Annals of Biomedical Engineering, Vol. 33, No. 8, August 2005 (© 2005) pp. 1125-1131

DOI: 10.1007/s10439-005-5780-8

Effects of Crowding on the Thermal Stability of Heterogeneous
Protein Solutions

FLORIN DESPA,! DENNIS P. ORGILL,? and RAPHAEL C. LEE!

'Department of Surgery, MC 6035, The University of Chicago, Chicago, Illinois 60637 and >Department of Surgery,
Brigham and Woman’s Hospital, Harvard Medical School, Boston, Massachusetts 02115

(Received 24 September 2004, accepted 15 April 2005)

Abstract—Crowding can substantially affect the transition of a
protein between its native (N) and unfolded (U) states via volume
exclusion effects. Also, it influences considerably the aggrega-
tion (A) of unfolded proteins. To examine the details, we devel-
oped an approach for computing the kinetic rates of the process
N < U — Ainwhich the concentration of the protein is explicitly
taken into account. We then compute the relative change with tem-
perature of the protein denaturation for various fractional volume
occupancies and partition of proteins in solution. The analysis
indicates that, in protein solutions in which the average distance
between proteins is comparable with the radius of gyration of an
unfolded protein, steric effects increase the stability of the proteins
which are in compact, native states. In heterogeneous protein so-
lutions containing various types of proteins with different thermal
stabilities, the unfolding of the most thermolabile proteins will
increase the stability of the other proteins. The results shed light
on the way proteins change the thermal stability of a cell as they
unfold and aggregate. This study may be valuable in questions
related to the dynamics of thermal injuries.

Keywords—Thermal injury, Protein denaturation, Lumry—Eyring
model, Crowding effects.

INTRODUCTION
The analysis of the heat transfer occurring in burn
injuries®11:16:17.28 revealed that the characteristic temper-

ature profiles lie in the domain of the thermal instability
of vital cellular components.” Depending on the time of
exposure at supraphysiological temperatures, proteins and
cell organelles can undergo structural modifications and
irreversible denaturation which may trigger cell death. De-
spite the effort, the amount of denaturated proteins leading
to thermal death as well as critical targets for cell killing
are not precisely established yet.'® Recently,” we employed
a standard chemical physics approach to estimate the de-
gree of alteration of vital cellular components for charac-
teristic temperature profiles of a 90°C (20 s contact) burn.
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Our simulations suggest that the thermal alteration of the
plasma membrane is likely to be the most significant cause
of the tissue necrosis. The lipid bilayer and membrane-
bound ATPases have a high probability of thermal damage.
Our study showed that the vulnerability to thermal de-
naturation of each cellular component can efficiently be
characterized by two main thermodynamic parameters, the
melting temperature and denaturation enthalpy.” These pa-
rameters can be obtained by calorimetric measurements of
proteins in dilute solutions.?* In principle, they also can
describe fairly well the in situ thermal protein denaturation
after applying a correction due to cell crowding effects.”-2¢
However, there remain important features of the thermo-
dynamical behavior of proteins in a crowded environment
that need further elucidation. One aspect which has to be
analyzed is the self-stabilization effect. If the protein inter-
space becomes comparable with the radius of gyration of
an unfolded protein, then the subsequent confinement due
to volume excluded by the unfolded protein would provide
stability for adjacent proteins which are in compact, native
states. This effect can usually be observed in manufacturing
artificial skin. Typically, Type I collagen has melting tem-
peratures (gelatinization) between 50 and 60°C in various
dilute aqueous solutions. If water is removed by lyophyl-
ization, temperatures of 105°C can be well tolerated for
24 h without major denaturation of the protein content.’
Another aspect is related to the behavior of solutions
of mixtures of proteins with different thermal stabilities.
An interesting question here is how the unfolding and sub-
sequent aggregation of thermally labile proteins affect the
stability of other proteins in the mixture which have higher
midpoint transitions (50% denaturation). The phenomena
related to the thermal behavior of proteins in crowded so-
lutions have important implications in understanding the
behavior of cells and tissues at supraphysiological temper-
atures. Particularly, they might shed light on the issue of the
damage accumulation in thermally injured tissues, which
is a long-standing clinical problem.”':16:17 We propose
an efficient method to estimate the time—temperature de-
pendence of thermal denaturation of proteins in a crowded
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heterogeneous solution. The model resembles the cell in its
multicomponent aspect. The implications of the model are
examined here in terms of the dependence of protein denat-
uration on crowding effects, including high protein concen-
tration and increase of the volume available per protein af-
ter unfolding, as well as kinetics of aggregation. Within the
present approach one can ascertain separately contributions
to the damage accumulation from various proteins having
different thermal stabilities and interacting with each other.

METHODS

The kinetic model for the thermal denaturation of the
cellular components’ is revisited in the present paper. We
extend considerations of the reversible thermodynamical
transitions from the native (N) to unfolded (U) states, N <>
U, to the generalized Lumry—Eyring model>’*’ N < U —
A, where A represents a final state which results from the
irreversible aggregation unfolded (U) proteins. We present
a short description of the Lumry—Eyring model in the first
subsection of the paper.

Within the present model, we assume that crowding af-
fects protein dynamics via steric effects. Therefore, it plays
an important role in setting the kinetic rates of the reversible
part (N <> U) of the reaction. In the second subsection of
the paper we recall the basic physical chemistry approach
for computing kinetic rates in the limit of high dilution. In
third subsection we introduce corrections on these kinetic
rates due to crowding effects.

The irreversible step U — A is regarded as a protein
aggregation process which is limited by the diffusion of the
unfolded proteins. This picture is based on experimental
evidence demonstrating that, when unfolded proteins col-
lide, they can easily form stable aggregates via hydrophobic
interactions.’* A method for deriving the rate of aggregation
of unfolded proteins is described in the fourth subsection.

The Lumry—Eyring Model

To monitor the aggregation of denaturated proteins with
the temperature, we write the kinetic equations correspond-
ing to the reaction model N <+ U — A in the form

dPx,
ALpS ke i Pui — kui PN
ot
dPy,
a—? = —k¢; Pui + kui PN — kaiPui. M

Ppri=1—Pn; — Py;

ky,; and k;; are the unfolding/folding rate coefficients, k, ;
denotes the rate constant for the irreversible aggregation
and Py ;, Pu; and P, ; represents the distribution density
of the population in the native, unfolded and aggregated
state of the protein species i. At initial time, t = 0, we
assume Pn; = 1, Py; = 0 and Ps; = 0. This is a model
for an experiment in which temperature is changed with

time according to a “temperature history” T (¢).”~11:16.17.28
The main assumption in above is that the unfolding step is
not at equilibrium. Equations (1) represent the general form
of the Lumry—Eyring model for irreversible denaturation.?!
The model is generally used to interpret the departure of the
DSC results from those predicted by a reversible two-state
approach.?%37

The Rates of Folding/Unfolding of Protein
in the Limit of High Dilution

A thorough understanding of the protein dynamics re-
quires a detailed description of the thermodynamic driving
force. Generally, this is governed by the difference in the
Gibbs free energy, AG, between the states involved in tran-
sition. AG includes contributions from the interaction with
other proteins in solution which is reflected in the thermo-
dynamic activity coefficient y; nw)>°

1 9G 0G
Iy nw) = o - -
NYiNG) = B |:(3Wi>{w} <8w,->{w}_>oj| (2)

where N(U) refers to the native or unfolded state of the
protein specie i and {w} denotes the composition of the
solution (i.e., the equilibrium concentrations of all solutes).

In the limit of high dilution, y; approaches unity. Under
such experimental conditions, reversible unfolding/folding
transitions of single protein molecules can be studied at
equilibrium where the protein spends an equal amount
of time on the two sides of the folding barrier [Pn(¢) =
Py(#)].> For a two-state folder characterized by the un-
folding/folding rate coefficients &, and k¢, this happens at
the thermodynamic midtransition (see below) at which the
equilibrium constant K is unity. Generally, K character-
izes the balance between the enthalpy and entropy changes
AH,, and AS,, during unfolding24

o _k AH,, AS, o
= — = X — €X .
0= % TP\ " ry, )P TR

AH,, and AS,, are function of temperature and can be

written as?*
T
AHW(T) = AHu(Ty) +/ dT ACN(T),  (4)
T
AH(Ty) r -
ASun(T) = —r + | dIn(T) ACN(T)
m T
o AHu(Ty) - ACT T )
= n —_— s
Tm P Tm

where AC™(T') is the heat capacity difference between the
native state and unfolded state of the protein. The effect of
temperature on AC;"(T') is small and, generally, the value
of AC" for most of protein systems can be approximated

3 Note that, in the limit of high dilution, P5 ; = 0 and k,; = 0 in Egs. (1).
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by the gas constant R = 8.315 JK~! mol~!.2* The equilib-
rium constant (3) becomes

AHu(T, T
Kozexp(— 7;; m) (l - T_>

(1 In _ T T)) ©)
-(-F-mhg))

which is unity at T = Ty,. Ty, is an important parameter for
characterizing the thermal stability of the protein. Differen-
tial scanning calorimetry (DSC) provides an experimental
means to measure Ty, along with the enthalpy and entropy
changes at the midpoint transition.?*

It was shown’” that the Gibbs free energy at any temper-
ature in the neighborhood of the unfolding event (T = T;,)
can be derived in terms of the corresponding function G,
evaluated at T},

GG i)
RT RT, R\T T,
The change of the free energy at the transition point (T' =
Ty) is zero, AG,, = 0. In this case, the rate coefficient of
protein unfolding &, is also a function of T},

AG
ky = const exp <_R—7:m> = const

AHy, T
X exp <— RT <1 — T_m>> . (8)

A is a constant that depends on the coupling of the protein
with the solvent.* Under such circumstances, the backward
rate is simply

ky
=X

Experimental papers in the field skip often to report the
value for the entropy of unfolding, AS,,. The above equa-
tions show how the equilibrium thermodynamic parameters
Tm, AHy, and A Sy, are related to each other and provide
an alternative way for expressing the kinetic rates k, and k¢
as a function of only T;,, and AH,,,. Based on the values of
the kinetic rates k, and k¢, one can easily derive the time
evolution of probability density distributions in the native
(Pn) and unfolded (Py) states for various temperatures. The
above approach can be extended to include properties of the
coupling between the protein and solvent.>™®

ke ©))

Highly Volume Occupied Solutions

Effects of Crowding on the Unfolding/Folding
Kinetic Rates

Obviously, the above picture is not valid for the cyto-
plasm of cells. Inside the cell, there are a large number of

4 const sets the relative time scale of the unfolding event. The relevant

time scale may depend on the case of interest (of the order of minutes
for typical DSC experiments and seconds for usual thermal burns).

soluble and insoluble macromolecules at different concen-
trations, sometimes at very high concentrations depending
on physiological and environmental conditions. Physiolog-
ical fluid media contain macromolecules collectively occu-
pying between a lower limit of about f = 7% and an upper
limit of about f = 40% of the total fluid volume.'* In this
case, the activity coefficient y; of each macrosolute deviates
from unity by as much as several orders of magnitude, with
a potentially major impact on reaction equilibria and rates.

In the following we describe crowding effects in a ho-
mogeneous protein solution.*® The radius of gyration r, of
a protein (the radial size which defines how compact the
protein structure is) expands during unfolding excluding
volume to other surrounding proteins. If the increase Ar
of the radius of gyration is in the range of the protein in-
terspace, defined as the mean distance between proteins in
solution [d = (3/4  n)~'/3, where n is the protein concen-
tration], the subsequent confinement would provide stabil-
ity for adjacent proteins which are in compact, native states.
The self-stabilization effect develops progressively during
protein unfolding. The effect, which is described here for
the case of a protein solution, is expected to occur also
in tightly packed fibers and membranes.* To express this
effect in a more quantitative way, we write the apparent
equilibrium constant K as a function of the activity coeffi-
cients of the molecules in their native and unfolded states,

yn and y2°

K = k2N (10)
Yo

(K is defined by Eq. (6).) For proteins in native states in-
teracting exclusively via steric repulsion forces the activity
coefficient is YN = Viot/ Vay N, Where Vi, and V,, v denote
the total volume and volume available per native protein.
Vit can be written as Viy = vagff = Npdrw /3d°, where
Ny is the number of proteins in solution, each protein oc-
cupying an effective volume v = 47 /3d°, dry. ry stands
for the radial size of the molecule in the native form. The
available volume V), x is the volume in which the center
of an additional molecule of that solute may be placed.?®
We can approximate Vay N by Vayn = 47 /3(d — rn)°. The
apparent activity for the unfolded state can be defined in a
similar manner as yy = Viot/Vav.u, Where V,, u represents
the volume available for a protein in the unfolded state
Vavu = 41 /3(d — rn — Ar)?. Equation (10) becomes

3
K O Ar 1) an
—=(1-=]) .

Ky N ~
Further, we can approximate d/ry by
1/3
4o (3 ﬁi/sz (12)
N 4 N, rﬁI ’



1128 DESPA et al.

where f represents the fractional volume occupancy of the
protein, and cast Eq. (11) in the form

K_l Ar 1 3 3
o \'"ni=ps) @

By looking at Eq. (12), it is not difficult to see that any con-
formational change that increases the volume of a protein
(47”}"1%1 — 4T”(rN + Ar)?) changes the protein interspace d.
Consequently, we must relate d to the evolution of the den-
sity distribution of the population in the unfolded state of

the protein Py, Py = 1 — Py. It follows that

1/3
i ~ Vtot
N Ny [PNErd 4+ (1= P02 (x + Ar)]

Ar\? &
= [fPN+f(1—PN)<1+E)} . (4

and Eq. (13) can be written as
3

K Ar 1
— =1+ = )

N (facra-po(iea)) "

Equation (15) shows that protein unfolding is progressively
inhibited by the conformational change that increases the
characteristic volume of the protein.

We can also write a more general form for Eq. (15) which
can be used to describe the unfolding of a protein species i
in a crowd formed by M various other protein species. This
is

3

1

Ar;
Ki=Ko; |1+ ~ m L
lff;x{O&f+Ufﬂuml+Kﬂ) }

16)

where x; stands for the partition of various protein species

in the solution, x; = N, ; /N, (i.e., the number of molecules

of species j, Ny j, versus the total number of molecules in

the solution, N, ZI/W n; = 1). Eq. (16) shows that the vol-

ume exclusion effect leads to a decrease of the equilibrium

constant K; of the protein species i in a f ij n; solution
of different protein kinds j.

The Rate of Aggregation of Unfolded Proteins

Little is actually known about the energetics of the irre-
versible step U — A. Protein aggregation is generally be-
lieved to be caused by hydrophobic interactions. Unfolded
proteins have their hydrophobic residues exposed to water.
They stick together to minimize the area of hydrophobic
exposure. Therefore, the tendency of aggregation increases
with the increase of the population in the unfolded state.
The rate of aggregation is limited by the diffusion of the
unfolded proteins and can be approximated by the inverse of
the diffusion time 7;, k, ; = % 7; for an unfolded molecule

of a protein species i relates to its corresponding diffusion
coefficient D; by 7, = %. Here, D; is an effective diffu-
sion coefficient which includes a correction?® due to the
restriction on the movement of the molecules in a crowded
environment

(1—f>2 (1—f>2 kT
D;=|——=) Do; = .
1+ f ' L+ f) 6mno(rn,; + Ar;)

a7
Dy ; represents the diffusion coefficient in a dilute solution,
which is expressed in the right-hand part of Eq. (17) in
terms of the radius of the molecule (ry; + Ar;), tempera-
ture T and viscosity coefficient 1y by the Stokes—Einstein
relationship. Here, we assume that the aggregation applies
only to unfolded proteins and consider that the translational
diffusion length d’ depends on the concentration of all un-
folded proteins. Therefore, we can write

NN —1/3
/
= (5) |7 2=
J
—1/3

(I—-Px,j) . (18)

M
=|f> %
J

We now can express quantitatively the rate of the irre-

versible step k, ; by
y 2/3
5 kT f ij(l — PN,j)
o 2 (1 — f) J
ai = S
3r \1+f ey (1 +A_>
As we can see, k, ; is not acommon quantity for all proteins.

Within the present diffusion limited approach, this depends
naturally on the size of the protein.

3
477"1%1,1‘

19)

RESULTS AND DISCUSSION
We note that k; = ]‘K ), where K; is given by Eq. (16),
and k,; (see, Eq. (19)) depend explicitly on the distribution
densities of the population in the native state Py ;. Equa-
tions (1) are non-linear differential equation and have to
be solved numerically. In the present model, we assume
that the unfolding and the diffusion processes occur on the
same time scale, which renders const~107 s~! (the pre-
exponential factor of the Arrhenius kinetic rate). The value
of viscosity coefficient 7y in a dilute aqueous solution is
roughly equal to 19 = 1 cP in which a protein with ra-
dius of gyration ry = 0.5nm has a diffusion time equal
71 = 0.19ns at 27°C. We characterize the behavior of sev-
eral test protein solutions for conditions which reflect a
certain temperature history. As an example, we use here
a time—temperature dependence corresponding to a deep
muscle electrical shock injury of 10kV, 1s hand-to-hand
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FIGURE 1. Proteins become thermally more stable with in-
creasing the extent of crowding. Denaturation of adenylate ki-
nasein time, at various volume occupancies, for a temperature
history as reported in Ref.'3 (a muscle electrical shock injury of
10kV, 1 s hand-to-hand contact at the distal forearm location).

contact at the distal forearm (DF) location (see Ref.3*
details).

First, we considered a homogeneous solution of adeny-
late kinase for which the characteristic thermodynami-
cal parameters Ty, and AH,, of the protein are known,
T = 51.8°C and AH,,; = 397.48kJ mol~'.?> The ra-
dius of gyration in the native state is approximated to
rn.1 = 2nm.3! We derived the relative change with temper-
ature of the population distribution in the aggregated state
of the protein for various volume occupancies ranging be-
tween 15% < f < 25%. The corresponding thermograms
are displayed in Fig. 1. One can observe the tendency of
proteins to become thermally more stable with increas-
ing the volume of occupancy (f). Therefore, high protein
concentration is a source of crowding. An enhancement
of the protein stability at high protein concentration was
reported in experimental measurements.>> We can predict
also the level of self-stabilization expected during unfold-
ing of adenylate kinase for a f = 20% volume occupancy
in solution. The self-stabilization occurs due to steric ef-
fects induced by the unfolding of a fraction of proteins in
solution. As the volume available per unfolded protein is
larger than that corresponding to a native protein, this will
impose geometrical constraints (volume exclusion) on the
proteins in native states, as described above. In Fig. 2 we
display the time evolution of the probability distribution in
the aggregated state of adenylate kinase for various values
of the parameter AN" Measures the relative change in size
of the unfolded protein. As we can see, the denaturation of
protein is progressively inhibited by conformational change
that increases the volume of the protein.

The system of Egs. (1), taken together with (8), (9),
(16) and (19) allow us to analyze the thermal stability
of mixtures of proteins. We can examine, for example,

for
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FIGURE 2. Self-stabilization effect during unfoldlng of adeny-
late kinase for the same temperature history. "1 measures
the relative change in size of the unfolded protein.

how the unfolding and subsequent aggregation of ther-
mally labile proteins influence the stability of those pro-
teins in the mixture which have higher midpoint transi-
tions. For brevity, we consider that the volume fraction of
f =20% of the solution is occupied by adenylate kinase
and three other different proteins, creatine kinase, ATP
synthase e and cytochrome c, with equal partitions x; =
X) = X3 = Xa, (Zj;l x; = 1). The characteristic physical
parameters Ty, and A H, for the last three proteins, (2) cre-
atine kinase, (3) ATP synthase e and (4) cytochiome c are
as follow: Ty » = 56°C, AHyy» = 461 kJmol™ 122, N2 =
5.56nm,"” T3 = 57.5°C, AHy,3 = 539. 24kJ mol 1,36
N3 = 4.40m, Ty, 4 = 60°C, AHyy 4 = 338.9kJ mol ™ 120
and rn 4 = 2nm,' respectively. In Fig. 3(a—) we display
the evolution in time of the denaturation of creatine kinase,
ATP synthase e and cytochrome c. The top curves represent
always the denaturation in homogeneous solutions, while
the bottom curves illustrates the behaviour of the respective
protein in the mixture with the other three protein species.
Apparently, the steric effects brought by the unfolding of
thermolabile proteins, mainly adenylate kinase, enhance
the stability of all the other protein species (creatine ki-
nase, ATP synthase e and cytochrome c) in the mixture.
Obviously, the stabilization of the protein with the highest
melting point transition (cytochrome c) is the result of a self-
stabilization effect, as discussed above, and contributions
from the unfolding of all the other protein species.

Comparison with Experiment

There are some recent reports of experimentally
observed crowding and confinement effects on dynamics
of proteins. Thus, experiments have shown that proteins
encapsulated in small pores in hydrated silica glasses
have an enhanced stability when heated.'? In addition,
calorimetric measurements revealed that the melting
temperature of actin increases by approximately 5°C in the
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FIGURE 3. The steric effects brought by the unfolding of ther-
molabile proteins in the mixture enhance the stability of those
proteins in the mixture which have higher melting points. The
time—-temperature course is the same as the one used in Fig. 1.
The top curves represent the denturation of a protein in a
homogeneous solution while the bottom curves describe the
course of denaturation of this protein in a mixture with other
three proteins. (a) creatine kinase, (b) ATP synthase e, (c) cy-
tochrome c.

presence of 100 mg/ml PEG-6000, a non-ionic surfactant.*

It is also well known that collagen molecules embedded
within the lattice of a fiber are substantially more thermally
stable than the same molecules in dilute solution.””33 An
increased stability against denaturation in highly occupied

volume of homogeneous solutions is reported also in Ref.>
All these experimental observations support our theoretical
predictions.

The investigation of steric effects on individual proteins
in mixed protein solutions is complicated by the likely pres-
ence of direct intermolecular interactions in addition to ex-
cluded volume interactions. Such complications make it to
difficult to use standard calorimetric measurements to test
our prediction that the unfolding of the most thermolabile
proteins will increase the stability of the other proteins in
solution. A more detailed analysis, including an adequate
experimental protocol, is in progress.

CONCLUSIONS

Within the present paper, we call attention to some the-
oretical approaches that may help to resolve conceptual
ambiguities and enhance quantitative analyses of the ki-
netic stability of cellular components confronted with the
destabilizing effect of irreversible alteration. We provide
a basic introductory tutorial to the Lumry—Eyring model
theory and describe all the temperature-dependent terms
entering the kinetic rates. On this basis, we can examine
critically the limitations of using calorimetric data of dilute
protein solutions to interpret situations in finite volume oc-
cupancies. We pointed out the influence of high-fractional
volume occupancy on the rates and equilibria of thermal
denaturation taking place in a crowded biological environ-
ment. This aspect is analyzed in a quantitative manner.
Present results suggest that crowding effects might play
the determinant role for the structural stability of the cell
when heated. This inference is consistent with experimental
observations.'?19-32:35 A source for a further enhancement
of our capabilities to infer the in vivo behavior of spe-
cific cellular components at high temperatures is the ex-
perimental approach proposed by Lepock!® and Bischof?
in which the entire cell is monitored. However, to deci-
pher the entire cell thermogram and ascribe the endotherm
maxima to specific cellular components can be a difficult
task.

Our predictions may apply to fibers and basement mem-
branes in which the increased stabilization by crowding
and conformational changes is a general effect. The present
approach represents the initial stage in our effort to provide
a means for monitoring the evolution of the structural al-
teration of the cellular components at specific locations of
a burn injury. The method can prove also very informative
for developing strategies to minimize the tissue damage.
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