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ABSTRACT: A simple two-state model for the dependence of the rate of folding of a polypeptide confined
within a spherical cavity upon the size of the cavity relative to that of the polypeptide is presented. A
general prediction of the model is that decreasing the size of the cavity will increase the rate of refolding
until the cavity becomes only slightly larger than the native state of the protein, at which point a further
decrease in cavity size decreases the rate of refolding. The model qualitatively accounts for the behavior
of several previously published simulations of folding within a cavity, as well as recently reported
experimental measurements of the relative rate of refolding of each of five proteins encapsulated within
wild-type and mutant GroEEGroES complexes that have been engineered to provide internal cavities
with similar surface composition and varying volume.

There is growing appreciation that the fluid phase of many within mutants engineered to provide larger and smaller
cellular compartments is dispersed within a matrix comprised cavities. The refolding rate of each protein exhibits a
of membranes and/or structural fibers in close juxtaposition maximum at a cavity volume that varies systematically with
(see, for example, refsand2). Soluble proteins within the  the molecular weight of the protein. The model developed
fluid phase may be confined to elements of volume, hereis shown to account semiquantitatively for the observed
generically termed “pores”, that are bounded in one, two, or dependence of the folding rate on cavity size with a minimum
three dimensions by surfaces separated by distances not muchf adjustable parameters.
greater than the characteristic dimension of the confined
macromolecule. The effect of confinement upon the chemical Description of the Model for the Effect of Confinement
potential and equilibrium properties of confined molecules Upon the Rate of Refolding

has been explored using simplified statistictermody- The model is based upon two mechanistic assumptions.
namic models assuming regular shapes for both the confined (1) The ensemble of non-native states, collectively termed
molecule and pore3]. More recently, statisticalthermo- |y is presumed to exist in thermodynamic equilibrium with

dynamic theories4, 5) have been proposed to account for 5 gingle transition state, T, the conversion of which to the
the observed' enhancement of the stablllty. of proteins native state is defined to be the rate-limiting step for
encapsulated in selgel glassesq) and reverse micelle).  refolding. This model can account for the simple exponential
The effect of conflner_nent in spherical and qyllndncal cavm_es refolding kinetics observed for a variety of small proteins
upon the rate of folding of model polypeptides and proteins (Table 18.1 of refL3).
has recently been studied via Brownian Fiynam|cs S|mqlqt|on (2) It is assumed that confinement of an unfolded protein
(8—11). It was reported that as the radius of the confining atfects the equilibrium between fully unfolded conformations
cavity decreased monotonically, the rate of folding increased, 4nq the transition state, but not the rate of conversion of the
reached a maximum value, and decreased. The modekynsition state to the native state. Although there is no direct
presented here permits a simple rationalization of such eyigence of this assumption, it is consistent with classical
behavior. transition-state kinetic theory, according to which the forward
Very recently, Tang et al.1@) have reported results of  rate depends only upon the relative free energies of the
measurements of relative folding rates of several proteins reactant(s) and transition state and is independent of the free
encapsulated within a cavity formed by the chaperonin energy of the product(s).
complex of GroEL and GroES proteins. Data were obtained  Given these two assumptions, we may estimate the effect
for folding within the wild-type chaperonin complex and of cavity size upon refolding rate constant as follows.
According to simple transition-state theory, the rate constant
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Refolding Kinetics of a Confined Protein

(Helmholtz) free energy for refolding, which is assumed to

depend upon cavity size, shape, and composition. The ratio

of rate constants for refolding of a protein encapsulated in
cavities 2 and 1 is then

@ _ ;{
kon(@)

where quantities subscripted with 1 or 2 denote a property

(2)

AAS — AAl*)
RT
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Ficure 1: Schematic of a model for the effect of the change in

dependent upon encapsulation in the associated cavity. Acavity size upon refolding kinetics. The solid circles represent

thermodynamic cycle may be constructed according the
scheme depicted in Figure 1. It follows from the thermody-
namic cycle indicated in this figure that

kun(2) _ exr(_ AA[r,T B AA[r,U)
kon(1) RT

_ (AETF,T - AEtr,U) - T(Astr,T - ASr,u)

=exp—

RT
(4)

where AArx, AEyrx, and AS; x represent the free energy,
(potential) energy, and entropy changes, respectively, ac-
companying the hypothetical transfer of X from cavity 1 to

cavity 2.
Equation 4 may be simplified to

kon(2) ASry
kon(2) R

whereAAE = (AEy 1t — AEyu)/RT. The entropy of transfer

of X between cavity 1 and cavity 2 may be expressed as the
difference between the entropies of confinement of X in each
of the two cavities:

AS x = A x(2) — AS x(1) (6)

The model so far is entirely thermodynamic. At this point,
we introduce the following structural assumptions to facilitate
a statisticatthermodynamic estimate of the values of
entropic changes associated with changes in cavity volume.

(1) U is represented as an ensemble of self-avoiding
random walks, with a mean end-to-end distance in bulk
solution given by 14)

3

ASir

In R

+

] = —AAE — (5)

hy(A) = 5.7n°°® (7a)

wheren denotes the number of amino acid residues, given
by

(70)

where MW is the molecular weight of the refolding polypep-
tide and 111 is taken as the mean MW per residls). (
Equations 7a and 7b provide a reasonably good empirical
description of the molecular weight dependence of the
hydrodynamic properties of a series of unfolded protelids (

(2) The transition state T is assumed to be largely

confinement within cavity 1, and the dashed circles represent
confinement within cavity 2.
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FIGURE 2: Two extrapolations of results of JD&) to small values
of r/hy: (left) transformed “data” and eq 8 and (right) transformed
data and eq 9.

(3) Confining cavities are assumed to be rigid and spherical
in shape.

It is recognized that these assumptions are oversimplifica-
tions. Nevertheless, if the overall transition-state kinetic
model summarized by eq 5 is realistic, estimates of the
entropy of confinement and the resulting estimate of the
effect of confinement upon folding rate should exhibit the
correct qualitative and possibly even semiquantitative de-
pendence upon cavity volume. We will discuss consequences
of oversimplification at the end of this report.

Model for the Dependence a&fS. , on Cavity Size

Jaeckel and Dayanti4§), hereafter called JD, performed
Monte Carlo calculations of the entropy of confinement of
a self-avoiding random walk within a spherical cavity of
radiusr. Their results were presented as a table of calculated
—AS u/Rvalues as a function afh,, whereR is the molar
gas constant, the radius of the spherical cavity, ahglthe
mean-square end-to-end distance of the unconfined self-
avoiding walk, for values of/h, varying between 0.4 and
41 We apply the model presented here to the case of proteins
encapsulated in cavities that are not much larger than the
native conformation of the protein, with values @h, as
small as 0.15. In the absence of an analytical theory for the
dependence of configurational entropy upon cavity size, we
propose two independent empirical methods for extrapolating
the results of JD ta/h, values of <0.4 and compare the
results obtained using each.

Extrapolation 1.The tabulated results of JD are plotted
in the form of InCASn/R) as a function of Infh,) in Figure
2A. Data points corresponding to the smallest five values of

structured and nearly as compact as the native state. We

therefore model it as an effective hard sphere, with volume
UT.

JD arbitrarily set the calculated value A& /R to 0 atr/h, = 4,
so the tabulated values should be considered relative rather than
absolute.
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0 05 1 15 2 Ficure 4: Results of a sample model calculation: (left) calculation
rh, of the free energy of transfer of U (solid line) and T (dashed line)

. . . from a cavity with arr; of 2h, to a cavity of with arbitrary value
Ficure 3: Entropy of confinement of U as a function of scaled of 2 (rr = 0.6h,) and (right) logarithm of the refolding rate in a

cavity size. Symbols represent values from the calculations of JD : . - . . . ;
(16).¥I'he soligcurve Waps calculated using eq 8. The dashed curvegavIty with an arbitrary, relative to that in a cavity with an of
o-

was calculated using eq 9. The inset shows extrapolation of both

functions to small values afh,. . . . .
° of transfer of species X from a cavity of radiusto a cavity

In(r/hy) were least-squares fit with a quadratic equation to Of radiusrz is simply given by
yield
APy x = —TIAS x(rp) — AS (1] (11)

In(~AS, yR) =
_ 2 For a given ratio of/h,, one may use eqs 6, 8 or 9, and 10

1.755= 0.987 In¢/h,) +0.203[In¢/h,)]" (8) to calculate the values &Sy and AS 1 associated with a
change in cavity radius fromy/h, to ro/h,. Then eq 11 is
used to calculateAAyy and AA, 1, and eq 3 is used to
calculatekyn(2)/kun(1). The results of a sample calculation
are plotted in Figure 4. While quantitative results vary widely
for different combinations of the input parametergh;, and
rr/hy), the following qualitative features seem to be inherent
in the model.

(1) At large cavity sizesA;u increases more rapidly with
a decreasingthan doe#\. 1. This is because in large cavities,

U is on average significantly less compact than T and is more
sensitive to boundary exclusion effects. Confinement-induced
stabilization of N (the native state) relative to U is also
attributed to differences between the compactness of the two
states 4, 5).

(2) At sufficiently small cavity sizes (— rt), A Tincreases
more rapidly with a decreasing than doesA;y. This is
because T is assumed to be rigid (structured), and its free
energy of confinement is accordingly calculated to diverge
asv approachesr (3); on the other hand, U retains some
internal conformational variability even when tightly con-
Model for the Dependence &S, on GroEL Caity Size fined. _ .

It follows from these two observations that in the absence

The entropy of confinement of a rigid sphere of radigs  of a significant size-dependent energy of interaction between

and the resulting functional dependence is plotted together
with the transformed data in Figure 2A.

Extrapolation 2.The tabulated results of JD are plotted
in the form of —ASn/R) ! values as a function afh, in
Figure 2B. Data points corresponding to the smallest seven
values ofr/h, were fit with a linear equation to yield

(—AS,yR) = —0.01506+ 0.18845¢/h,)  (9)

and the resulting functional dependence is plotted together
with the transformed data in the Figure 2B.

In Figure 3, the values of AS /R tabulated by JD for
0.4 < r/h, < 2 are plotted as a function afh,, together
with the dependence of-A& /R upon r/h, calculated
according to egs 9 and 10. It may be observed that although
the methods of extrapolation are dissimilar, estimates of the
value of —A& /R at smallr/h, values obtained from the
two equations are quite similar, suggesting that these
estimates are reasonably robust.

in a spherical cavity of radiusis given by @) the confined protein and the cavity boundary surface, the

folding rate constant must increase with a decreasing cavity

AN _ T size in cavities that are sufficiently large, reach a maximum
=3In{l1—— (20) ; . L)
R r rate at some intermediate cavity size, and then decrease as
o . . the cavity size decreases further. Qualitatively similar

Qualitative Estimate of the Effect of Confinement on behavior was observed in Brownian dynamics simulations
Refolding Rate of the folding of several model polypeptides and proteins

While electrostatic and/or hydrophobic interactions be- Within spherical and cylindrical cavitie${11).
tween the residues of a confined protein and the walls of
the confining cavity are certainly possible, and even likely
(12), the primary objective of this work was to ascertain how
the rate of refolding is affected by confinement per se, that Very recently, Tang et al1@) reported the measurement
is to say, the entropic consequences of confinement. For thisof the relative rates of refolding of several globular proteins
purpose, we set the energetic quantites, y, AE; 1, and within the central cavity of several GroEIGroES com-
henceAAE in egs 5 and 6 equal to zero. Then the free energy plexes, in which subunits of GroEL have been mutated by

Dependence of the Rate of Refolding within the
Chaperonin Caity upon Caity Size
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1.5/ thodanese @ Table 1: Best-Fit Values ofr Obtained by Modeling the Data
1 =" Presented in Figure 5 As Described in the Text
5 best-fitur
protein MW (x108 A3
2! metF L rhodanese 33000 1.34
metF 33000 1.34
1 Y singly mutated maltose-binding protein 41000 1.42
(SM-MBP)
0 doubly mutated maltose-binding protein 41000 1.44
1

rate/rateWT
o
(4]

SM-MBP (DM-MBP)
RuBisCo 50000 1.50
L4 a Best-fit values obtained using either eq 8 or 9 to calculs®ey
were identical within£0.01 x 10° A3,
DM-MBP
05 i o treated as if it exists in quasi-equilibrium with the ensemble
° of non-native states. The accelerating effect of confinement

-O

‘1’ "ubisco in large cavities is simple to rationalize in this context: in
this limit, a decrease in the radius of the cavity destabilizes
05 o the larger ensemble of unfolded molecules relative to the
° e more compact transition state, hence lowering the free energy
02 15 16 17 of activation for folding. The decelerating effect of confine-
V (Angstrom®)  x 10° ment in very small cavities is rather more subtle. The model

FiGURe 5: Data of Tang et al.12) (®) and best-fit dependence of presented_here suggests that in the_z limit of s_mall cavitie_s,_ a
the folding rate relative to that in the wild-type chaperonin complex decrease in the radius of the cavity destabilizes the rigid
(v =1.61x 10° A3), calculated using eq 3 and either eq 8 (solid transition state relative to the compressed but still malleable

line) or eq 9 (dashed line), and the parameters given in Table 1. ensemble of unfolded molecules, hence increasing the free
B ] ) energy of activation for folding.
the addition or deletion of a terminal repeat sequence to vary | view of the many simplifying approximations underly-
cavity size in a controlled manner. They reported that each jng the quantitative model presented here, and the very small
protein exhibited a maximum refolding rate at an intermedi- ymper of variable parameters (only one for each confined
ate cavity size, with slower refolding rates in smaller and pqtein), the degree of agreement between the calculated best
larger cavity sizes, and that the cavity size corresponding {0t and the measured rates is surprisingly good. The model
the maximum folding rate increased with an increasing gccessfully captures the observation that the rate of refolding
molecular weight of the confined pro'_celn. We ha\_/e attgmpted goes through a maximum with an increasing cavity volume
to model the data of Tang et al3) using the semiempirical  anq that as the molecular weight of the refolding protein
theory described here. The chaperonin cavity is treated as gncreases, the optimal cavity size increases and the width of
sphere with a radius corresponding to volumes associatedine optimal peak narrows. By restricting the use of the model
with the wild type and deletion or additions of the GGM g interpretation of experimentally observed differences
repeat sequenceor a specified protein molecular weight,  petween rates of refolding in cavities of similar composition
the independent variable is cavity volume, and the dependenty,, modestly different sizes, we find the probability that the
variable is the ratio of fold_lng rate in a cavity of arbltrar_y assumption of entropy dominance (i.e., the assumption that
volume to that in the ca_vlty of the wild-type chaperomn AEyy and AE,r are negligible) is seriously in error is
complex. Model calculations were performed using both yinimized#
extrapolation formulas (egs 8 and 9) to estima®@y as a The most noticeable discrepancy between model and
function of cavity size, and least-squares fitting of the model oyperiment is the model prediction that the rate of refolding
to the data was a3cc0mpl|_shed by variation of a single shoyld tend toward zero with a decreasing cavity volume,
parameteryr (=4xr1*3), particular to an individual confined  \yhereas the measured rates do not go to zero but approach
prot_eln species. The_ best fit depe_ndence (_)f t_he relative 5 small value (16-40% of the wild-type rate). This system-
folding rate upon cavity volume for five proteins is plotted 44ic discrepancy is likely due to the simplifying assumption

together with the data in Figure 5, and best-fit value#of  (hat hoth the cavity and T are rigid, which is surely not the
are given in Table 1.

] ] R . .
Discussion of Results An anonymous reviewer has suggested as an alternative that the
deceleration may be attributed to a compression-induced loss of mobility

The model presented here is based upon the fundamenta]Pf segments of the unfolded protein, which becomes so severe in the
imit of high compression that the transition state may no longer be

qs§umpt|ons that the rate Of_ refolding W'th'n the_pawty IS treated as if it were in quasi-equilibrium with the unfolded states. While

limited by the rate of conversion of a unique transition state this hypothesis is reasonable, it does not appear to be as readily

to fully folded product and that the transition state may be guantifiable as the current model, and moreover, it is not obvious that

it can account, as the current model does, for the observation that

refolding kinetics remain two-state (within experimental uncertainty)
2We did not model the dependence upon volume changes associateeven in the smallest cavitie42).

with addition of GGA repeats, as these rates appeared to increase with 4 Additional modeling of the data without constrainidg\E to be

an increasing numbers of GGA repeats, indicating significant interaction equal to zero did not significantly improve the goodness of fit, and the

of the repeat sequence with the confined polypeptide over and aboveabsolute value of the best-lfAE so obtained was much [e&T for

steric repulsion. all five confined proteins (data not shown).
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case. As the size of T approaches that of the cavity and the 7.

free energetic penalty of confinement in a rigid cavity

becomes extremely great, one would expect either T, the g

cavity, or both to deform to better accommodate T, minimize
the overall free energy, and permit refolding, albeit at a rate
slower than that in the wild-type cavity.
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