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Abstract

Using computer simulations we have studied possible effects of heating and cooling at different scan rates on
unfolding and refolding of macromolecules. We have shown that even the simplest two-state reversible transition can
behave irreversibly when an unfavorable combination of cooling rate, relaxation time and activation energy of
refolding occurs. On the basis of this finding we suppose that apparent irreversibility of some proteins denatured by
heat may result from slow relaxation on cooling rather than thermodynamic instability andror irreversible alterations
of the polypeptide chain. Using this kinetic reversible two-state model, we estimated the effects of the scan rate and
kinetic parameters of the macromolecule on its unfolding]refolding process. A few recommendations are suggested
on how to reach maximal possible recovery after denaturation if refolding appears to be under kinetic control.
Q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is known that under most conditions heat
denaturation of most proteins is partially re-
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versible or fully irreversible. The usual conclusion
drawn from such experiments is that heat causes
irreversible changes in the protein structure. It is
believed that processes leading to irreversibility
involve aggregation, improper disulfide bond for-

w xmation, or covalent alterations 1]3 . The sim-
plest model that is consistent with these observa-
tions is reversible unfolding followed by an irre-
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versible process

N¡UªD

locking the unfolded protein in a state from which
it cannot refold over the time of the experiment.

A three-state model in which the first step of
unfolding is treated by equilibrium thermody-
namics and the second, irreversible step, by kinet-

w xics has been investigated 4]6 . The fully kinetic
model in which each step, i.e. unfolding, refolding
and irreversibility, is treated in terms of the

w xprocess rate has been examined as well 7 . But so
far, the influence of refolding and cooling rates
on reversibility of proteins denatured by heat
under inequilibrium conditions without any irre-
versible process has not been studied.

This problem is of interest because the refold-
ing rate of most proteins decreases with decreas-
ing the temperature at least in the low tempera-

w xture range 8]10 . Therefore refolding at a suffi-
ciently low temperature can be very slow. The
unfolded conformation of proteins can become
metastable in the temperature region where re-
folding is thermodynamically favorable. There are
many reports demonstrating that folding of pro-

w xteins is under kinetic control 11]14 . This sug-
gests that some proteins which in principle fold
reversibly may exhibit partial or complete irre-
versibility.

Theoretical analysis is generally used to reveal
and describe the effects which can be produced
by a real system. In this work, using computer
simulations we demonstrate an ‘irreversible be-
havior’ of a fully reversible two-state transition
and determine under which conditions this
phenomenon can take place. Our estimates aim
to help experimentalists to interpret more ade-
quately the results obtained in protein denatura-
tion studies.

2. Methods

The simplest kinetic model describing unfold-
ing-refolding of proteins requires two states:

kq
N ¡ D

ky

where N means the native species, D is the re-
versibly unfolded denatured form. We will as-
sume that all the kinetic processes are of the first
order and that the unfolding equilibrium constant
is given by

w x w xKs D r N sk rkq y

The temperature dependence of rate constants
k can be approximated by the Arrhenius rela-"

tion in the form:

D E1 1 1"Ž .k T s exp y" ž /2t R T Td d

where D E is the activation energy of unfolding"

Ž . Ž .q and refolding y , R is the universal gas
Žconstant, T is the denaturation temperature i.e.d

.the temperature at which Ks1 . It should be
emphasized that all kinetic processes for protein
unfolding and refolding at a constant temperature
can be described by simple exponential curves
with the corresponding relaxation time t . In our
expressions t is the relaxation time at the denat-d
uration temperature:

y1w Ž . Ž .xt s k T qk T .d q d y d

We also assume that neither the activation
energy nor the unfolding enthalpy D HsD E yq
D E depend on temperature. This assumption isy
not quite correct when studying conformational
transitions in a wide temperature range. Never-
theless, it can be used as the first approximation
to demonstrate the appearance of apparent irre-
versibility caused by a decrease in the renatura-
tion rate. The applicability of this assumption for
real proteins will be discussed elsewhere.

If the temperature changes with time according
� 4 � 4to the constant rate Vs dT r d t , the fractional

w x Žw xpopulation of the unfolded state as D r N q
w x. ŽD is described by the differential equation see

.Appendix A :

kda aqs ? 1y ,ž /dT V aeq

Ž .where a sKr 1qK is the fractional popula-eq
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tion of the unfolded state under equilibrium con-
Žditions i.e. a sufficiently slow heating or cooling

.rate . Integration of this equation from the start-
ing temperature T gives the temperature depen-0
dence of the fractional population of the un-
folded state:

� Ž .4 w Ž .xas a qF T exp yJ T ,0

where

T1Ž . Ž .J T s k qk dT ,H q yV T0

and

T1Ž . Ž . w Ž .xF T s k T exp J T dT .H qV T0

Numerical integrations were solved by standard
methods for a range of k , k and V values.q y

3. Results and discussion

Our first interesting finding is a sharp qualita-
Žtive distinction between protein unfolding upon

. Ž .heating and refolding upon cooling when the
temperature changes rapidly. This distinction
stems from the fact that both the unfolding and
refolding rates in some cases increase with tem-
perature, while the stability of the corresponding
states changes in a different manner. The un-

Ž .folded state D becomes more favorable while
Ž .the initial state N becomes increasingly

destabilized upon heating. There is clear asymme-
try in the unfolding-refolding process with respect
to the temperature. The result is that the protein
entirely unfolds on heating, but the completeness
of its refolding on cooling depends on the rela-
tionship between the relaxation time and scan
rate. Fig. 1 illustrates the effect of the heating
rate on the unfolding transition. The numbers
alongside the transitions show the heating rate in
Krmin. The mark ‘eq’ labels the fractional popu-
lation a of the unfolded state upon very slow
heating when chemical equilibrium between the
native and denatured states is maintained. The
curves a vs. T are shifted to a higher tempera-

Fig. 1. Unfolding at different heating rates: the calculated
denatured population a of the typical small globular protein

Žvs. temperature the values of scan rates are given in the
.figure; the mark ‘eq’ implies an infinitely low scan rate .

Parameters used in calculations are: T s330 K, the midpointd
of equilibrium transition; D Hs100 kcalrmol, the enthalpy of
transition; D E s110 kcalrmol, the unfolding activation en-q
ergy; t s10 000 s, the relaxation time.d

ture on increasing the heating rate. It can be
shown that an essential distortion of the equilib-
rium transition profile appears when the heating
rate surpasses a certain value V as shown bymax

Ž .the following expression see Appendix B :

2 DTRT 1r2dV)V s s ,max D Ht 4td d

where

4RT 2
dDT f1r2 D H

is the half-width of the transition calculated ac-
w xcording to the van’t Hoff equation 2 . Below Vmax

the profile does not significantly depend on the
heating rate and the unfolding can be regarded as
equilibrium.

Using this result, we can estimate the condi-
Žtions for a typical small globular protein e.g.

.lysozyme where the distortion of the transition
profile becomes significant. Let us choose D Hs
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100 kcalrmol, D E s110 kcalrmol, T s330 K,q d
w xVs1 Krmin 15 . In this case, heat denaturation

will take place close to equilibrium only if the
protein relaxation time does not exceed 130 s at
TsT . However, it is known that the relaxationd
time for some proteins reaches dozens of minutes

w xor even several hours 16]20 . Hence for such
proteins both equilibrium unfolding and refolding
is practically unattainable. In this case the shift of
the apparent transition temperature T from Tapp d
Ž .an equilibrium denaturation temperature is
mainly determined by the heating rate, the activa-
tion energy and the relaxation time of the unfold-
ing transition:

DT 2Vt1r2,kin dT fT q 1q lnapp d ž /e DT1r2,kin

where DT is the half width of the transition1r2, kin
Ž .at a particular heating rate see Appendix C .

Therefore at temperature T the denaturationapp
rate constant is determined mainly by the heating
rate, and the denaturation process will be indis-
tinguishable from a one-step irreversible process
w x7,21 . For some proteins studied by the scanning
microcalorimetry technique, the heat denatura-
tion is well described by a one-step kinetic model
w x3,22 . In this case at the apparent temperature of
denaturation, the rate constant can be de-

w xtermined by the formula 7 :

V ?D EqŽ .k T sq app 2R ?Tapp

� 4 � 2 4Since the deviations of the ratio D E r Tq app
caused by the protein and experimental condi-

Žtions are usually not great no more than 60%
.from the average , one can readily determine the

constant of the rate at which protein denatura-
� 4 � 2 4 y3tion takes place. If D E r T ;10 kcalq app

moly1 Ky2 , the rate constant will be ;8=10y4

sy1 at the heating rate 0.1 K miny1, which corre-
sponds to a relaxation time of about 21 min.
Taking into account that at the given parameters

Žthe rate constant changes by e e is the base of
.natural logarithm if the temperature changes by

only 28, it becomes clear that at the thermody-

namic denaturation temperature T the relax-d
ation time may be at least several hours.

In practice we cannot obtain the true denatura-
tion temperature T from melting experiments ifd
the relaxation time is sufficiently long to result in
melting conditions which are obviously inequilib-
rium. If in this case the temperature drops some
degrees below T , the protein should not neces-app
sarily refold because the real denaturation tem-
perature might be significantly lower. A further
decrease of the temperature will lead to a situa-
tion where the refolded state becomes thermody-

Ž .namically favorable K-1 . However, due to the
slow relaxation the refolding rate at this tempera-
ture may become too small for the protein to
refold within the time of the experiment.

Fig. 2 shows the effect of the cooling rate on
the fractional population of the unfolded state.
Notice that the rate of the temperature change
affects the transition profiles very differently upon

Ž .heating and cooling cf. Figs. 1 and 2 . On heating
the apparent temperature of transition will move
upward along the temperature axis and the pro-
tein will necessarily unfold entirely because the
unfolding rate increases with temperature. On
the contrary, the apparent temperature of refold-
ing upon cooling remains practically constant.
Notice the most striking result: reversibility of the
protein depends very much on the cooling rate.
The protein cannot refold entirely if the sample
temperature decreases rapidly, since the protein
is not exposed to the optimal temperature for a
sufficient time. At a low temperature, refolding
can slow down so that the protein is not able to
return to its native conformation. If the relax-
ation time is shorter, the protein will be able to
refold during the available time at a cooling
regime. However, even in this case inequilibrium
during cooling always increases the life time of
proteins in the unfolded state and thus enhances

Ž .irreversible processes e.g. aggregation of the
unfolded protein chains.

It is worth noting that, as a rule, partial or
complete irreversibility is interpreted as a conse-
quence of some additional irreversible process
Ž w x.e.g. 17,18 . Our results show that an assumption
of such processes is not necessary to explain
incomplete refolding. When the renaturation rate
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Fig. 2. Refolding at different cooling rates: the calculated
denatured population a of the typical small globular protein

Žvs. temperature the values of scan rates are given in the
.figure; the mark ‘eq’ implies an infinitely low scan rate .

Parameters used in calculations are the same as in Fig. 1.

becomes sufficiently low at temperatures below
the thermodynamic transition temperature T , thed
protein sample will remain partially unfolded in
the experiments.

Notice that irreversibility observed in spectros-
copic or calorimetric investigations of heat denat-

Žuration having relatively fast rates of cooling
.between scans should not be confused with that

protein renaturation studies involving long in-
cubation under native conditions. At optimal con-
ditions proteins which exhibit partial irreversibil-
ity in experiments including fast cooling could be
capable of complete refolding after long anneal-
ing at optimal temperature.

The dependence of the activation energy on
temperature in real proteins can impose restric-
tions on the conclusions made in this paper. It
was shown for some proteins that the activation
energy of denaturation D E changes only slightlyq
with temperature. DC of activation of the denat-p
uration process does not exceed 20% of the en-
tire heat capacity increment upon denaturation
w x8 . The activation energy of refolding changes
drastically and drops to zero in the temperature
range 30]508C. Hence, if k increases practicallyq
in the whole temperature range, k is maximal aty
the temperature where D E is zero.y

Strictly speaking, the presented conclusions are
applicable only in cases when the renaturation
rate increases with increasing temperature and
the real temperature of denaturation is below the
temperature of the maximal renaturation rate.
On the other hand, the real denaturation temper-
ature cannot be lower than the temperature of
the maximal protein stability, i.e. the temperature

w xat which the denaturation enthalpy is zero 2 .
Thus the phenomenon of incomplete protein re-
naturation as a result of a low folding rate and
the dependence of renaturation on the cooling
rate can be observed only if the denaturation
temperature T is between the temperature ofd

Ž .maximal stability D Hs0 and the temperature
Ž .of maximal renaturation rate D E s0 . Probablyq

w xTani et al. 20 observed a similar phenomenon
when studying refolding of heat-denatured oval-
bumin.

It is also possible that protein would not rena-
ture upon cooling in any other case if the renatu-

Žration rate even at the temperature of its maxi-
.mal value is rather low for the real folding to

occur.
Another case where the described dependence

of the extent of the transition would undoubtedly
w xbe observed is cold denaturation of proteins 23 .

The rate of cold denaturation does increase with
temperature because T is lower than thed,cold
temperature of maximal stability. Therefore pro-
vided its value is low enough, denaturation upon
cooling would be incomplete or would not occur
at all.

On the basis of our considerations we can
define the optimal condition for refolding: the
temperature T which is below the true denatu-opt
ration temperature and thus represents condi-
tions where the equilibrium constant is much less

Ž .than unity K<1 but the refolding rate is still
moderate. Let us estimate the optimal tempera-

Ž Ž .ture for 90% maximal recovery when K T sopt
.0.1 . Taking into consideration that

Ž .DG ToptŽ .K T sexp yopt RTopt

Ž .D H T yTopt dfexp 2RTd
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we arrive at T fT y0.6DT .opt d 1r2
ŽFor small globular proteins T s330 K, D Hsd

.100 kcalrmol we estimated DT f9 K. Thus,1r2
the optimal temperature for refolding of small
globular proteins should be about 5]68 below the
true denaturation temperature.

On the basis of the above results we can try to
formulate a few recommendations on how to
choose optimal conditions for refolding of an
‘irreversibly’ unfolded protein if its ‘irreversibility’
is suggested to be kinetic. To do so, one should:

1. have a melting curve for the protein at a
heating rate as slow as possible to get the
upper limit of T for the true denaturationapp
temperature;

2. evaluate the relaxation time and maximal
population of the native state at T usingapp
the temperature jump or any condition jump

Žexperiments to bring the protein from its
.native state to the conditions under study ;

3. while in a temperature jump experiment, esti-
mate the maximal temperature at which the
protein does not yet denature. The value of
this temperature may be governed by a small
equilibrium constant or a high relaxation time.
These two effects are easily separated if with
the temperature jump data. If the relaxation
time does not grow fast enough on decreasing
the temperature, there is a chance to identify
the temperature region in which the native
state is reasonably populated and the refold-
ing rate is still not too small to allow the
protein to reach its equilibrium level of the
native population during a reasonable time.
Thus the optimal conditions for refolding are
a compromise between thermodynamic stabil-
ity of the native species and its relaxation
time.

4. Conclusions

In this work we showed by computer modelling
that the experimentally observed thermal irre-
versibility of some proteins does not always re-
flect actual irreversibility. We found that a fully
reversible two-state transition can appear partly

Ž .or fully irreversible when an unfavorable combi-
Žnation of the transition parameters kinetic and

.equilibrium and the scan rate is achieved. This
phenomenon will be observed when the activation
energy of refolding is positive.

After heat denaturation, the protein sample is
cooled at a certain rate and in routine experi-
ments the scan rate is rarely lower than 5 Krh.
However, even such a slow cooling can be too fast
if the relaxation time of the protein refolding
process exceeds a certain value. As a result, the
protein sample can reach room temperature be-
ing not completely refolded with its unfolded
species kinetically trapped.

We analyzed both analytically and numerically
the two-state reversible transition model and de-
termined the conditions under which this ‘kinetic’
irreversibility can appear.
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Appendix A

The kinetic equation

kq
N ¡ D

ky

where N is the native species, D is the reversibly
denatured form, in terms of rates can be de-
scribed by the differential equation:

w x w xd N d D w x w x Ž .sy syk N qk D A1q yd t d t

where drdt is a derivative with respect to time.
Taking into consideration that the fractional

population of the denatured form is

w xD Ž .as A2w x w xN q D

Ž . Žw x w x.and dividing Eq. A1 by N q D , it can be
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easily deduced that

da Ž . w Ž .xsk 1ya yk ask 1y 1qk rkq y q q yd t
Ž .A3

Since the equilibrium constant Ksk rk andq y
the equilibrium fractional population of the un-
folded state is

K Ž .a s A4eq 1qK

Ž .Eq. A3 can be transformed into the following
form

da a Ž .sk 1y A5q ž /d t aeq

We will assume that temperature changes with
time according to the constant scanning rate Vs
� 4 � 4dT r d t . Thus, the relevant differential equa-
tion will be:

kda aq Ž .s 1y A6ž /dT V aeq

Appendix B

It is easy to see that VtsDT has the mean-cor
ing of the correlation temperature domain. In
other words, it shows how far along the tempera-
ture the system remembers its previous state on
heating. The maximal change of equilibrium
population of unfolded state over this interval can
be evaluated as

daeq
Da fDT .eq cor dT

Taking into consideration that the maximal devia-
tion of a from a cannot surpass the maximaleq
change of equilibrium population over the corre-
lation temperature domain Da and that at theeq

temperature of denaturation

da C D Heq p,maxf f ,2dT D H 4RTd

it can be easily deduced that

D HVtdDaFDa feq 24RTd

Finally, we assume that if we wish to heat as fast
as possible but still wish to have a close-to-equi-
librium melting profile, the difference between
‘equilibrium’ and ‘kinetic’ populations of the un-
folded state should not exceed 0.25. Thus, for the
maximal ‘equilibrium’ scan rate V we havemax

RT 2
dV s .max t D Hd

Appendix C

In the case of V)V the apparent transitionmax
temperature starts to deviate from T and finallyd
coincides with the value of T for irreversibleapp

w xdenaturation with the same rate constant 7 . Tak-
ing into consideration the Arrhenius relation for

Ž .the rate constant k see ‘Theory’ and that forq
irreversible denaturation

VD Eqk s ,q 2RTapp

we obtain

2t VD E D E 1 1d q qsexp y ,2 ž /R T TRT d appapp

or

T yT2t VD E D E app dd q qln s .2 R T Tž /ž /RT app dapp

In the case of irreversible denaturation, the
parameters of the excess heat capacity relate to
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w xthe activation energy as follows 20 :

eRT 2 Capp p,max
D E s .q D H

Taking into consideration that DT f1r2
C rD H we obtainp,max

DT 2Vt1r2,kin dT fT q 1q ln ,app d ž /e DT1r2,kin

where DT is a half width of the transition at1r2,kin
the particular heating rate.
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