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Proteolytic Scanning Calorimetry: A Novel Methodology that Probes
the Fundamental Features of Protein Kinetic Stability
Gema Tur-Arlandis, David Rodriguez-Larrea, Beatriz Ibarra-Molero, and Jose M. Sanchez-Ruiz*
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ABSTRACT We introduce proteolytic scanning calorimetry, a modification of the differential scanning calorimetry approach
to the determination of protein stability in which a proteolytic enzyme (thermolysin) is used to mimic a harsh environment.
This methodology allows the straightforward calculation of the rate of irreversible denaturation as a function of temperature
and concentration of proteolytic enzyme and, as a result, has the potential to probe efficiently the fundamental biophysical
features of protein kinetic stability. In the particular case of Escherichia coli thioredoxin (used as an illustrative example in this
article), we find that the rate of irreversible denaturation is determined by 1), the global unfolding mechanism at low thermolysin
concentrations, indicating that thermodynamic stability may contribute directly to the kinetic stability of thioredoxin under moder-
ately harsh conditions and 2), the rate of unfolding at high thermolysin concentrations, indicating that the free-energy barrier for
unfolding may act as a safety mechanism that ensures significant kinetic stability, even in very harsh environments. This thiore-
doxin picture, however, is by no means expected to be general and different proteins may show different patterns of kinetic stabi-
lization. Proteolytic scanning calorimetry is particularly well-suited to probe this diversity at a fundamental biophysical level.
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In vivo, proteins often face crowded or harsh conditions

under which irreversible denaturation might in principle

efficiently occur through unfolded or partially unfolded

conformations. Hence, natural selection has endowed many

proteins with kinetic stability (i.e., the native, functional

protein is protected by a high free-energy barrier), a fact

for which experimental evidence has been steadily accumu-

lating (see, for instance, references 1–8).

By contrast, many in vitro denaturation experiments are

performed under simple solvent conditions, involve compar-

atively short timescales, and use small model proteins. These

in vitro experiments often lead to reversible equilibrium

denaturation and emphasize thermodynamic stability (i.e.,

an unfolding free energy change that favors the folded state

under native conditions).

Here, we explore how the environment harshness of in vitro

protein denaturation experiments can be modulated and we

show that fundamental information about kinetic stability

can thus be derived. As a model system for this study we

have chosen thioredoxin from Escherichia coli, a protein

which is often taken as a paradigm of reversible denaturation

and thermodynamically controlled stability (9). We use a

DSC approach to the characterization of protein stability;

i.e., the protein solution is heated at a constant temperature-

scanning rate, heat capacity as a function of temperature is

measured, and denaturation processes are revealed by transi-

tions (heat capacity peaks) in the thermogram. Unlike conven-

tional DSC experiments, however, we include the proteolytic

enzyme thermolysin (which hydrolyzes peptide bonds at

hydrophobic substrates) in the sample solution to mimic a

harsh environment. The idea behind this procedure is that

kinetic stability is related to a high free-energy barrier sepa-
rating the folded biologically functional protein from the

unfolded or partially unfolded states that may be highly

susceptible to irreversible alterations and/or undesirable

interactions and that such states can be probed by their suscep-

tibility to proteolysis. Thermolysin is particularly appropriate

for our modified DSC experiment because of its high

denaturation temperature, broad specificificity, and robust-

ness (10–13); although other proteases could in principle be

used, provided that their denaturation temperature is higher

than that for the protein under study.

Fig. 1 A shows several DSC scans of thioredodoxin plus

thermolysin solutions using different concentrations of the

proteolytic enzyme. The first noteworthy result is that the

calorimetric transition for thioredoxin denaturation is respon-

sive to the presence of thermolysin over several orders of

magnitude of the concentration of the proteolytic enzyme.

A second important result is that, although the transition

temperature for thioredoxin denaturation shifts to lower

temperatures upon increasing thermolysin concentration, it

remains clearly above physiological temperature (37�C)

even at the highest thermolysin concentrations used. This indi-

cates (see below for further discussion) that thioredoxin is actu-

ally a kinetically stable protein, as suggested by our previous

studies on the relation between mutation effects on thioredoxin

unfolding rates and sequence-alignment statistics (14).

The calorimetric transition for thioredoxin in the absence

of thermolysin is to be attributed to protein unfolding and,
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FIGURE 1 (A) Calorimetric transitions for thioredoxin denatur-

ation in the presence of several thermolysin concentrations

(shown in mg/mL as the numbers alongside the transitions).

See the Supporting Material for details about calorimetric exper-

iments and thermogram processing. (Inset) plot of transition

temperature (maximum of the transition) versus log10 of thermo-

lysin concentration. (B) Illustrative plots of rate constant for

irreversible denaturation versus thermolysin concentration for

the temperatures shown. Rates constant values are calculated

from the DSC transitions (see text and the Supporting Material

for details) and the lines are the best fits of Eq. 3.
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therefore, defines the temperature range in which unfolded

and partially unfolded states become significantly populated

(i.e., within that temperature range, their concentration is

comparable to the total protein concentration). The transi-

tions observed at lower temperatures in the presence of ther-

molysin are, therefore, kinetically controlled and only

involve the native protein and the final proteolysis product

(F) as significantly populated states:

N/F; (1)

which is a phenomenological, two-state irreversible descrip-

tion of the denaturation process (10,15). Actually, at high

thermolysin concentrations the calorimetric transitions

(Fig. 1 A) show the asymmetry expected for a two-state

irreversible denaturation process (10). It must be noted,

however, that efficient proteolysis requires some degree of

unfolding (11). Therefore, the simplest mechanism compat-

ible with the model in Eq. 1 is

N4X/F; (2)

where X is an unfolded or partially unfolded state which,

however, is not significantly populated under the conditions

in which the two-state irreversible description (Eq. 1) applies

(that is [X]<<[N]þ[F]).

An expression for the first-order rate constant (k) for the

process shown in Eq. 1 can be derived from the mechanism

depicted in Eq. 2 by applying the steady-state approximation

to X. The well-known result (11) can be written as

k ¼ k0 � ½P�=f1 þ ðk0=k1Þ � ½P�g: (3)

The meaning of the symbols in Eq. 3 is as follows: [P] is the

concentration of proteolytic enzyme (thermolysin), k0 is the

product K$kP, where K is the equilibrium constant for the
preequilibrium N4X and kP is the second order rate constant

for the proteolysis step, X/F. Note that k z k0 when the

concentration of thermolysin is low and the proteolysis

step becomes rate-determining (the EX2 condition).The

value k1 is the rate constant for the opening step, N/X
and k z k1 at sufficiently high concentrations of thermolysin

when the opening is rate-limiting (the EX1 condition). Equa-

tion 3 is, of course, well-known, although it is often couched

in a somewhat different terminology (11).

We demonstrated in earlier work (10,15) that the rate

constant k for a two-state irreversible denaturation can be

calculated from the corresponding DSC thermograms using,

k ¼ v � Cp=ðDH � hHiÞ; (4)

where y is the scanning rate, Cp and <H> are the excess

heat capacity, and the excess enthalpy (determined with

respect to a chemical baseline) at a temperature T and DH
is the total enthalpy of the transition. Application of Eq. 4

to the calorimetric transitions for thioredoxin denaturation

(see the Supporting Material for details) leads to the value

of the rate constant k, as a function of, both temperature

and thermolysin concentration. Plots of k versus thermolysin

concentration for given temperatures (Fig. 1 B) show the

trend predicted by Eq. 3, with the transition between the

EX2 and EX1 conditions clearly apparent as thermolysin

concentration is increased. Excellent fits of Eq. 3 to these

profiles are in fact obtained, leading to values of both k0

and k1 as a function of temperature (Fig. 2 A).

The Arrhenius plot for k0 leads to an activation energy of

386 kJ/mol, very close to the total unfolding enthalpy for

thioredoxin in the temperature range under consideration

(Fig. 2 C). Since k0 is the product K$kP, it appears reasonable

to attribute its very large temperature dependence to K (the

equilibrium constant for the N 5 X step) and to assume

that X is in fact the unfolded state of the protein. Accord-

ingly, proteolysis under the EX2 condition occurs through

the global unfolding mechanism in this case.

The Arrhenius plot for k1 indicates an activation energy of

184 kJ/mol, significantly lower than that determined for k0

(Fig. 2 C). For a two-state irreversible denaturation (Eq. 1)

there is an inverse relationship between the activation energy

value and the width of the calorimetric transition (see

Appendix in Costas et al. (8). The decrease in activation

energy as thermolysin concentration is increased (and the

mechanism changes from EX2 to EX1) is, in fact, visually

apparent in the calorimetric transitions of Fig. 1 A. The

most interesting implication of the calculated k1 values is,

however, that they agree reasonably well with the unfolding

rates calculated from guanidine-induced denaturation by

extrapolation to zero denaturant concentration (Fig. 2 B).

Accordingly, proteolysis under EX1 conditions is deter-

mined by the rate of unfolding.

Overall, the above results delineate fundamental features

of how kinetic stability is implemented in the thioredoxin

molecule. At low concentrations of thermolysin, irreversible
Biophysical Journal 98(6) L12–L14
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FIGURE 2 (A) Arrhenius plots for irreversible denaturation of

thioredoxin in the presence of thermolysin under EX2 and EX1

conditions (rate constants k0 and k1 respectively, derived from

the fittings illustrated in Fig. 1 B). (B) Arrhenius plot for the

indicated rate constants. Those labeled unfolding rates were

determined from guanidine-induced denaturation experiments

by extrapolation to zero denaturant concentration (see the

Supporting Material for details). Error bars are the associated

uncertainties calculated from the fitting. Errors bars are not

shown when they are smaller than the size of the symbol. (C) Thi-

oredoxin unfolding enthalpy (data from Georgescu et al. (9) and

activation energy values for the rates of irreversible denaturation

(k0 and k1) and unfolding. Dashed lines indicate the uncertainties

from the Arrhenius fittings.
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denaturation occurs through the global unfolding mechanism

and, therefore, thermodynamic stability (implying a low

concentration of unfolded state in equilibrium with the folded

protein) contributes directly to kinetic stability. At high ther-

molysin concentrations (very harsh environment), the rate of

irreversible denaturation is determined by the rate of unfold-

ing; therefore, as we demonstrated several years ago in an

earlier study (1), the free-energy barrier for unfolding may

act as a kind of safety device, since irreversible denaturation

that occurs through unfolded or partially unfolded states

cannot be faster than the crossing of this barrier.

Proteolytic scanning calorimetry provides, therefore, a

particularly clear picture of thioredoxin kinetic stability

and its relation with thermodynamic stability. This thiore-

doxin picture, however, is by no means expected to be

general. Different proteins may show different degrees of

kinetic stabilization, different types of relation between the

kinetic and thermodynamic stabilities, and different mecha-

nisms of irreversible denaturation (involving, for instance,

local unfolding processes and partially unfolded forms).

Proteolytic scanning calorimetry seems well-suited to probe

this diversity at a fundamental biophysical level and, in this

sense, it should be complementary to the recently developed

high-throughput methodologies (6,7) for the determination

of kinetic stability.
Biophysical Journal 98(6) L12–L14
SUPPORTING MATERIAL

Materials and methods and three figures are available at http://www.

biophysj.org/biophysj/supplemental/S0006-3495(09)01757-3.
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