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New understanding of the fundamental links between protein stability, conformational flexibility and function, can
be gained through synergic studies on their catalytic and folding/unfolding properties under the influence of stabi-
lizing/destabilizing additives. We explored an impact of dimethyl sulfoxide (DMSO), the moderate effector of mul-
tilateral action, on the kinetic (functional) and thermodynamic (thermal unfolding) patterns of a hydrolytic enzyme,
α-chymotrypsin (α-CT), over awide range of additive concentrations, 0–70% (v/v). Both the calorimetric and kinetic
data exhibited rich behavior pointing to the complex interplay of global/local stability (and flexibility) patterns. The
complex action of DMSO is explained through the negative and positive preferential solvationmotifs that prevail for
the extreme opposite, native-like and unfolded states, respectively, implying essential stabilization of compact
domains by enhancement of interfacial water networks and destabilization of a flexible active site by direct binding
of DMSO to the unoccupied specific positions intended for elongated polypeptide substrates.
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1. Introduction

Thorough understanding of protein functioningmechanisms is insep-
arably connected with respective issues of macromolecular stability and
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flexibility [1–6]. The general concept of free energy hyper-surfaces,
viewed as multi-functionals of essential structural variables (reaction
coordinates), encompassing both, conformational and chemical (either
mutually coupled, or non-coupled) transformations, may serve as a
common physical basis that connects all these aspects [7–11]. The
innovative motifs for such interdisciplinary studies can be introduced
through the combined application of well-established and emerging
experimental and computational approaches/methodologies, together
with basic kinetic and thermodynamic theoretical models. In particular,
new insights regarding the intrinsic links between the protein's stability,
conformational flexibility and function can be gained through synergic
studies of respective catalytic and/or folding/unfolding properties
under the influence of stabilizing/destabilizing additives, and subsequent
cross-analysis of the obtained results [12,13].

Specifically, in our earlier work [14,15], we applied the combination
of dynamic potentiometric (DPM) and differential scanning calorimet-
ric (DSC) techniques. The DPM technique, along with other kinetic
methods that imply direct monitoring of protein functioning in real
time, delivers information on the proteins' ability to operate under
broadly variable (including extreme) experimental conditions. The
proper analysis of kinetic and related activation parameters can provide
fundamental insight on the relative contributions of various degrees of
freedom that, according to modern theoretical notions, under different
experimental conditions, may control the rate of biomolecular transfor-
mation in many different ways [1–6,12,13,16–20]. Indeed, the readily
measurable kinetic/catalytic constants, along with their temperature
and/or pressure coefficients (activation parameters), carry essential
information about and intrinsic molecular transformations, including
the role of both, intra-molecular and outer-sphere (environmental)
active degrees of freedom, including conformational (dissipative)
and classical/quantum chemical (inflexible) reorganizable modes
[12,13,18–20] (simultaneously, related parameters, such as Michaelis
constant, diffusion coefficient etc., may carry useful information about
the precursor processes [12,14,15]). In contrast, the DSC technique pro-
vides information on the “global stability” and, under some assumptions,
“global conversions” of globular proteins and/or their complexes, normal-
ly in a passive (nonfunctioning) situation [21–25]. The issue of “global
stability”, in the simplest case, can be viewed in terms of a two-state
model, embracing folded and unfolded free energy “funnels” [7–11].
However, in most realistic cases, additional states including the
“molten globule” or “misfolded” (aggregated) states are also involved
[1,7,9,14,23–27] (see Subsection 3.4 below). Specifically, the DSC tech-
nique detects the temperature-induced unfolding (melting) process
(associated with a global transition along the protein's collective con-
formational coordinate) as a variation of the protein's partial protein
heat capacity versus temperature and, in uncomplicated cases, deter-
mines the unique “transition temperature” (temperature of thermal
melting), Tm, at which concentrations of the native and thermally unfold-
ed states are equal, and the unfolding (melting) “calorimetric enthalpy”,
ΔHcal, that is the heat absorbed through the unfolding transformation
around Tm [21–24,28].

Dimethyl sulfoxide (DMSO) is an extraordinary dipolar solvent,
completely miscible with water and most organic liquids, extensively
used in chemistry, biology and medicine [29–31]. The effects of DMSO
are extremely diverse: specifically, it has been reported to act as a stabi-
lizer [32,33], a denaturant [34–36], an inhibitor [37,38], an activator
[39–41], and a cryoprotector/molecular chaperone [30,35,42–45]. How-
ever, its impact on α-chymotrypsin (α-CT), the model protein that is
otherwise well-studied regarding both, thermodynamic (global stabili-
ty) [21,22] and catalytic (enzymatic activity) [1,46] patterns, has not yet
been sufficiently investigated. Some reported kinetic data indicated
interesting manifestations of a dual DMSO role at distinct stages of
enzymatic hydrolysis of two types of substrates by α-CT [47], vide
infra. At the same time, as already mentioned above, the completed
sets of results regarding the impact of urea on thermodynamic and
catalytic patterns ofα-CT, were reported some time ago [14,15]. Results
of the earlier work encouraged us to perform new combined systematic
kinetic/thermodynamic studies on the impact of DMSO, themultifaceted
effector, on both, the catalytic and stability patterns of α-CT. In the
present work we explored the impact of DMSO on the kinetic (function-
al) and thermodynamic (thermal stability) features of this archetypical
enzyme for a wide range of DMSO concentrations, 0 to 70% (v/v) (0 to
10.5 M). The DSC technique was applied at pH 2.6 and 8.1, also probing
the refolding aspect throughout. The DSC (i.e., thermodynamic) data
were considered as a measure of the “global stability” of α-CT [1,5,12],
implying the compactly folded area (domain) that serves as a supporting
platform for a much more flexible active site portrayed here by
way of the “local stability” [1,5,6,12,40,48–54] and probed through the
Michaelis–Menten kinetic pattern (viz., the catalytic and Michaelis con-
stant) [51–54]. The latter was examined here by the DPM technique.
Both, the calorimetric and kinetic data exhibited rich behavior, pointing
to the complex interplay of stabilizing/destabilizing motifs and global/
local stability (and flexibility) patterns.

2. Experimental

2.1. Chemicals and solutions

Highly purified and lyophilized α-CT (EC 3.4.21.1; Mr = 26,000)
was purchased from Fluka and used without further purification. The
specific synthetic substrate, N-acetyl-L-tyrosine ethyl ester (ATEE) was
purchased fromAcros Organics. DMSOwas a product of Lugal (Ukraine)
and contained 1% water as an impurity. This amount was taken into
account in the preparation of respective mixed solutions. All other
chemicals were from Reakhim (Russia), of the highest purity available,
and used as received. Doubly distilled water was used throughout.

The α-CT samples for the DSC experiments were prepared at con-
centrations of 1 to 2 mg/ml, by dissolving it either in phosphate (pH 2.6)
or borate (pH 8.1) 10−2 M buffer solutions, in addition containing
5 × 10−2 M NaCl. The α-CT stock solutions for kinetic measurements,
at a concentration of 1 mg/ml, were prepared in 10−3 M HCl (pH 3)
and appropriate portions of 5 μl were added to the work solutions of
total 5 ml (containing ATEE) to initiate the catalytic process. For the
purpose of Lineweaver–Burk (LB) analysis, the concentration of ATEE
was varied within 10−3 to 10−2 M, while that of α-CT was normally
fixed at 10−8 M. Kinetic experiments were run at pH 8.4, with working
solutions containing 5 × 10−2 M NaCl (no buffer used). The concentra-
tion of titrant (NaOH)was 10−2 M. The buffer solutions containing differ-
ent DMSO concentrations were prepared by mixing solutions containing
zero and maximal (70% DMSO v/v) concentration of DMSO, with the pH
values adjusted separately.

2.2. Differential scanning calorimetry

Micro-calorimetricmeasurements for temperature-inducedmelting
(denaturation) of α-CT in buffered DMSO-water mixed solutions (vide
supra), were performed with a couple of DASM-4A adiabatic scanning
calorimeters (Biopribor, Russia) at a heating rate of 2 K/min. When
the repetitive scanning was applied, the cooling rate was 1 K/min. The
methodological aspects of the DSC technique have been described ear-
lier [21,28]. One of our calorimeters was in its original state (used in
combination with an ink recorder), while another instrument was inte-
grated with a PCI-DAS1001 (Measurement Computing Corporation)
interface unit, providingdirect PC access. In the case of a hardware record-
ing, the DSC traces were first digitized and then in both cases treated
through the Origin-based home-made PC program, according to the
procedure described below. Usually, from the recorded thermograms,
the partial (excess) heat capacity of the dissolved protein (Cp(prot)) can
be calculated at any temperature, according to the equation [21,28]:

ΔCp appð Þ ¼ Cp protð Þmp−Cp solvð ÞΔms ð1Þ
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Fig. 1. First scanning DSC curves for the α-chymotrypsin thermal unfolding in the presence
of 0–60% (v/v) DMSO concentrations, pH 2.6 (phosphate buffer), 0.05 M NaCl.
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Fig. 2. First scanning DSC curves for the α-chymotrypsin thermal unfolding in the presence
of 0–70% (v/v) DMSO concentrations, pH 8.1 (borate buffer) 0.05 M NaCl. The turnaround
arrow indicates a changeover of the global stability trend with temperature.
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where ΔCp(app) is the deviation of the recorded protein sample thermo-
gram from the baseline curve, Cp(prot) and Cp(solv) are the partial heat
capacities of the protein and solvent, respectively, mp is the mass of
dissolved protein, andΔms is themass of replaced solvent. The calorimet-
ric enthalpy of thermal melting, ΔHcal, in uncomplicated cases (normally
exhibiting an endothermic melting peak with a single transition temper-
ature, Tm), can be approximately calculated according to:

ΔHcal ¼ ∫
T2

T1

Cp protð ÞdT ð2Þ

where T is the absolute temperature, and T1 and T2 are the temperatures
that correspond to the start and completion of heat absorption due to
thermal melting (T1 b Tm b T2). To define T1 and T2, usually the linear
approximations for the Cp(prot) drift outside the temperature range of
protein melting (at T b T1 and T > T2) were applied. Unfortunately, for
the series of mixed solutions with additives which concentrations are
varied within broad ranges, the values of the parameters Cp(solv) and
Δms, are usually either unknown, or can be estimated only in a rough
manner. Hence, the absolute values of Cp(prot) in cases like ours are
hardly deducible with a high accuracy. However, since the value of
ΔHcal calculated though Eq. (2) signifies the integrated area, it does
not depend on the absolute value of Cp(prot) (T). Hence, one can apply
the zero-baseline-correction procedure for calorimetric melting curves
without any loss of accuracy in determining ΔHcal (in anyway an error
due to the baseline correction emerges). This approach that allows for
a rigorous comparative analysis of calorimetric data obtained for the
series of mixed solutions of unknown properties, has been successfully
applied inmany noteworthy cases (see, e.g., Refs. [12,55–57]). Important-
ly, the results of our calorimetric studies in standard cases (with noDMSO
added) deduced from the full-bodied analysis (through Eqs. (1) and (2)),
were in a good agreement with the published data [14,21]. All other
calorimetric melting curves (deemed as inaccurate solely regarding the
absolute values of Cp(prot)) were zero-baseline-corrected in order to ex-
clude any error due to the unknown parameters, Cp(solv) and Δms,
and then Eq. (2) was applied to determine ΔHcal for each studied
case. Figs. 1–3 (Subsection 3.1 below) depict the zero-baseline-
corrected calorimetric melting curves obtained through the above-
mentioned procedure.

It has been demonstrated earlier [58] that for a folding/unfolding
pattern of α-CT, in general, the three-state model, Eq. (3) [23–25], is
applicable:

N
fast
⇔ UR

slow
⇒ DI

ð3Þ

where N denotes the native (or native-like) folded state, UR denotes the
reversibly denatured state (nearly totally unfolded random coil), and DI

represents the irreversibly denatured (intrinsically misfolded–aggregat-
ed) state [9,23–26,58]. If the protein does not refold upon cooling to the
room temperature, or the parameters ΔHcal and/or Tm tend to depend
on the temperature scanning rate, this is an indication of an overall
thermodynamic irreversibility due to the presence of an essentially
irreversible, typically slow, intra-molecular aggregation process with the
involvement of perverted hydrophobic contacts developing after the
first (fast and reversible) unfolding stage (see Eq. (3)) at elevated temper-
atures. Since, the latter process is to be exothermic [25,58], although
regarded as relatively slow, at finite (realistic) temperature scanning (ris-
ing) rates, under the equilibrium conditions for a reversibleN⇔UR stage,
a part ofΔHNU(true) (that is the true transition enthalpy for this process) is
turned off, leading to effective experimental values that are less than the
true ones, ΔHcal(eff) b ΔHNU(true) [25,56]. It has also been demonstrated
that notwithstanding this complication, the DSC technique may serve as
a powerful tool for the thermodynamic analysis of the protein's three
state pattern, allowing for a deduction of both, the reversible and irrevers-
ible motifs and respective hidden parameters [23–25,58]. For systems in
the present study, the folding reversibility and, seemingly the role of a
second stage in Eq. (3), varied from experimental series to series and
also within the series by variable [DMSO]. Actually, one of the important
tasks of this work was to study the role of DMSO in both stages.

Let us consider how the presence of the irreversible step in Eq. (3)
affects the parameters Tm(eff) and ΔHcal(eff), in more detail. The impact
on Tm(eff), in particular, should depend on the value of Tm (of the revers-
ible step) itself and the degree of cooperativity of the irreversible step as
well. In the case of azurin, e.g. [25], Tm(eff) is rather high (81 to 86 °C)
and, in addition, seemingly, the irreversible exothermic step is rather
cooperative (yielding the peak-shaped negative profile). As a conse-
quence, the resulting (mostly endothermic) peak is really distorted
that becomes obvious through the appearance of the negative pit next
to the positive peak [25]. In contrast, in our case (α-CT), Tm is much
lower (falls within 30 to 53 °C), hence should be better separated
from the exothermic step (supposed to be more pronounced at higher
temperatures). In addition, in the present case, the exothermic step
seems to be much less cooperative (much broader) since no negative
pits were observed on thermograms throughout the experimental
series (see Figs. 1 to 3 in the Subsection 3.1 below). Furthermore, for the
series of experiments undertaken at pH 2.6 (in which the refolding
pattern has been observed), all the values of Tm for the first and second
scans throughout all samples coincided (see below). Because, as it has
been proven for the representative sample with the 20% DMSO content,
the restored peaks furthermore remain unaffected by repetitive multiple
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scanning (vide infra), it automatically follows that the values of Tm, at least
at pH 2.6, are totally unaffected by the irreversible step of exothermic
aggregation. Importantly, our work seems to be the first systematic
experimental effort towards the elucidation of a role of the irreversible
step in the context of stabilizing/destabilizing impact of DMSO or any
other organic additive on a globular protein. Similarly, the values of
ΔHcal(eff) for second scans at pH 2.6 remain unaffected by the further
repetitive multiple scanning (Subsection 3.1), hence can be considered
as the ΔHNU(true) values. Consequently, one can safely conclude that all
other values of ΔHcal(eff) in the sequence of variable [DMSO], anyway,
also reflect respective trends in ΔHNU(true) for the N⇔UR process, at
least semi-quantitatively. Finally, the values of ΔHcal(2) for repeated
scans (as compared to initial values due to first scans, ΔHcal) should pro-
vide information on the degree of a protein refoldability upon the cooling
(viz., on the role of the UR DI processes), when the case.

2.3. Kinetic studies of the catalytic activity

All kinetic (DPM) experiments were performed at 25 °C, exploiting
the Radiometer Automatic Titration System RTS-822, according to the
methodology described earlier [14,59,60]. In brief, the 5 ml cell was
equipped with a PHC-4406 combined glass/calomel electrode and a
water jacket supplied from the U-2 thermostat. Kinetic traces were
recorded bymeans of the Radiometer Servograph REC-80, subsequently
digitized and processed by PC. The values of maximal velocities, catalytic
constants and Michaelis constants were calculated through the com-
puterized LB analysis (for the representative graphs and numerical
values, see Fig. 6 and Table 2 below).

The enzymatic activity of α-CT with respect to a specific ester
substrate, ATEE, was examined in the presence of 0 to 70% (v/v) (0 to
10.5 M)DMSO. The overall catalytic pattern in this case can be expressed
as [1,14,46,47,51,52]:

k1 k2 k3
Eþ S ⇔ ES ⇒ EA ⇒ Eþ P2

k−1 ⇓ ⇑
P1 H2O

ð4Þ

where E is the enzyme, S is the substrate, ES is a non-covalent enzyme–
substrate complex, EA is an acyl-enzyme covalent intermediate, P1 and
P2 are the ethanol and N-acetyl-L-tyrosine acid products, respectively,
and k1, k−1, k2 and k3 are the rate constants of the individual reaction
steps. The process in a steady-state regime obeys theMichaelis–Menten
(MM) formalism in which the catalytic reaction rate, v, can be written
as:

v ¼ kcat S½ �o E½ �o
S½ �o þ KM

; vm ¼ kcat E½ �o ð5Þ

and

kcat ¼
k2 k3
k2 þ k3

; KM ¼ k−1 þ k2
k1

k3
k2 þ k3

ð6Þ

where [S]O is the initial concentration of the substrate, [E]O is the total
enzyme concentration, νm is the maximal (saturation) reaction rate
(at [S]O >> KM), KM is the Michaelis constant, and kcat is the catalytic
constant. For the case of ATEE as a substrate, it was established that
k2 >> k3 and k.−1 >> k2, and hence kcat ≈ k3, and KM ≈ KS (k3k2),
where KS is the equilibrium constant for the dissociation of the non-
covalent enzyme–substrate complex. Furthermore, when kcat ≈ const
throughout the series of experiments at a fixed temperature, if the
occurrence of the competitive inhibition is excluded (vide infra), the
variability of KM can be totally attributed to the variability of KS. In
Subsection 3.3 below, it will be demonstrated that the variable values
of KM (hence, of KS) can be used as ameasure of the active site flexibility
in the presence of DMSO, urea and other effectors, within broad ranges
of additive concentrations.

Onemay question, whether the kinetic pattern ofα-CT, in particular
the pKa values of catalytically important groups of the active centermay
be affected by DMSO. We observed the constancy of kcat and gradual
increase of KM within the concentration range up to 25% (ca. 3.5 M)
DMSO (see Subsection 3.2 below). Since our kinetic studies were
performed at pH 8.4, if pKa of catalytic imidazole group of His-57
was perturbed significantly (exceeding ±0.5 units), within the
abovementioned DMSO concentration range, we should unavoidably
observe some decrease of kcat, what is not the case. Consequently,
our results are not affected by any perturbation of pKa (if any).

3. Results and discussion

3.1. Differential scanning calorimetry and the thermal melting pattern

Figs. 1 and 2 depict results of calorimetric studies for temperature-
induced denaturation (melting) of α-CT in the absence and presence of
variable DMSO concentrations, in acidic (pH 2.6, phosphate buffer)
and weakly alkaline (pH 8.1, borate buffer) environments, respectively.
Depicted curves represent the zero-baseline-corrected temperature de-
pendencies for a partial heat capacity of α-CT throughout the initial
(first) calorimetric scans, whereas Fig. 3 depicts similar curves (taken
at pH 2.6) for the repeated (second) calorimetric scans (vide infra).
Figs. 4 and 5 show dependencies of the parameters Tm and ΔHcal on the
DMSO concentrations applied. The thermal melting process of
native-like forms of α-CT (unperturbed by DMSO) is known to exhibit
a single endothermic peak which characteristics, viz., Tm and ΔHcal,
were found to be in a good agreement with literature data obtained
under comparable conditions [14,21]. Figs. 1 to 3, along with Figs. 4
and 5, demonstrate that upon variation of the DMSO concentration, the
zero-baseline-corrected thermograms and the respective extracted pa-
rameters exhibited mostly non-monotonic behavior. Table 1 summa-
rizes the numerical values for these parameters.

At pH 2.6, upon variation of the DMSO concentration up to 50% (v/v),
Tm decreased monotonically until the disappearance of a characteristic
peak at 60% DMSO. At the same time, the value of ΔHcal displayed a
more complex behavior, exhibiting the weakly pronounced maximum
around 25% DMSO (v/v) , followed by a further decrease until its disap-
pearance. This behavior is very similar to that of lysozyme at pH 3 [61],
pH 5 and pH 7 [62], with the only difference that plots of Tm vs. [DMSO]
were reported to be linear instead of curved as in our case (Fig. 4).
Furthermore, the maximum for ΔHcal vs. [DMSO], although it also occurs
in the same range of [DMSO], is somewhat more pronounced in the
present case. Remarkably, the reversibility of protein unfolding, i.e. the
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ability to restore the initial (native-like) conformation upon gradual
cooling (as tested by performing repeated calorimetric scans, see Fig. 3),
initially amounting to ca. 54%, increased notably in the presence of
DMSO. In particular, in the case of 20% DMSO, the reversibility increased
to ca. 75% (regarding the value of ΔHcal). Furthermore, this degree of
reversibility was preserved upon repetitive 6-times DSC scanning within
24 h. Actually, the role of DMSO as a molecular chaperon has long been
recognized [35,43–45].

At pH 8.1, the impact of the variableDMSO concentrationwas to some
extent similar to that at pH 2.6, but still rather divergent. In particular,
whereas ΔHcal exhibited a similar smooth maximum at 30% DMSO
regarding the dependence on [DMSO] (Fig. 5), in contrast to the case of
pH 2.6, Tm also exhibited a very smooth maximum around 20−30%
DMSO(v/v) (Fig. 4),which, in overall, indicates a comparable stabilization
impact through ΔHcal but less destabilizing impact through ΔScal, leading
to the global stabilization through Tm (ΔGcal) (implying the first scan pat-
tern and not the chaperoning effect upon repetitive scanning). However,
in linewith other discrepancies vs. the case of pH 2.6, the refoldability has
not been detected, neither in the absence, nor at any concentration of
DMSO.

Partially diverse behavior ofα-CT at pH 2.6 and pH 8.1 regarding the
impact of DMSO allows for a thorough analysis of factors that determine
thermodynamic patterns of this globular protein. Obviously, at least two
mechanisms are involved. One of them, that is stabilizing and mostly of
enthalpic nature, is responsible for the appearance of a smooth maxi-
mum for ΔHcal vs. [DMSO] at ca. 25−30%, within the concentration
range of 0 b [DMSO] b 50% (v/v). Most importantly, Arakawa et al. [63]
demonstrated that the preferential interaction of DMSO with various
proteins including chymotrypsinogen, CTG (a biological precursor of
α-CT) and lysozyme (the reference enzyme), within this DMSO concen-
tration range, is negative (compared to the positive one for water)
exhibiting a smoothminimum around 30% DMSO (v/v). Themechanism
behind both these motifs seems to be the same, and common for at least
all respectively studied globular proteins, and to some extent, for many
hydrophobic additives, e.g. alcohols (see, e.g., Refs. [64–67]). Indeed,
the addition of 4.5 M methanol resulted in a smooth maximum for
ΔHcal vs. [methanol] in the case of lysozyme [64], very similar to the im-
pact of 4.5 M (30% v/v) DMSO on lysozyme [61,62] or α-CT (this work).

According to spectroscopic [36,68–70] and computational [71,72]
studies, within the concentration range 0 b [DMSO] b 50% (with a
minor variation), proteins in a global context, mostly attain native-like
conformations (vide infra). The negative preferential solvation by
DMSO that has been observed throughout this range [63], automatically
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implies positive preferential solvation bywater molecules. No doubt, the
stabilizing enthalpic component reflected by the non-monotonic behav-
ior (smooth maximum around 25−30% DMSO) for ΔHcal, is caused by
strengthening of the water–protein andwater–water hydrogen bonding
within the protein hydration layer that anyway (implying the native-like
states) directly contributes to the protein stabilization (vide infra).

In contrast to the above considered concentration range, above
ca. 50% DMSO, a dramatic drop in the values of Tm andΔHcal occurred,
followed by eventual peak disappearance around 60–70% DMSO,
depending on the solution pH (Figs. 1 to 5 and Table 1). According to
Arakawa et al. [63], above ca. 50% DMSO, a region of positive preferential
solvation of proteins by DMSO starts to rise. The extent of the “positive”
DMSO–protein interaction in this segment, unlike the region of the
“universal” (“negative”) interaction within 0 b [DMSO] b 50% [63], is
largely specific regarding the protein's “personality”. It is natural to pro-
pose that at higher concentrations of DMSO, it starts to displace water
molecules from proteins' interfacial regions (vide infra). In addition,
because of their prevailingly hydrophobic nature, DMSO molecules tend
to preferentially stabilize the unfolded state of α-CT, thanks to extensive
interactions with exposed hydrophobic groups. Obviously, within the
DMSO concentration range of 50 to 60/70% (v/v), the α-CT structure
becomes largely destabilized by the disposal of an increasingly large
number of DMSO molecules on its surface and, in addition, in the course
of the temperature-induced melting, onto the increasingly solvent-
exposed hydrophobic groups. Above 60% DMSO at pH 2.6 and 70%
DMSO at pH 8.1, and room temperature,α-CT seemingly attains a totally
denatured conformation (see, however, Subsection 3.3 for further
discussion).
Table 1
Thermodynamic parameters for the thermal unfolding of theα-chymotrypsin in the pres-
ence of different DMSO concentrations in borate buffer, pH 8.1 and first and second scans
in phosphate buffer, pH 2.6 (0.05 M NaCl). Experimental errors are ca. 10% and 1%, for
ΔHcal and Tm, respectively.

pH 8.1 pH 2.6, 1st scan pH 2.6, 2nd scan

[DMSO],
vol.%

[DMSO],
mol/l

Tm,
°C

ΔHcal,
kJ mol−1

Tm,
°C

ΔHcal,
kJ mol−1

Tm,
°C

ΔHcal,
kJ mol−1

0 0 46.7 251 43.4 144 43.3 78
10 1.5 51.4 264 39.7 190 39.8 149
20 3.0 52.6 279 37.4 219 37.6 164
30 4.5 52.6 274 36.3 213 36.5 144
40 6.0 51.5 255 34.7 171 34.5 33
50 7.5 48.4 205 30.0 69 – 0
60 9.0 41.5 135 – 0 – 0
70 10.5 – 0 – 0 – 0
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3.2. The Lineweaver–Burk pattern for a catalytic activity

Fig. 6 depicts some results of kinetic studies for the enzymatic
hydrolysis of a specific ester substrate, ATEE by α-CT at pH 8.4, 0.05 M
NaCl (no buffer), in the presence of variable DMSO concentrations. In
particular, the LB plots are depicted for cases of DMSO concentrations
from 0 to 25% (v/v) where the catalytic constant remained virtually
unaltered (note the common intercept of the linearized dependencies).
Above 25% DMSO, kcat started to decrease and became non-measurable
at 70% DMSO where also the DSC melting peak disappeared (vide
supra). At the same time, the value of KM increased almost monotonically
throughout, until the eventual full denaturation occurred at 70% DMSO.
Table 2 depicts all the values obtained for kcat and KM (note the rapid
increase of experimental error above 40% DMSO).

It can be mentioned that the LB pattern displayed in Fig. 6 is
formally compatible with a mechanism of simple competitive inhibi-
tion by high concentrations of DMSO (for the inhibitory classifica-
tions, see, e.g. [1]). As mentioned in the Experimental section, for
the system under study, the Michaelis constant is proportional to,
and mainly representative of, the equilibrium constant, KS, for the
dissociation of the enzyme–substrate non-covalent (precursor)
complex [1,14,46,47,51–54]. The mechanism of competitive inhibi-
tion implies binding of the inhibitor species to single (or several)
position(s) of the enzyme active site to temporarily block it (them)
against specific substrate binding. In such casesKS (hence,KM) gradually
increases while kcat remains unchanged [1,14]. However, a careful
combined analysis of our current results and earlier findings [14,15],
together with the previous basic deductions encompassing structural
aspects for the interaction of α-CT either with polypeptide-like inhibi-
tors (disclosed via the X-ray studies) [73–75], or extended polypeptide
substrates (revealed through the specific series of kinetic data) [75–77],
respectively, allowed us for much more advanced insights. Indeed, the
impact of DMSO on the LB pattern within the concentration range of
0–3.75 M (0–25% v/v; Fig. 6), is very similar to that of urea within the
concentration range of 0–6 M [14,15]. Urea is known to be a moderate
denaturant that causes totally destabilizing effects on the global confor-
mation of globular proteins [78–82]. Specifically, for the case of α-CT,
our previous studies [14,15] (see also Refs. [66,67,80]) indicated that
ΔHcal decreased almost gradually within the same range of [urea].

Furthermore, one should notice that α-CT is an enzyme that is
designed to interact with, and to cleave polypeptide substrates. Based
on the abovementioned X-ray-structure-based results, the interaction
scheme for the α-CT active center and natural (long) polypeptide sub-
strates has been proposed implying that the substrate moiety forms
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Fig. 6. Lineweaver–Burk plots for the ATEE hydrolysis byα-chymotrypsin in the presence
of various concentrations of DMSO; pH 8.5, 0.05 M NaCl, 25 °C.
antiparallel β-structures with respective (mostly exposed) peptide mo-
tifs of the enzyme active site, extending to both sides of the scissile
bond [73–77]. This scheme naturally considers multipoint, energetically
favorable interactions of both, the complementary backbones (viz., the
peptide bond moieties interacting through the hydrogen bonds) and
complementary side-chains (viz., the non-polar moieties interacting
through the hydrophobic forces). For α-CT, a number of hydrophobically
interacting positions within the active site crevice may amount to 6–7
(extending over 18–21 Å) [73–77]. Involvement of longer polypeptides
as substrates, seemingly, provides enhanced multipoint interaction fa-
voring the improved “induced fit” and much more efficient catalysis,
presumably through the combined cooperative/allostery-like regula-
tion mechanism [1,2,4,10,13,16]. On the other hand, the synthetic sub-
strates like ATEE, may occupy only a few (namely 3; although most
important) of respective likely positions [47]; hence leaving other po-
tentially binding (apolar or polar) exposed subsites free for the interac-
tion with water or organic additives. Obviously, networks of water
molecules situatedwithin or near the active site crevice (at times resid-
ing at the “empty” positions, free of the ATTE molecule), because of the
irregularly chained structure (low cooperativity), cannot favor themax-
imal catalytic effect via the allostery-like interaction. This picture is in
contrast to one for interfacial waters belonging to compactly folded
(“structure supporting”) domains. These parts of α-CT, like in other
globular proteins, have mostly polar and charged groups exposed to
the solvent [1] that favors formation of highly cooperative aqueous
chains and networks (vide infra).

The very similar LB patterns ofα-CT with the DMSO (this work) and
the urea additives [14,15], which have dissimilar, prevailingly non-
polar (hydrophobic, viz., 2× \CH3 vs. _O) and polar (hydrophilic,
viz., 2× \NH2 and _O) moieties in their structures, respectively, fur-
thermore points to: (a) the entirely nonspecific character of an impact
for either of these two additives, presumably via the multi-point weak
interaction within the active site region (crevice); and (b) that respec-
tive positions, although supposed to be dissimilar (apolar and polar,
respectively), should be structurally interconnected to cause similar
negative impact (through the increase of KM vide infra). Consequently,
nonspecific, totally noncooperative, weak interaction either with the
side chains (DMSO; through hydrophobic binding), or backbone moie-
ties (urea; through the hydrogen bonding) of polypeptide-shaped
counterpart motifs situated within the active site crevice of α-CT can
be deduced. The fact that the active site solvating waters of α-CT (and,
seemingly, of other soluble enzymes, as well), in the absence of sub-
strates, cannot form really cooperative (energetically favorable) interfa-
cial chains and/or networks, obviously, is dictated by the requirements
for: (a) a sufficiently high flexibility of the entire active site; and (b) the
minimization of actingwatermolecules as competitive inhibitors. Clearly,
weakly interacting, small organic additives like DMSO or urea, having low
affinity (comparablewith that ofwater) to respective positionswithin the
active site cleft, cannot seriously compete with specific substrates of
Table 2
Kinetic parameters for hydrolysis of ATEE with α-chymotrypsin in the presence of dif-
ferent DMSO concentrations (pH 8.5, 0.05 M NaCl, 25 °C). Experimental errors are ca.
10% and 20% below and above 40% DMSO, respectively.

[DMSO], vol.% [DMSO], mol/l KM, M−1 kcat, s−1

0 0 8.2 × 10−4 205
10 1.5 2.4 × 10−3 210
20 3.0 5.4 × 10−3 200
25 3.75 8.3 × 10−3 214
30 4.5 1.5 × 10−2 150
40 6.0 2.2 × 10−2 136
50 7.5 2.0 × 10−2 44
60 9.0 2.5 × 10−2 36
70 10.5 – –
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any length, e.g., with ATEE. On the other hand, the ATEE molecule
seems to be too “short” either to stabilize the active site of α-CT by
itself, or to prevent unoccupied positions against the noncooperative
(hence destabilizing) multi-positional interaction with DMSO or urea.
One should note again that the maximal catalytic efficiency should
require the excellently tuned conformational balance for the achieve-
ment of a “perfect induced fit” [1,2,4,10,13,16].

The finally deduced picture, where the “inhibitor” (DMSO or urea),
like water, may bind very weakly to multiple positions the number of
which, at least, 2 to 3 times exceeds one for the substrate's (ATEE's)
binding groups, has little to do with a “classical” scheme of competitive
inhibition. Thus, it seems that the reason behind the appearance of the
distinct LB pattern depicted in Fig. 6 and found in Refs. [14,15], should
be sought elsewhere.
3.3. Dual impact of DMSO regarding the global and local stability/flexibility
and function of α-CT

So, if there is little, if any, contribution due to the competitive inhibi-
tion by DMSO (and urea, see Refs. [14,15]), then what is the reason for a
characteristic LB pattern (gradual increase of KM at constant kcat)
portrayed in Fig. 6 (and by a similar figure: “Fig. 2” in [14])?We propose
that the reason is a gradual increase of the active site flexibility (decrease
in its local stability) caused bymultipoint weak DMSO–protein (or urea–
protein [14,15]) interactions around the active site. In this context, it
seems expedient to evoke data of Timasheff et al. for the preferential
interaction of DMSO [63] and urea [78] with proteins. Preferential inter-
action with urea seems to be positive for all the globular proteins
throughout, including both, native-like and unfolded/denatured states
[78], whereas for DMSO, within the concentration range of 0–50% (v/v)
(up to 7.5 M) it is negative, however, changes to a positive type above
this point and exceedingly increases thereafter, especially for the case
of CTG [63]. However, the negative preferential interaction at lower
concentrations of DMSO does not mean its total exclusion from the pro-
tein surface. Indeed, according to the same paper [63], notwithstanding
the negative preference, actual binding of DMSO to CTG and other glob-
ular proteins takes place starting from the lowest concentrations and in-
creases dramatically above 50% (v/v), especially for the case of CTG. This
result is in a good agreement with those of several structural [83] and
computational [71,72] studies that report on the existence of DMSO
binding positions at the protein's interfacial regions, especially near the
active sites that are rich of both, polar and non-polar loci (vide supra).

Importantly, according to [63], roughly 20molecules of DMSO, at the
bulk concentration of 20–30% (v/v), associated with CTG (presumably
also with α-CT) can be deduced. This number increases to ca. 60 to 70
at a DMSO bulk concentration of 40–50%. In light of the computational
work in the cases of subtilisin [71] and lysozyme [72], it is logical to
suppose that a number of DMSO molecules weakly associated around
the α-CT flexible area (active site), within the range 10 b c b 50% (v/v),
initially amounts at least to ca. 6–7 and increases to ca. 20. Indeed, the
parameter KM (or KS) has long been recognized as ameasure of the active
site flexibility (being an inverse merit for the rigidity, i.e., stability) that
can be altered by addition of denaturants/stabilizers [13,15,84], by biolog-
ical evolution [53,54], or simply by temperature [15,51,52]. Furthermore,
on the basis of X-ray [85,86] and combined inactivation/denaturation
studies [1–6,14,15,48–50], it has been proposed that proteins' active
sites retain much more flexible constitution compared to more rigid
(compact) supporting platforms. On the other hand, for the case of
DMSO as a representative additive of multilateral nature, it has been
proposed that it's binding to different parts of proteins, may cause either
local stabilizing, or local destabilizing effects [35,36,63,72]. Our data
suggest that DMSO within 0 b c b 50% (v/v), in weakly alkaline solu-
tions (pH 8.1–8.4), has a stabilizing impact on the protein's global con-
formation (implying that its non-functional compact area serving as a
supporting platform) and a destabilizing impact on the protein's local
conformation (implying that its active site inherently possesses high
flexibility, allowing for effective functioning).

Since DMSO, seemingly has a significant impact on the local stability/
flexibility of α-CT, implying its catalytically active site (vide supra), it is
crucial to consider the actual mechanism behind this impact. For the
case of ATEE as a substrate, in discrepancy with our result, Eremeev [47]
found that the value of kcat was decreasing within 0 b [DMSO] b 25%
(v/v), whereas KM behaved in a manner that was similar to our case
(i.e., increasing). However, in that work, the CaCl2 additives at 10−2 M
were applied throughout [47]. The Ca2+ ions are well-known to bind
specifically to many globular proteins includingα-CT [87–90], affecting
the catalytic properties dramatically [14,89]. Since, direct comparison of
these two sets of results is not straightforward. Nevertheless, in Ref.
[47], for substrates for which case the acylation step (k2, Eq. (4)) is
rate determining, some activation effect via the increase of kcat, has
been observed (within the same concentration range of DMSO). If the
same side effect due to the presence of Ca2+ is implied, the “true”
activation effect of DMSO in that case can be even more pronounced.
According to some preceding and more recent work [1–6,8,13,16–20],
biomolecular, in particular, enzymatic processes, in general, can be cate-
gorized as: (a) those strongly contributed by the conformational coordi-
nate, i.e., requiring energy-consuming rearrangements of the protein's
active site (flexible area), and (b) those which are mostly controlled
by the chemical transformations (perfect induced fit). In the former
case some destabilization (flexibilization) of the active site may facili-
tate increase of the catalytic effect (see Refs. [40,47], e.g.), while in the
latter case kcat may remain unaltered or decrease (this work and Refs.
[12,14,59,60]).

3.4. Impact of DMSO regarding the global destabilization, chaperon effect
and molten globule state

It has beendeduced earlier that in unfolded states of globular proteins,
DMSO molecules mostly interact with solvent-exposed hydrophobic
groups, which in native-like states are mostly hidden inside proteins'
interiors, to mutually interact and form compact hydrophobic cores
[1,91,92]. This condition accounts well, on the one hand, for the
destabilizing effect of high concentrations of DMSO, preferably
interacting with hydrophobic side groups in unfolded state and,
on another hand, for the protective (chaperoning) properties of
DMSO against protein aggregation in an unfolded state (see Eq. (1) in
Subsection 2.3 above). The regenerative effect of DMSO does not work
in weakly alkaline media, closer to the isoelectric point of α-CT (8.76)
[93], seemingly because almost all the ionizable groups are charged, fa-
voring formation of more strongly hydrogen-bounded water networks
also in the denatured (unfolded) state, thus facilitating aggregation
(perverted association) of hydrophobic groups even in the presence of
excess DMSO concentrations. In contrast, at pH 2.6 where virtually all
the negative charges of the solvent-exposed carboxylic groups are neu-
tralized, the repulsive interaction between positively charged amino
groups facilitates a more expanded character of the unfolded state,
weakening of the connecting hydrogen-bonded aqueous networks,
and a better access of DMSO molecules to the exposed hydrophobic
side-groups. Importantly, in contrast to the case of pH 8.1, partial
refolding of α-CT at pH 2.6 was observed even in the total absence of
DMSO additives (Table 1). In that case, DMSO acting as a molecular
chaperon notably improved the refolding ability.

Returning now to our data depicted in Figs. 1 to 5 and Table 1, we
will attempt to elucidate further the mechanism behind the complex
behavior of ΔHcal, namely the appearance of a smooth maximum
around 25−30% DMSO (v/v) at both pH values, and of a similar maxi-
mum for Tm at pH 8.1. In light of the discussion given in the subsection
above, the first increase in ΔHcal can be explained by the negative
preferential solvation of α-CT by DMSO (hence the positive prefer-
ential solvation by water). This effect is common for additives (like
sugars, polyols) that stabilize globular proteins largely through the
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exclusion of the aqueous phase from the bulk, leading to a compactization
(contraction) of the water layer at the protein surface [80,94]. Seemingly,
this is also true for the case of DMSO within 0 b c b 50% (v/v). In the
context of the above mentioned details, the possible role of the protein's
solvent-exposed charge groups in the stabilization of native-like states
should be mentioned as well. In general, the thermodynamic stability
of globular proteins is much higher at neutral pH (more precisely,
under the protein's isoelectrical condition), compared to the acidic or
alkaline pH's [21,92,95–97]. The classical model of Privalov et al.
[21,22] explains this fact via the dependence of ΔHcal solely on Tm,
not on pH (see also Refs. [95,96]). This is because the classical
model assumes that the enthalpy contribution, stabilizing the native
state over the unfolded state, emerges solely from intra-globular interac-
tions, not from solvation effects, specifically, not from the difference of
solvent-exposed charged group arrangements (difference in mutual sep-
arations, e.g.) for these two states [21,22,95,96,98,99]. Disregarding the
latter factor (vide infra) automatically leads to the independence of
ΔHcal (that, inter alia, also results from the enthalpy of solvation,
ΔHO

solv) of the surface charge distribution (pH). We consider this de-
duction as an oversimplification since the solvent-exposed oppositely
charged groups [100–104] capable of forming the strongly hydrogen-
bonded aqueous chains andnetworks [105–108], are situatedmuch clos-
er in native states [109], hence are much more stabilized through the
respective enthalpy contribution (certainly, at some unfavorable
entropy cost) [105,106,110,111]. Close to the isoelectric point, the
oppositely charged surface-exposed groups of the native protein (see,
e.g., Refs. [100–104]) are situated much closer to each other, compared
to the unfolded state(s), thus facilitating formation of very strong
hydrogen-bonded aqueous bridges/networks [105,106] that also ap-
pear even in the common liquid water, however, in a minor fraction
[110,111].

Indeed, according to the extended statistical analysis by Wada and
Nakamura [109], in addition to the solvent-exposed “normal” (contact)
ion-pairs of native globular proteins that are on average separated by ca.
4–5 Å (deemed as to contribute little to the stability [91,105,98–102]),
there is a remarkable fraction of oppositely charged ionic groups
separated by ca. 6–10 Å [109]. This is exactly the distance range suitable
for the formation of strongly hydrogen-bonded aqueous bridges involv-
ing 1–2 water molecules, consequently, of networks capable of a strong
enthalpy contribution to the native state stability [101,102,108,109].
Certainly, hydrogen-bonded aqueous networks (forming so called
bound water [96]) are formed in any way through the interaction
with uncharged, yet polar interfacial groups, both in native-like (although
destabilized) and unfolded states (respective aqueous chains can encom-
pass more than just two water molecules, and may be involved in
anomalous superficial proton conductivity [105,106]). Together with
other energy/entropy contributions (intra-globular hydrogen-bonding,
hydrophobic solvation, configuration entropy [21,22,98,99]), the excess
stabilization/destabilization is achieved through a delicate altering of the
balance between the pH-responsive surface-exposed charged states and
the respective effective distances between them [98,99,102,104]. Further-
more, if the strongly hydrogen-bonded aqueous layer (network) contrib-
utes notably towards the stabilization of native-like states (vs. unfolded
states), through the favorable enthalpic stabilization caused by closer
placement of oppositely charged solvent-exposed charged groups (vide
supra), additional stabilization through this enthalpic term becomes eas-
ily understandable through a mechanism of bulk water exclusion and,
thus, its additional attraction by the interfacial charged/polar groups
(preferential hydration). This would lead to more compact and stable
water networks, with a larger contribution to the solvation enthalpy.
This contribution although strongly underestimated in the past, in light
of recent findings [102,106,108,109,112–114] seems to be rather “univer-
sal” and a crucial factor for globular proteins. For α-CT, in particular, our
data enables the tentative estimate of this contribution that may amount
to at least ca. 30–50% of the resulting value ofΔHcal (in the absence of the
DMSO or other additives; work in progress).
We now again consider the dramatic drop in values of Tm and ΔHcal

above ca. 50% DMSO, followed by the eventual peak disappearance
around 60–70% DMSO, depending on the solution pH (Figs. 1 to 4 and
Table 1). According to the data on the preferential solvation of a number
of globular proteins [63], and results of several spectroscopic (NMR, CD,
etc.) studies for lysozyme [36,68,69], within the region 50 to 70% DMSO
(v/v), proteins attain intermediate global conformations between the
native-like and unfolded (denatured) states, that are characteristic for
the “molten globule” states originally disclosed for low pH solutions
[27,115–118]. These states are still compact and native-like, however, in
overall, retain much higher fluctuational mobility [14,15,27,115–118].
The DSC melting curves for these kinds of states gradually shift to lower
temperatures, broaden and display lower values of calorimetric en-
thalpies [14,15,117,118]. This is what we observed in our DSC experi-
ments at the DMSO concentrations exceeding ca. 50% (v/v). In addition,
it should be mentioned that the disappearance of the DSC peak in some
cases does not mean total denaturation of a given protein. In distinct
cases the compactmolten-globule-like configurations have beendetected
even in the absence of a characteristicmelting peak; however, the charac-
teristic step in Cp(prot) can be visible [14,15,117,118]. In the present work,
no steps for Cp(prot) were observed at DMSO concentrations of 50%
(pH 2.6) and 60% (pH 8.1), whereas steps were detected within 0 to
40–50% DMSO, respectively (not shown here). This can be an indication
that before the T-induced transition (melting) occurs, the interfacial
water network ofα-CT is already essentially destroyed, and after the tran-
sition (to the denatured state) the newly solvent-exposed hydrophobic
groupsmostly interact with the DMSOmolecules, rather thanwithwater.
4. Conclusions

The impact of DMSO on the functional and unfolding patterns of
α-CT turned out to be dualistic in three different ways. In particular:

1. Within the concentration range of 0 to 50% (v/v), the impact
of DMSO on the global conformation of α-CT (implying its
compact — “structure-supporting” area) is, in overall, either
stabilizing (pH 8.1) or destabilizing (pH 2.6). However, the ca-
lorimetric enthalpy displays a smooth maximum indicating the
stabilizing contribution in both cases.

2. Within the same concentration range, the impact of DMSO on the
local conformation of α-CT (implying its flexible area — the active
site), as judged on the grounds of a LB outline, is destabilizing.

3. Within the concentration range of 50 to 70% (v/v), the DSC patterns
of α-CT exhibit a behavior that is characteristic for the molten-
globule-like states; followed by the full denaturation at higher con-
centrations of DMSO.

4. Regarding the global stability pattern, the interplay of observed effects
most probably can be ascribed to: (a) the negative preferential solva-
tion of DMSO within 0 to 50% (v/v), and respective strengthening of
a hydrogen-bonded water network at the interface of α-CT (covering
the structure-supporting area); and (b) the positive preferential solva-
tion of DMSO above 50%, and the intensified binding of DMSO mole-
cules to the particular surface-exposed non-polar groups (in the
native-like state) and the newly exposed hydrophobic side groups
(in the denatured state).

5. Regarding the local stability (flexibility), the observed kinetic pattern
can be realistically explained by the different distributions of partic-
ular solvent-exposed non-polar and polar groups within and around
the active site crevice (flexible area) of α-CT. In particular, by evok-
ing the fact that the local substrate binding positions are nothing
else than the side-chain and backbone moieties of polypeptide
motifs that are complementary to the natural polypeptide substrate.
For cases of short (less specific) synthetic substrates like ATEE, the
unoccupied apolar or polar positions are exceedingly open for the
interaction with partially hydrophobic (DMSO) or hydrophilic (urea)
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effectors that can readily destabilize active site through themultipoint
yet non-cooperative interactions.

6. Regarding the global pattern, seemingly, there is a strong enthalpic
contribution to the excess stability of native vs. unfolded states of
globular proteins, emerging from more favorable electrostatic inter-
action of oppositely charged surface groups connected through the
strong hydrogen-bonded aqueous chains. This interaction seemingly
is strengthened upon the addition of up to 25–30% DMSO (v/v),
thanks to the water exclusion from the bulk solution (i.e., the positive
preferential solvation of α-CT by water).

7. Our findings open new prospects for the selective and fine tuning of
both, the enzyme's local and global stability, and flexibility and,
ultimately, the function through the application of small organic addi-
tives, such as DMSO.
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