation. Although

the free energy stays constant in the beginning, the native !1 ﬁ 100

denatured native

fraction f\, drops immediately until it reaches a plateau at = .
~100[Fig. 3(c)] where it stays afy~0.2. Then at the onset .
of aggregatiorf sharply decreases. It is found that the value
of fy atits plateadFig. 3(c)] is almost identical to the value
of fy at equilibrium in the uniform phadd=ig. 3(c), narrow —
line] which can be calculated from the self-consistent equa-
tions presented in the preceding papks]. -
In the spinodal decomposition regime, immediate de-
crease in the free enerd¥ig. 3(b)] is accompanied by the
appearance of small aggregaf€gg. 1(d)] in early stages of
aggregation process. When those small aggregates grow ar
the spongelike aggregates are formj&dg. 1(e)], the free
energy stays almost constant. The free energy begins to de °
crease again at time~1000, when the spongelike aggre-
gates become denser and begin to split. The initial decreas®®
in fy [Fig. 3(c)] continues even after the free energy has
reached the platedfrig. 3(b)]. Nevertheless it reaches a pla-
teau att~ 100 with f=0.025 which is also almost identical
to the value at equilibrium in the uniform phaleig. 3(c),
narrow ling. This plateau again corresponds to the sponge-
like aggregate§Fig. 1(e)]. The second decrease fiy seems
to be synchronized with that in the free eneffig. 3(b)]. In .
this regime, the influence of initial random fields is negli- o 0
gible until late stages.

. . . . FIG. 4. Cross section of the density fields of the nafikight
In Fig. I(d), we see a number of sharp spikes in the Spatla,oanels and denaturedleft panel$ proteins. Times:(a) t=1.06

deviation of ¢N, sy. Visual inspection suggests that thesexlos, (b) t=1.07x 1CP, (c) t=1.08x 10°. Note that the gray scale
spikes are associated with extinction of small denatured agznges from 0 to 1 in the left pandidenaturelj and from 0 to 0.01
gregates. Figure 4 shows a series of cross sections whenjfine right panelgnative.
denatured aggregate vanishes in the case of the nucleation-
like regime (ep p=—0.11) corresponding to Figs.(d—
1(c).

The native protein density"(r) is indeed very low in the
denatured aggregatéBig. 4(a)]. When a denatured aggre-
gate vanishes at a sitey"(r) increases at that sitgFig.

1/100

1 1/100

tions for different values of the bulk crowding agent density
pc - The intrinsic free energy of the transition state protein is
set tonrs=1 in this section.

We first study the case of the nucleationlike regime. All

o UNDA the parameters except fpg, are the same as those given in
4(b)]. But this increase iy"'(r) is only a temporary one and the previous section:epp=—0.11, pp=0.1, Ry=Rc

the density fieldspN(r) and¢P(r) around the site where the a : ) o
vanished aggregate was located rapidly reorganize to becorr\}_\c?eor':’ Z?focl) I?%;g'%him%lg?tfai v;gt:l %gﬁ;i?;rvﬁgss%ﬂ% 4 to
uniform [Fig. 4(c)]. Similar behaviors are also observed in P ' P 9

the spinodal decomposition regimen(p=—0.2). be essentially the same as depicted in Figa)-11(c) as long

In both the nucleationlike and spinodal decomposition res aggregation occurreq. The time evolution of some physi-
cal quantities is shown in Fig. 5.

gimes, the effect of the initial random fields on the aggrega- AS i f his f ion d K
tion process is not significant except for late stages. This was S Is apparent from this figure, aggregation does not take
lace forpc.= 0.4 or 0.8(Fig. 5), and the simulations resulted

also true in other simulations presented below. Therefore, thIn a completely uniform phase which is indicated by the
time evolution of physical quantities such as free energy. pietely uniform p ' : y
) . . . o . value of spatial deviatiosy nearly equal to zerpFig. 5(d)].
native fraction €y), and relative spatial deviatiorsy) is . . . :
. . The uniformity of the system is also reflected in the sharp
shown only for one trajectory for clarity.

drop in 27/(k) for pc=0.4 and 0.8[Fig. 5@]: since the

modek =0 is not included in the definition gfk) [Eqg. (25)],

only meaningless small modes are apparently left when
We now examine effects of macromolecular crowding onmodes converge tk=0, that is, when the system becomes

the process of aggregation by performing dynamics simulacompletely uniform. It should be emphasized that the param-

B. Crowding effects on aggregation process
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eter set in all the cases here corresponds to the aggregation The difference becomes indistinguishable after5
phase at equilibriuni13] although aggregation was not ob- X 10° because, in this time range, there is usually only one
served in the present dynamics simulationsdgr=0.4 and aggregate in the system so that the aggregation process is
0.8. Therefore, aggregation is kinetically inhibited. In theseessentially finished and the final aggregate simply rearranges
cases, the final values of, are the same as the one obtaineditself to become more spherical. For higher valuespgf
from equilibrium calculations for the uniform system. (=0.4 or 0.8, the native protein is so highly stabilized in the
For pc=0.05 and 0.2Fig. 5), aggregation takes place. quasiuniform phase before aggregation that the number of
The time evolution of the native fractidiy shows thatin the  the denatured proteins is not large enough to form nuclei of
quasiuniform phase before the onset of aggregation the naggregates; hence the system is trapped in a uniform state
tive protein is more stabilized in the casemf=0.2 than in  \hich is metastable.
the case opc=0.05. In addition, the onset of aggregation is  Next we examined the spinodal decomposition regime of
earlier fqrpc=0.2 tr_lan forpc=0.05. A phase dlagram_ Pré- aggregation é, p=—0.2) In this case, the aggregation of
sented in our previous papgt3] showed that, apc in- e denatured protein was observed for all the studied values
creases, the gggregatlc_)n of thg dgnatured prqtlelns IS MOKg pc=0.05, 0.2, 0.4, and 0.&ot shown. Since aggrega-
enhanced Wh'le. the r.‘a“"? protein is more Stab'l'zed as Ion%on is not usually observed in the living cell, the spinodal
as the system is uniforri.e., when aggregation does not decomposition regime should be biologically less relevant

gcggo.gherefore,ht_gi time e(\j/plutmfp df“ for ’)ICZO'O? atrr\1d than the nucleationlike regime. Therefore, hereafter we focus
.2 in Fig. 8c) exhibits crowding effects analogous to 0S€ )\ attention to the latter.

at equilibrium, that is, in the aggregation processp@sn-
creases, the onset of aggregation of the denatured protein is _ . _ .
accelerated while the native protein is more stabilized in the C. Crowding effects on folding, unfolding, and aggregation
quasiuniform phase before aggregation. It is observed that We now turn to the crowding effects on protein folding,
the values off, at their plateau are almost identical to thoseunfolding, and aggregation. As noted above, we limit our
at equilibrium in the uniform phasiFig. 5(c)]. In the time  investigation to the nucleationlike regime in this section.
range between~ 10* and ~5x 10°, the growth of aggre- In order to simulate folding and unfolding processes, two
gates seems faster fpp=0.05 than forp-=0.2[Fig. 5@)].  different initial conditions were used. As the initial condition
There are two possible reasons for this observation. First, for simulating folding process, we set™(r)=0.00%pp[ 1

is expected that the effective diffusion rate is slower in the+ &N(r)], ¢P(r)=0.99%p[1+£°(r)], and ¢C(r)=pc[1
more crowded system so that the diffusion of proteins from+ ¢°(r)], where £%(r) are uniform random fields in the
vanishing aggregates and/or dissolved regions into growingange] —0.1,0.1]. This choice represents a situation in which
aggregates becomes slower. Second, the presence of mdhe proteins are mostly denatured at the beginning of the
crowding agents increasingly stabilizes all the aggregates ssimulation; hence we call such a simulation an “initially de-
that disappearance of smaller aggregates is hindered. Thatured simulation.” On the other hand, the initial condition
latter point is supported by our previous results for thefor simulating the unfolding process is such that the proteins
crowded system at equilibrium where it was shown that theare mostly in their native state initially, namelyN(r)
aggregation of the denatured protein is enhanced as the0.99p[1+ &N(r)], ¢°(r)=0.00Tpp[ 1+ £°(r)], and the
crowding agent density is increasgtB]. crowding agent density field is the same as above. We call
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the simulation with such an initial condition the “initially When the proteins are mostly denatured initidlhyitially
native simulation.” denatured simulationsaggregation of the denatured protein
The first set of simulations was performed with the sameoccurs for all the values gb: (=0.05, 0.2, 0.4, and 0)8
choice of parameters as in the previous sectiofisp  and the onset of aggregation is earlier in more crowded so-
=-0.11, pp=0.1, Ry=Rc=0.4, andRp=0.6. We also |utions. However, when the proteins are mostly native ini-
note that the intrinsic free energy of the transition state Protially (initially native simulation the aggregation does not
tein is set asyrs=1 in this case so the activation free ener- occyr for high values o (=0.4 and 0.8 Furthermore, for
gies of folding and unfolding in the dilute solutiomrs the cases in which the aggregation occurs in both initially
—7p and 75— 7y, are both equal to unity. The results of native and initially denatured simulationg(=0.05 and
the simulations with different values of the bulk crowding g.2), the onset of aggregation is much earlier and the plateau
agent densityc are shown in Fig. 6. o ~in fy before the onset is not observed in the initially dena-
In both cases of initially denatured and initially native tyred case. The time evolution of the characteristic length for
simulations, aggregation of the denatured protein occurs fophe initially native simulations withpc=0.05 and 0.2 indi-
pc=0.05 and 0.2 but not for higher values@f (=0.4 and  cates that the system becomes almost completely uniform
0.8). In other words, whether or not the aggregation occurs igefore the onset of aggregation, but so is not the case in the
independent of the initial fraction of the native protein in thejnitially denatured simulations in which the characteristic
present case. For the cases in which the aggregation ocCUghngth exhibits only a minor increase before the onset of the
(pc=0.05 and 0., the characteristic length becomes largeraggregation. To summarize, compared to the proteins with
in the |n|t|a”y native simulations than in the |n|t|a.”y dena- low fo|d|ng and unf0|ding activation free energiegﬁ_(S
tured ones before the onset of the aggregdidgs. a) and  _ ,, — ,, — 5\ —1), the ones with high activation free en-
6(b)]. For the cases in which the aggregation does not ocCUrgies (7rs— 7= 71s— 7v="5) are more prone to aggrega-
(pc=0.4 and 0.8 the rate of folding is faster for more tjon when the proteins are initially denatured, and whether or
crowded solution§Fig. 6(c)]. However, as soon as the initial not aggregation occurs depends on the initial conditions. Fig-
plateau in the fraction of the native protdig is reached, the yre 7 also suggests that the aggregation of slow-folding pro-
time evolution of the characteristic |engtk] and the relative teins may be Suppressed in h|gh|y crowded conditions once

spatial deviation of the native protein fiedgd in later stages most of the proteins have reached the native state.
all show almost the identical behavior in the initially dena-

tured[Figs. §a) and Gc)] and initially native[Figs. §b) and IV. DISCUSSION
6(d)] simulations; namely, they are the same as presented in
the previous section. The present simulations revealed morphological varia-

Next we examine the case in which the protein folds andions in the process of aggregation of denatured proteins.
unfolds more slowly. This case is simulated with the intrinsicHowever, as far as we are aware at present, there is no ex-
free energy of the transition state protejps=5 so that the perimental works on the morphological evolution of the ag-
activation free energies of folding and unfolding in the dilute gregates of denatured proteins. Yoegal. [23] used small
solution are as high as 5 unit energy. Other parameters a@ngle neutron scattering to study the intermediate structure
the same as in the previous paragraph. These simulatiord amyloid fibril assembly. The same technique or light scat-
exhibit qualitatively different behaviors depending on thetering[24] should be applicable to study the structure of the
initial fraction of the native proteiriFig. 7). denatured protein aggregates.
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Our simulations suggest that macromolecular crowdingured proteins indicate that crowding accelerates the rate of
effects on aggregatiofwhen it occurs can be classified into folding for fast-folding proteins as well as the onset of ag-
three categories, namely) stabilization of the native protein gregation for slow-folding proteins. These results can be
before the onset of aggregatidii, acceleration of the onset compared to the experimental results of van den Batrgl.
of aggregation and growth of aggregates at early stages, afé5,26 who studied folding of oxidized and reduced hen
(iii) deceleration of the equilibrating process of aggregatiodysozyme in varying concentrations of crowding agents. The
at later stages. These three types of crowding effect observddiding rate of the reduced lysozyme is known to be smaller
in both the nucleationlike and spinodal decomposition rethan that of the oxidized lysozyme. van den Betal. found
gimes, and become more conspicuous for more crowded sdhat the folding rate of the oxidized lysozyme is significantly
lutions. We have shown in our previous papeB] that, as increased while that of the reduced lysozyme is retarded in
the bulk density of the crowding agent increases, the nativéhe presence of a high concentration of crowding agents such
protein is stabilized unless aggregation occurs, and aggregas bovine serum albumin and Fic¢R6]. They have also
tion of the denatured protein is enhanced. Therefore, thehown in another experiment that folding of the reduced
crowding effectdi) and (ii) above are analogous to those atlysozyme is severely disturbed by crowding agents, resulting
equilibrium. The experimental observation that crowding acAn irreversible aggregation of non-native structures, while the
celerates amyloid formatiof8] partly supports the simula- folding yield of the oxidized lysozyme was essentially unaf-
tion results(ii). Experimental validation of the stabilization fected[25]. Some of these experimental observations are in
effect of crowding(i) listed above will require time-resolved good accordance with the present dynamics simulations.
techniques since the latent time before the onset of aggregahat is, the folding rate of fast-folding proteins becomes
tion may be short. faster in more crowded solutiofBig. 6(c)], while folding of

For large values of the bulk density of crowding agept  slow-folding proteins is disturbed, resulting in aggregation
(=0.4 or 0.8 in the nucleationlike regime, aggregation is [Fig. 7(c)]. However, the folding yield of fast-folding pro-
inhibited and the system becomes uniform in which a subteins in the present simulation increases in more crowded
stantial fraction of the native proteins is dissolM&iy. 5. In  solutions[Fig. 6(c)], which is not consistent with the experi-
reality, this inhibition of aggregation by the crowding agentment. (Note that the experiments of van den Bezgal.
is not indefinite since thermal fluctuation will sometimes[25,26 were also discussed in terms of the size dependence
cause the formation of nuclei of aggregates some of whiclof the crowding effect in our previous paper3].) The dif-
may grow to a macroscopic extent. In our present modelference between fast- and slow-folding proteins regarding
however, no thermal fluctuatioftandom noisgis included the tendency for aggregation has an important implication in
in the diffusion-reaction equation®); hence aggregation biological contexts, that is, fast-folding proteins are less li-
cannot occur once the system becomes uniform. Inclusion aible to aggregation so that even if they are denatured at one
random noise terms representing thermal fluctuation is leftime they can rapidly refold to the native state and avoid
for future studies. Nevertheless, the present results and prguasi-irreversible aggregation.
vious oneq13] suggest that macromolecular crowding may Recently, molecular simulation studies have been per-
help to kinetically prevent aggregation of denatured proteingormed to investigate the competition between protein fold-
inside the living cell despite the fact that the aggregation isng and aggregation10—12. These simulations with de-
more favored at equilibrium. tailed description of protein molecules have revealed the

The simulations with initially native and initially dena- sensitivity of the native and aggregate conformations to
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amino acid sequencd40,12. However, no simulation has the ensemble of denatured proteins, as was done by Minton
been performed so far to study macromolecular crowding28] in his statistical thermodynamic theory of crowding ef-
effects on protein folding and aggregation. Klimetval.[27] ~ fects on protein stability. Another possible way is to treat
carried out molecular simulations of folding of a single pro-chain conformations explicitly as is done in density func-
tein chain(a B-hairpin peptidg confined inside a spherical tional simulations of polymer meltgl5,16], although this
pore. Molecular confinement imposes effects similar to macextension may be complicated because of the uniqueness of
romolecular crowding4]. Klimov et al.[27] found that mo-  the native conformation. Nevertheless, the present density
lecular confinement generally accelerates the folding of theunctional approach will serve to investigate mesoscopic to
B-hairpin formation, and that this acceleration is not mOﬂO-macroscopic behaviors of protein aggregation and macromo-
tonic with respect to the radius of the spherical pore but hagecular crowding which can well complement microscopic
a maximum value at the radius of the sphere that is 50%nglecular simulation studies.

larger than that of the folde@-hairpin peptide. They also

report that the denatured state ensemble in the confined sys-

tem was significantly different from that in the bulk system V. CONCLUSION

[27]. Therefore, the present density functional simulations

are in qualitative agreement regarding the acceleration effect We presented a dynamic density functional theory which
of crowding or confinement, but the results of the moleculardescribes a system consisting of proteins and macromol-
simulations suggest that it is important to take into accounecules. The results of dynamics simulations are qualitatively
protein chain conformations explicitly. In the present theo-in good agreement with experimental observations regarding
retical framework, all the molecules are assumed to be&cceleration of aggregation, acceleration of folding for fast-
spherical with fixed sizes; hence the conformational changetolding proteins, and disturbed folding of slow-folding pro-
of the denatured protein due to crowding are not treatedieins. A dynamic stabilization effect by crowding was also
However, it is possible to include such conformationalobserved. The present theory, with possible calibration of
changes in the present theory. A trivial possibility is to as-interaction parameters, may provide insights into the proper-
sume multiple conformational species with different sizes forties and behaviors of proteins inside the living cell.
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