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In this study we evaluated the applications of isothermal titration calorimetry (ITC) to study solute effects
on the kinetics of irreversible protein denaturation. More specifically, denaturation of Bacillus Halmapalus
�-amylase (BHA) was initiated by addition of EDTA to the calorimetric cell, which reduces the thermosta-
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bility of the protein from marginally stable to unstable at the experimental temperature, by removing
bound calcium ions. The calorimetric signal was shown to be proportional to the unfolding rate of the
protein, since, �Hagg was shown to be close to zero. Comparison of ITC with chromatographic size exclu-
sion data (SEC) provided an avenue to study unfolding and aggregation separately, which proved to be
useful in analysing the mechanism of solute effects on denaturation kinetics. Solute effects are discussed

ntera
rotein denaturation
referential interactions

in line with preferential i

. Introduction

Calorimetry has been extensively utilized to investigate the char-
cteristic physical instability of proteins. A particularly prominent
xample is high sensitivity DSC, which is now the most impor-
ant approach to characterize the reversible (equilibrium) unfolding
f protein conformations. Recently, an increasing research inter-
st has been directed towards kinetic protein stability; to the time
ourse of irreversible denaturation processes such as aggregation or
ovalent modifications, which occur far from equilibrium [1]. This
ocus on kinetic stability is mostly driven by a strong interest in
ggregated protein forms within the medical and pharmaceutical
ciences. Aggregation is, for example, one of the major obstacles,
hich has to be overcome to market the numerous protein thera-
eutics which are currently in clinical trials [2]. Calorimetry has not
et been broadly applied in studies of kinetic protein stability, but
ome important progress has been made. The most straight forward
pproach is simply to follow the heat produced in a sample placed in
n isothermal instrument. In many cases, it has been shown that the
ate of irreversible break-down scaled with the heat flow (see [3] for
review), and hence that the kinetic stability could be monitored
ithout specific knowledge about the qualitative nature of the
rreversible process. This simplicity is often an advantage in tech-
ological applications, but a major limitation of the ITC approach

s that it is only applicable to very slow processes (response time
0 s), and the requirement of a rather long thermal equilibration

∗ Corresponding author. Tel.: +45 46742879; fax: +45 46743011.
E-mail address: pwesth@ruc.dk (P. Westh).

040-6031/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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ctions and Wyman linkage function.
© 2008 Elsevier B.V. All rights reserved.

time (30 min). Scanning calorimetry has also been used in studies
of kinetic protein stability. In this case the interpretation relies on
non-linear regression with rather sophisticated models that takes
in to account both thermodynamic and kinetic parameters [4,5]. In
the current work we will test an ITC method which is an interme-
diate between the two other approaches. The basic idea, which was
initially proposed by Nielsen et al. [6], is to keep the protein in the
ITC cell under conditions where it is marginally stable, and then
start an irreversible denaturation process through the titration of
a destabilizing compound. Here we use a chelator, which removes
stabilizing calcium ions from the investigated �-amylase, but other
strategies such as pH jumps or addition of chemical denaturants
also appear feasible. More specifically, we use this method to study
solute effects on formation of so-called soluble (small) aggregates of
the amylase. Thus we propose that the calorimetric method can be
used as a screening tool, to evaluate solute effects on protein kinetic
stability, which is an important process in protein formulation [7,8].

2. Experiments

2.1. BHA denaturation

The general experimental concept was to destabilize BHA by
removing bound calcium ions from the protein (by addition of
EDTA) thereby decreasing the thermostability to an extent so we

could measure the kinetics of irreversible denaturation within a
manageable time frame [6,9,10]. The basic calorimetric approach
was adopted from [6]. All experiments were performed at 60 ◦C
and the protein was destabilized by the addition of EDTA in molar
ratio of 9 ([EDTA]/[BHA]).

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:pwesth@ruc.dk
dx.doi.org/10.1016/j.tca.2008.11.016
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.2. Protein and reagents

Recombinant Bacillus halmapalus �-amylase (BHA) was
xpressed in Bacillus licheniformis and purified to >95% (deter-
ined by SEC-MALLS and SDS PAGE). All buffers contained 20 mM
EPES (99%, Sigma, St Louis, US), 40 �M CaSO4 (Sigma, St Louis,
S) at pH 8 and varying concentrations of the following solutes:
lycerol (0–1.5 M) (99%, Sigma, St Louis, US), sorbitol (0–1.5 M)
98% Sigma, St Louis, US), betaine (0–1.5 M) (98% Fluka, Buchs, CH),
rea (0–1.5 M) (98% Sigma, St Louis, US), NaSCN (0–1.5 M) (98%
cros, New Jersey, US) and (NH4)2SO4 (0–150 mM) (99%, Sigma, St
ouis US).

.3. Isothermal titration calorimetry (ITC)

Kinetics of BHA denaturation was followed using an ITC (VP-
TC, MicroCal, Northhampton, USA) at 60 ◦C. The protein solution
20 �M, ∼1.1 mg ml−1) was placed in the calorimetric cell (1.4 ml)
nd when the baseline had stabilized (600 s) BHA was titrated with
0 �l 5.2 mM EDTA (99%, Fluka, Buchs, CH) from the syringe. The
tirring rate was 310 rpm and the titration duration was 14 s. Upon
ddition of EDTA, one or two of the three calcium ions that are
ound to BHA are removed [9] resulting in a gradual protein denat-
ration. The heat flow of denaturation, which is proportional to the
ate of denaturation (see below), was measured as a function of
ime. The raw data was deconvoluted according to Eq. (1) [6] using
non-linear regression routine, which returned maximum likeli-
ood values for the 1st order rate constant of denaturation (k) and
he enthalpy change ((Hden).

dq

dt
= k�HdenV [P]0e−kt (1)

n Eq. (1), dq/dt is the measured heat flow, [P]0 the initial protein
oncentration, V the volume of the calorimetric cell and t the time
fter injection of EDTA.

.4. Differential scanning calorimetry (DSC)

It is a requirement for the ITC procedures described above that
he calcium saturated protein is (marginally) stable at the experi-

ental temperature and that the chelator will change the stability
o that some fraction of the protein unfolds. Thus, to find an appro-
riate temperature for the ITC measurements we estimated the
hermal stability of BHA using a Nano DSC III (CSC, Lindon, Utah,
SA) and a Scal-1 DSC (Scal Co., Pushchino, Russia) (no signifi-
ant difference in the thermograms was observed between the two
alorimeters). Prior to every experiment, baselines were measured
lling the reference and sample cell with the same buffer. Ther-
ograms were measured with a scan rate of 1 ◦C min−1 from 25

o 110 ◦C and the protein concentration was 20 �M. Thermograms
ere measured in either 1.5 M of glycerol, sorbitol, betaine, urea,
aSCN or in 150 mM (NH4)2SO4. All of the above solute systems
ere measured with and without 182 �M EDTA corresponding to

he concentration of EDTA in ITC experiments.

.5. Size exclusion chromatography with UV detection (SEC-UV)

Aggregation kinetics was measured in solute systems equivalent
o those analysed by ITC, quantifying the amount of monomeric pro-
ein as a function of time during aggregation. Ten ml BHA samples
n 15 ml plastic centrifuge tubes were thermostated at 60 ◦C in a

ater bath. Upon addition of EDTA the sample was gently shaken, to

nsure proper mixing of solutions. After addition of EDTA 1 ml sub
amples were taken out in eppendorf tubes at regular time inter-
als and quenched by putting the eppendorf tubes on ice. Control
xperiments showed that the monomeric and aggregate protein
a Acta 484 (2009) 32–37 33

pool remained constant over time (from quenching to SEC-UV anal-
ysis) at room temperature after quenching (measured by static light
scattering, data not shown). Twenty to forty microliter aliquots of
the quenched samples was injected on a Superose 6 column 10/300
GL (GE Healthcare, Uppsala, Sweden) and eluded at 0.5 ml min−1

using an Agilent 1100 HPLC (Agilent Technologies, Waldbronn, Ger-
many). The elution buffer (50 mM borate, pH 9, adjusted with
NaOH) passed through a UV detector (Beckman, Fullerton, CA), and
the area of the monomeric protein peak was used to calculate the
concentration of monomeric protein.

2.6. Theory

It has previously been shown that the main decay route for ther-
mally denatured �-amylase is aggregation [11]. A simple, but often
effective way to rationalize this type of process is the Lumry–Eyring
model [12], which stipulates that the irreversible aggregation is pre-
ceded by a reversible structural change in the protein conformation.

N
k1↔

k−1

U
k2→Ag (2)

In Eq. (2), N, U and Ag are respectively native, unfolded (or partly
unfolded) and aggregated protein. The rate constants k1, k−1 and
k2 are defined in the usual way as indicated in the equation, so the
equilibrium constant for the first step is K = k1/k−1 = [U]/[N]. In the
following we will refer to the first (equilibrium) step in Eq. (2) as
unfolding (notwithstanding that significant components of residual
structure may remain). The second step is aggregation while we will
refer to the whole process of converting N to Ag as denaturation. The
latter overall process is governed by an apparent rate constant kobs.

Effects of added solutes on equilibria (such as the first step in
Eq. (2)) may be rationalized through the theories of preferential
interactions and linked equilibria [13,14]. The preferential interac-
tion between solute and protein is usually expressed by the binding
number (or the preferential binding parameter) which is defined:

��3 =
(

∂m3

∂m2

)
�3

(3)

where m denotes molal concentrations and subscripts 2 and 3
identify respectively protein and co-solute. The binding parame-
ter reflects the binding stoichiometry measured in a conventional
dialysis equilibrium experiment and may be either positive or neg-
ative depending on the relative affinity of water and solute for
the protein surface. Negative ��3 for example (so-called preferen-
tial exclusion) implies favourable water–protein interactions (more
so than solute–protein) and a concomitant local decrease of the
solute concentration in the hydration shell of the protein. For many
protein–solute systems, interactions have been found to be non-
specific in the sense that ��3 scales approximately with the solvent
accessible surface area (ASA) of the protein molecule [15]. Thus, the
change, ���3 , accompanying a conformational transition of the
protein will be proportional to the change in surface area (�ASA)
[13,15–20]. According to Wyman linkage function, the effect on the
previous mentioned equilibrium constant, K, of a solute with the
thermodynamic activity a3, may be written [14].

d ln K

d ln a3
= ���3 (4)

Hence, under this assumption of “non-specific” interactions, the
effect of a solute on K may be estimated from the sign and size of

��3 for the native protein and the change in �ASA. For example,
equilibrium denaturation of a given protein results in an increase in
ASA due to the partly unfolding of the polypeptide chain. Thus, as
a direct consequence of the positive �ASA, ���3 will be negative
for excluded solutes since exclusion of the solute is proportional to
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ig. 1. DSC scans of native calcium saturated BHA in the different solute systems.
he scan rate was 1 ◦C/min. The different solute systems are indicated in the upper
eft corner of the figure.

he surface area of the protein. This can be rationalized by consider-
ng preferential exclusion as stoichiometric “negative binding” (in
dialysis experiment), where binding of the solute is more nega-

ive for the denatured state compared to the native state. Therefore,
ccording to Eq. (4) excluded solutes will stabilize the native state of
roteins, while the opposite is true for preferentially bound solutes
13,17,20–26].

Clearly, Eqs. (3) and (4) are not immediately pertinent to the
econd (irreversible) step of Eq. (2). However, they may form the
asis for our discussion as (i) they specify the equilibrium amount
f U which is the reactant for the irreversible process and (ii) they
ay elucidate the transition state (U /= ) which governs the rate of

he second step [8,27,28].

. Results

To find an appropriate temperature for the ITC measurements,
he thermal stability of native calcium saturated BHA was measured

y DSC. Selected results are shown in Fig. 1.

As seen from the figure, the apparent TM (defined as the max-
mum in the DSC trace) varied significantly in the different solute
ystems, with the lowest value (∼78 ◦C) for 150 mM (NH4)2SO4 and
he highest (∼99 ◦C) for 1.5 M glycerol. No significant denaturation

ig. 2. ITC measurements of BHA denaturation. Panel A: Raw ITC data which show the
ownward deflection (exotherm) is the heat of binding of Ca2+ to the chelator [6]. Panel B:
ame trial as in panel A. The first 3 min of raw data was not used for fitting due to heat con
ndistinguishable. (For interpretation of the references to color in this figure legend, the r
a Acta 484 (2009) 32–37

was observed at 60 ◦C in any of the solute systems as indicated
by onset temperatures ≥60 ◦C for the peaks in Fig. 1. Denatura-
tion was irreversible in all solute systems, since no peaks were
observed in re-scans. The cause of irreversibility was due to aggre-
gation/precipitation in the different solute systems indicated by the
absence of a post-transitional baseline and the negative shift in heat
flow at T > TM. Upon addition of EDTA, TM decreased to around 60 ◦C
in 20 mM HEPES buffer, pH 8, but the thermograms were complex
with multiple transitions (shoulders) and heavy aggregation at ele-
vated temperature which precluded a precise determination of TM
(data not shown). However, based on the knowledge that calcium
saturated BHA was stable and calcium depleted BHA unstable at
60 ◦C, ITC experiments were performed at this temperature, adding
the chelator EDTA to the protein solution in the calorimetric cell
(Fig. 2A).

Fig. 2A shows the raw data of a typical ITC experiment in 20 mM
HEPES buffer at pH 8. After 600 s thermal equilibration (not shown),
EDTA was injected into the calorimetric cell containing the pro-
tein solution (at t = 0 in Fig. 2). This resulted in a sharp exothermic
peak (negative in Fig. 2A) followed by an endothermic and grad-
ually decaying signal, showing the course of protein denaturation.
The exothermic peak corresponds to binding of calcium to EDTA and
the endothermic peak to denaturation of BHA [6]. The experimen-
tal enthalpy change was determined by integration of the positive
denaturation endotherm (Fig. 2A). The post transitional baseline
returned to the same heat flow as the pre-transitional baseline, and
this level was simply subtracted from the raw data. The raw data
was corrected for heat of dilution and heat of binding of Ca2+ to
EDTA by performing a control experiment where EDTA was titrated
into the buffer in the calorimetric cell containing 40 �M CaCl2 with-
out the presence of BHA (data not shown). The raw data was fitted
using Eq. (1) (Fig. 2B) and the model accounted well for the data in
all solutions, thus supporting the assumption of 1st order kinetics.
Enthalpy changes derived from Eq. (1) was estimated to 1391 ± 51
(S.D.) kJ mol−1 (n = 3) which was close to the experimental mea-
sured enthalpy change of 1371 ± 30 kJ mol−1 (n = 3) (20 mM HEPES,
pH 8).

To investigate if rate constants obtained from ITC correlated with
aggregation rates, we studied the aggregation kinetics by SEC-UV,
which provide an unambiguous quantification of the overall denat-

uration process. The kinetics of aggregate formation was measured
as the decrease in weight concentration of monomers of BHA as
a function of time. Examples of SEC-UV raw data for these mea-
surements are presented in Fig. 3A. As seen from the figure, there
were two distinct peaks in the UV signal during the aggregation

heat flow of denaturation of 20 �M BHA at 60 ◦C, 20 mM HEPES, pH 8. The initial
Raw data (black solid line) and the best fit according to Eq. (1) (red step line) for the
tributions from dilution and binding of calcium to EDTA. Data and fits are virtually

eader is referred to the web version of the article.)
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F mM HEPES buffer, pH 8. Panel A: UV signal as a function of elution time, after 0, 3, 8, 13,
1 remaining as a function of time.
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Fig. 4. Comparison between rate constants obtained from SEC-UV and ITC. Rate
constant from SEC-UV are shown on the ordinate and represents the rate of aggre-
gation. Rate constants from ITC measurements are shown on the abscissa. All data

F
c

ig. 3. Examples of SEC-UV data of quenched sub samples during aggregation in 20
8 and 23 min of aggregation at 60 ◦C. Panel B: Calculated percentage of monomers

rocess. The first peak that eluded after approximately 15 min cor-
esponds to soluble aggregates and the second peak, eluded after
2 min, corresponds to monomers.

In Fig. 3B the percentage of monomers remaining is plotted as
function of time, and the course of this curve was in accord with
st order kinetics.

Fig. 4 shows rate constants obtained from ITC experiments plot-
ed against rate constants measured by SEC-UV for the solutions
hat were investigated by both methods. It appears that all solu-
ions except 1.5 M urea fall on a straight line with a slope close to
nity (0.93) and a small intercept (−0.0007 s−1), strongly indicat-

ng that the ITC rate constants represents the overall denaturation
ate constants (N → Ag) for these solutions. In case of 1.5 M urea,
n the other hand, the ITC rate constant is about four times larger
han the SEC-UV rate constant. To illustrate this discrepancy fur-
her, we compared the time course of denaturation in 1.5 M urea
s detected by the two methods. To this end the percentage of
emaining monomeric protein was calculated from the ITC data as
1-(Q(t)/Qtotal) × 100%), where Q(t) is the cumulative heat as a func-
ion of time and Qtotal is the total heat of denaturation. This function
s plotted against time in Fig. 5 together with the direct measure-

ents of monomeric BHA by SEC-UV for 1.5 M urea and in 20 mM

EPES buffer.

As discussed below, the discrepancy (urea) or accordance (all
olute systems except urea) of the two methods (Figs. 4 and 5), pro-
ides an avenue to analyse whether the solute effect on the overall
enaturation process is related to the first or second step in Eq. (2).

points except urea are fitted to a straight line with a slope of 0.93 and an intercept
of −0.0007 s−1. The deviation of urea from this trend is discussed in the text.

ig. 5. Comparison between ITC and SEC-UV measurements of BHA aggregation in 20 mM HEPES and 1.5 M urea. The solid line represents ITC measurements and the solid
ircles SEC-UV measurements. The data indicates that ITC measures the rate of unfolding and SEC-UV measures the rate of aggregation.
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ig. 6. ITC measurements of 1st order rate constants (kobs in all systems except urea
rom Eq. (1). Panel A: Glycerol (blue squares), sorbitol (red triangles), betaine (black
nterpretation of the references to color in this figure legend, the reader is referred

Fig. 6 shows the effect of solute concentration on rate constants
easured by ITC. For the preferentially excluded (��3 < 0) solutes

lycerol, betaine and sorbitol [13,15], kobs decreased in a near-linear
ashion. In other words, these solutes promotes the colloidal stabil-
ty of BHA (Fig. 6A). Glycerol and sorbitol seemed to be the best
tabilizers, decreasing the rate constant of denaturation by approx-
mately 50% at 1.5 M. Urea, which is a preferentially bound solute
��3 > 0) [29] had the opposite effect moderately increasing the
ate constant (Fig. 6B). However, as seen from Fig. 5B, this rate con-
tant does not describe the overall denaturation process, but rather
he unfolding of the protein as discussed below.

Surprisingly (NH4)2SO4 destabilized BHA, seen by the depres-
ion of melting temperatures in Fig. 1 and from the above ITC
ata, even though this salt is expected to be strongly excluded and
hereby stabilize protein conformation [30,31]. The effect of NaSCN
as complex in the sense that the salt kinetically stabilized BHA

t low concentrations, but destabilized the protein at higher con-
entrations in accordance with the caotropic character of the salt
29,30]. Both salts induced visible (large) aggregates which were
ot observed for any of the organic solutes.

. Discussion

.1. Potential of the ITC method

The majority of multidomain proteins readily undergo irre-
ersible transitions at physiological or industrially relevant solution
onditions, and screening for improved protein shelf life, must
herefore be based on reliable kinetic measurements of the rate lim-
ting step in the process. Most experimental strategies rely on direct
r indirect measurements of the concentration of reactant or prod-
ct. Some important examples include fluorescence spectroscopy,
EC, light scattering or turbidity measurements. In contrast to these
echniques, the current calorimetric approach directly detects the
ate of the denaturation process (i.e. the derivative of concentra-
ion with respect to time). This eliminates errors associated with
eriving rates from separate time-dependent concentration mea-
urements and, together with the ease of use, appears to give the
ethod a good potential for detailed kinetic analysis of protein

enaturation. Compared to DSC, the method has the advantage of

eing isothermal, and thus not dependent on fitted or estimated
alues of the Arrhenius activation energy in the data analysis. The
ain limitations include the requirement to find an appropriate

estabilizing compound, which can be titrated to the protein solu-
ion to start the process and the relatively high time constant
HA denaturation as a function of solute concentration. Rate constants were derived
s). Panel B: Urea (pink circles, NaSCN yellow circles and (NH4)2SO4 grey circles. (For
web version of the article.)

of typical ITC instruments (20 s response time), which precludes
investigations of fast denaturation.

The use of the ITC method in conjunction with other experimen-
tal approaches may be particularly effective in elucidating the rate
determining step. An example of this is illustrated in Figs. 4 and 5.
We suggest that the difference between urea and the other solu-
tions reflects that SEC-UV (Fig. 3A) specifically detects the decay
of monomers (i.e. the second step in Eq. (2)) while ITC quanti-
fies the whole denaturation process weighted according to the
enthalpy changes, �Hunfold and �Hagg, of each of the steps in Eq.
(2). The decoupling of heat flow and monomer concentration for
urea (Fig. 5) suggests that �Hunfold � �Hagg. Hence, at t = 20 min,
for example, there is no measurable heat flow although the slope of
the SEC-UV data shows an aggregation rate over 50% of the initial
value. In the light of this and the linear relationship (with a slope
close to unity (Fig. 4)) between the two experimental approaches
in all other solutions than urea we conclude (i) that ITC essentially
monitors the rate of the unfolding (first step in Eq. (2)) for the
current systems, while it is insensitive to the second step because
�Hagg ∼ 0, (ii) that the rate limiting step for the denaturation of
BHA at 60 ◦C is unfolding in all solutions except urea (iii) and that
urea changes the energy landscape in such a way that the aggre-
gation step (Eq. (2)) becomes rate limiting. The second conclusion,
which is substantiated by the essentially simultaneous unfolding
(ITC) and aggregation (SEC-UV), is in accord with earlier investiga-
tions of other �-amylases [11]. The last conclusion is illustrated by
the accumulation of BHA in the U-form (Fig. 5) and may be ratio-
nalized by the general observation of positive ��3 for urea [29]. In
the simple “non-specific” view discussed above, this preferential
binding of urea will accelerate the unfolding process (destabilize
the native conformation) but impede the formation of a transition
state, U /= , in the aggregation step, if U /= is more compact that the
U-form it self (which is likely for an aggregation process). This “dual
effect” of denaturants on the colloidal stability of proteins has been
discussed earlier for other systems [28,32].

4.2. Analysis of solute effects on BHA denaturation

As the denaturation rate for BHA was shown to be limited by the
unfolding step in pure buffer without added solutes, a rather sim-

ple analysis of solute effects is possible. The overall rate constant of
denaturation will be governed by the activation free energy for the
unfolding process, �G /=

unfold, and hence, the effect of the solutes will
reflect their modification of this parameter. It is widely accepted
that the native state is the most compact, and therefore it is likely
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hat �ASA is positive and thus that excluded solutes will decrease
he (rate limiting) unfolding rate. A simple calculation using Eq.
4), substituting the equilibrium constant with the transition state
quilibrium constant (K /= ), should give the difference in binding
umber and thereby the difference in ASA between the native state
nd the transition state. Using data of ��3 /ASA reported by Courte-
ay et al. [15], these calculations suggest an increase in ASA by 6%,
alculated for the glycerol data in Fig. 6. Excluded solutes may also
romote the production of the compact aggregated state (2. step

n Eq. (2)), but since this process is already fast, denaturation rate
ill be unaffected by an increase in aggregation rate. Conversely,
referentially bound solutes may increase the rate of unfolding but
ecrease the rate of aggregation and hence (as in the case of urea

n the current work) possibly shift the rate limiting step of denat-
ration from unfolding to aggregation. The above considerations
re summarized as followed: excluded solutes can change the rate
imiting step only when denaturation is aggregation limited in pure
uffer. Conversely bound solutes can change the rate limiting step
nly when denaturation is unfolding limited in pure buffer. This
nterpretation is in accord with the data in as much as the non-
lectrolytes; glycerol, betaine and sorbitol, which have been shown
o have negative ��3 for a number of other proteins [13,21] all pro-

oted the kinetic stability of BHA whereas urea (��3 > 0) changed
he process from unfolding limited to aggregation limited. However,
he denaturation rates did not scale with the degree of preferen-
ial exclusion typically found for these solutes and other proteins.
etaine, for example, which is generally a strongly excluded solute
ad less effect on the overall rate of denaturation than the moder-
tely excluded solute glycerol [15].

In contrast to the organic solutes, no correlation was found
etween the sign of ��3 and effects on colloidal stability for
NH4)2SO4 and NaSCN. Thus both salts strongly destabilized BHA,
ven though (NH4)2SO4 is expected to be preferentially exclude
nd NaSCN preferentially bound to the protein surface [29–31,33].
uch deviation of salt effects compared to organic solutes on irre-
ersible protein aggregation has also been found by [28], and might
epresent a domination of electrostatic effects compared to prefer-
ntial interactions. Possible mechanism may include direct binding
f ions to protein surfaces [34–36] or charge shielding from counter
ons affecting the chemical potential of proteins [30,37]. Thus the
verall effect of a given salt will be the sum of the lyotropic and
lectrostatic effects, given rise to complex effects of the given salt.
e suggest that these combined effects give rise to the observed

ual effects of NaSCN, where the salt stabilized BHA at low concen-
rations and destabilized the protein at higher concentrations in
ccordance with the “salting in” nature of the salt [29,31] (Fig. 6B).
he mechanism behind the decreasing structural (DSC and ITC,
igs. 1 and 6) and colloidal stability (SEC, Fig. 4) of (NH4)2SO4 is
ot known and unexpected in the sense that (NH4)2SO4 should be
referentially excluded from the protein. However, as pointed out
y Arakawa et al. [35], preferential exclusion from the native state
f proteins does not stabilize N in itself, if the given solute inter-
cts more favourable with U (also seen from Eq. (4)). For example
pecific ion binding to U, combined with the general “salting out”
haracter of (NH4)2SO4 could explain the destabilizing effect of the
alt. Furthermore both salts induced visible insoluble aggregates
ot seen for the organic solutes, which could be due to screening of
urface charges decreasing the interaction potential of the formed
ggregates as predicted by DLVO theory for colloidal stability [38].
. Conclusion

In summary we concluded that ITC is a fast and reliable method
o measure irreversible protein denaturation rates. Since the pri-

[
[
[

[

a Acta 484 (2009) 32–37 37

mary experimental observable in ITC is �W (�J s−1), ITC data is
directly proportional to reaction rates seen by the agreement of
ITC and SEC rate data when unfolding was rate limiting. Thus ITC
provides a potential strong quantitative tool in the study of protein
kinetic stability, which is of great importance in the pharmaceutical
industry.
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