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Surfactant plays a critical role in enzymatic multi-functionalization processes. However, a deep
understanding of surfactant-enzyme interactions has been lacking up until now due to the extreme
complexity of the mixed system. This work reported the effect of cationic gemini surfactants, alkanediyl-
o, w-bis(dimethyldodecylammonium bromide) (C;,CsC1,Br,, S = 2, 6, and 10) on the enzymatic activity
and conformation of a-chymotrypsin (a-CT) in phosphate buffer solution (PBS, pH 7.3). The enzymatic
activity was assessed by the rate of 2-naphthyl acetate (2-NA) hydrolysis measured by UV-vis absorption.
The superactivity of a-CT in the presence of C;,CsCy,Br, appears in the concentration region below the
critical micelle concentration (cmc) of the surfactant, and its maximum superactivity is correlated to the
spacer length of C;,CsCyoBr,. Subtle regulation of the charge density of headgroups of the cationic
surfactant can be achieved through partial charge neutralization of cationic headgroups by introducing
inorganic counterions or oppositely charged surfactant, demonstrating that the electrostatic interaction
plays the crucial role for emergence of the superactivity. The interaction between C;,CsC1,Br; (S = 2,6,
and 10) and «-CT was characterized by isothermal titration calorimetry (ITC), and the obtained
endothermic enthalpy change indicates that the interaction induces the change in conformation and
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1. Introduction

Hybrid systems of biological macromolecules and amphiphilic
molecules have a wide range of applications in some science
and technology fields, such as biomedicine, nanotechnology,
pharmaceuticals and cosmetics." Considerable effort has been
made to study the interaction between protein and surfactant
over the past few decades, which certainly promotes a deep
understanding of the critical role of surfactant to the enzymatic
multi-functionalization process. Herein the surfactant might be
considered as a denaturant, activator or stabilizer and cross-
linker, depending on the properties of both the studied
surfactant and enzyme.” The highly regarded topics in the field
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induct and regulate the secondary, tertiary and even fourth structures of the protein. The present work is
significant to get deeper insight into the mechanism of the activation and denaturation of enzymes.

in recent years are still focused on to explore how to maintain
and enhance the activity and/or stability of enzymes.?

Alfa-chymotrypsin (a-CT) is often selected as a model enzyme
of serine proteases in order to understand the mechanism on
the interaction of surfactant with globular proteins in the
presence of various types of surfactants, owing to the benefits of
the enzyme's well-known structure and the mechanism of
enzymatic reaction.*™ It is well known that anionic sodium
dodecyl sulfate (SDS) can inhibit the activities of «-CT and many
other globular proteins, and even can denature them, which
makes it become a valuable denaturant. The electrostatic
interaction of anionic SDS with the positively charged side
chains of amino acid residues can be responsible to a large
extent. The hydrophobic interaction between enzyme and SDS
also promotes strongly the conformational changes by forma-
tion of enzyme/SDS complex. The thermodynamic analysis to
their interactions provides much indispensable information for
understanding deeply the effects of surfactant on the enzymatic
reaction."™*?

It was noticed that some cationic surfactants can activate o-
CT and some other enzymes in aqueous solvent, reverse micelle
pool and microemulsion, as it has been reviewed recently.>>****

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Cetyltrimethylammonium bromide (CTAB) inhibits the activity
of a-CT for hydrolysis of N-glutaryl-t-phenylalanine p-nitro-
anilide (GPNA),>” but it can activate the enzyme in 80% for
catalyzing hydrolysis of the substrate p-nitrophenyl acetate
(PNPA).* Dodecyltrimethylammonium bromide (DTAB) affects
the catalytic activity of o-CT quite mildly for hydrolysis of 2-
naphthyl acetate (2-NA),"* but very strongly for hydrolysis of
GPNA with a superactivity.’ These results demonstrate the
dependence of the enzyme activity on the substrate, which most
likely stems from the different distribution of these substrates
in micelle pseudophase. The substrates may be dissolved in the
hydrophobic cores or the palisade layer of micellar assembles.
Therefore, the accessibility of the enzyme to its substrate is a key
factor in micellar solution, resulting in the substrate partition-
dependent enzymatic activity.

Moreover, cetyltrialkylammonium bromide surfactants with
different alkyl chain lengths from methyl to butyl have been
used to study the enzyme a-CT activity.®”**'” A explicit conclu-
sion is that the superactivity phenomenon becomes more
pronounced with the increase in the side chain length from
methyl to butyl, which is attributed to the enhancement of the
headgroup's hydrophobicity.*” Several other cationic surfac-
tants with different headgroup structures, reported by Ghosh
and Verma, were used to activate the enzymatic hydrolysis of
the substrate PNPA, as a result, the headgroup size affects
intensely the enzymatic reaction rate. In the presence of dode-
cyltriphenylphosphonium bromide (DTPB) with largest head-
group size among their used surfactants, a-CT exhibits the
highest superactivity. In practice, those apolar groups linked
directly to the headgroup can increase both the headgroup's
size and hydrophobicity.

The hydrophobic moiety of headgroups can enhance the van
der Waals' interaction with the nearby hydrophobic amino
residues and also affect the packing of the surfactant when the
synergetic interaction of the surfactant occurs.*®?® In dilute
surfactant concentration range where the specific interaction
occurs, the electrostatic attraction is the main factor controlling
enzymatic activity.”**® The enzyme may retain its activity and
even may exhibit a superactivity. According to these reported
results, we can consider that the size effect of the surfactant
headgroups reflects the restricted electrostatic interaction
between enzyme and surfactant due to the steric effect. So far
these effects are far from clear and further investigation is
essential for the potential enzyme/surfactant applications.

To this end, the cationic gemini surfactant, alkanediyl-o,w-
bis(dimethylalkyl ammonium bromide) (designated as C,Cs-
C,Br,), is a good candidate to explore the effect of the electro-
static interaction on the enzymatic reaction since the change in
the spacer length can adjust the charge density of the polar
groups. Ones with short spacer have larger charge density than
its monomer surfactant. Therefore, the gemini C,CsC,Br, with
short spacer (S =< 6) can interact more efficiently with proteins,
such as bovine serum albumin (BSA)*” and myoglobin.*® Ones
with long spacer behave more like two surfactant molecules
linked with a hydrophobic linker in the terms of the charge
density.>”*** The a-CT activity in aqueous media has been
studied in the presence of C;,CsC16Br, (S = 3, 6, 10,12).*> The
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results show that the enzyme has the higher activity as
compared to CTAB. The highest superactivity was obtained in
the presence of C,6C;,C16Br,, but its effect on the enzyme
structures still remains unclear. On the other hand, it is worth
noting that some gemini surfactants with double cetyl chains
can be used only in a limited concentration range due to their
higher Kraft points.*

In the terms of the enzyme structures, a comparable study is
that DTAB makes only subtle changes in the protein structure,
whereas the more hydrophobic CTAB and octadecyl-
trimethylammonium bromide (OTAB) induce an incontestable
unfolding.*® When the hydrophobic chain is cut to very short
length, tetrabutylammonium bromide (TBABr) only induces
much smaller change in the protein conformation, which
confirms the effect of the hydrophobic moieties of cationic
surfactants.*® In our recent work,” the gemini surfactant
C;1,C10C12Br, with a low Kraft point was used to activate «-CT. It
is evidenced that the enzyme has a flexible and unstable
conformation when it exhibits a superactivity. It may induce
protein flexibility, but not unfolding. However, it is still unclear
how the structure of o-CT will change with the electrostatic
interaction due to the change in the charge density of a surfac-
tant headgroup.

On the basis of the weaker hydrophobic efficiency of dodecyl
chain® and its lower Kraft points,** compared with C;6CsC1¢Br2
having cetyl chains as mentioned above, in present work, we
chose C;,CsC;,Br, having typical three spacer lengths of S =2, 6
and 10 to explore how the distance between the two positive
headgroups or the headgroup's charge density affects the
activity of a-CT and its structures. The charge density of the
headgroups also was controlled by partial charge neutralization
with some kinds of counterions. The interactions between the
cationic gemini surfactant and «-CT were characterized by
enzymatic activity assessment, ITC, fluorescence spectroscopy,
CD spectroscopy and DSC. This work is going to provide
a valuable insight into the relationship of surfactant structure
with activity regulation of protein molecules.

2. Results and discussion
2.1 Relative activity of o-CT in cationic surfactant solution

2.1.1 The effects of spacer chain length of gemini surfac-
tants. The hydrolysis of 2-NA catalyzed by a-CT was conducted
at the constant concentrations of 0.10 ¢ L™ a-CT, 0.081 mmol
L' 2-NA, 3% (volume) glycol and 10 mmol L™ PBS (pH 7.3) and
at various surfactant concentrations. The initial rate was ob-
tained by the initial slope of the curve of concentration of 2 N
produced under catalysis of o-CT as a function of time, and
three typical curves in the presence of C;,C;,C1,Br, were shown
in Fig. S1.f The presented relative activity (v,) of a-CT was
expressed as a ratio of the initial hydrolysis rate (v;) in the
buffered surfactant solution to the initial rate (vpps) in pure PBS
and the standard deviation evaluated is +0.03. The variation of
v, with the concentration ratio (C;/cmc;) of C;,CsC1,Br, (S =2, 6,
and 10) or DTAB in 10 mmol L' PBS was shown in Fig. 1, where
the ratio C;/cmc; was used for clearly distinguishing the effect of
surfactant monomers and micelles on the enzymatic activity.
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Fig. 1 Variation of the relative activity (v,) of a-CT with the ratio of
concentration to cmc (Ci/cmc;) of: C1,C,C15Brs (A), C1,CeCe0Br5 (o),
C15C10C12Br, (O) and DTAB (V), respectively. The concentrations of
other components are 010 g L™ «-CT, 0.081 mmol L™t 2-NA,
10 mmol L™t PBS (pH 7.3) and 3 (v/v)% glycol, respectively. The enzyme
was incubated for 10 min in the surfactant solution before 2-NA was
added to trigger the enzymatic reaction.

The reaction was triggered by adding 2-NA after incubated for
10 min in the buffered surfactant solution.

It was found that in the surfactant monomer solutions (C;/
cmg; < 1), the v, values of enzymatic reaction are larger than one,
going through a maximum value v, as the ratio Cj/cmc;
increases (Fig. 1). The enzymatic superactivity appears even at
the first addition (such as 5 uM for C;,C;0C;,Br;). The cmc
values in 10 mmol L™ PBS (pH = 7.3), obtained from ITC (Table
1, see the Section 2.2), are 0.27, 0.35, 0.13 and 14.0 mmol L~ for
C1,CsCqpBr, (S = 2, 6, 10) and DTAB, respectively, and the
surfactant concentrations at which the maximum v, values
appear correspond to 0.070 mmol L™" (0.26 cmc), 0.081 mmol
L' (0.23 cmc), 0.040 mmol L~ " (0.31 cmc) and 7.84 mmol L
(0.56 cmc), respectively. In comparison, for C;,C,Cq,Br, the
short spacer length with the two methylenes draws the two
positive charges close, which leads to a high charge density of
the headgroups and the enhanced electrostatic interaction with
the negative sites of protein. The two headgroups of
C1,C6C1,Br;, have a separation similar to the length between two
closely packed DTAB molecules,® hence the electrostatic
interaction with the negative sites of protein is weaker than that

Table1 Thermodynamic parameters of micellization for C;,CsCy,Br,
and DTAB in PBS at T = 298.15 + 0.01 K*

Surfactant Chuffer (mmol L") cmc (mmol L") AH . (k] mol ™)
C1,C,C1,Br, 10 0.27 + 0.01 ~71 403
C1,C6C12Br, 10 0.35 + 0.01 —3.9+ 0.1

30 0.27 £ 0.01 —3.1+0.3

50 0.25 £+ 0.01 —2.6 +£ 0.1

70 0.19 £ 0.01 —2.1+ 0.1
C1,C10C1,Br, 10 0.13 + 0.02 4.7+ 0.2
DTAB 10 14.6 £ 0.2 —2.0 £ 0.3

“ Note: the values (cmc and AH,,.) were directly derived from ITC
measurements (see ESI: Fig. S5 and S6); the standard uncertainties of
cmc and AH,,; were provided in the table, respectively.

7296 | RSC Adv, 2021, N, 7294-7304

View Article Online

Paper

in the case of C;,C,Cq,Br,. For C1,C;¢C1,Br, each headgroup
has a charge density just like a single headgroup but the
distance between the two charges is restricted by flexible
methylene spacer. Because of the equal hydrophobic chain
length (C;,) for every surfactant, the differences in the «-CT
activities in Fig. 1 can be attributed mainly to the extent of
electrostatic interaction induced by changing the spacer chain
length.

Further, the v, values tend to one after the cmc values of
these gemini surfactants (C;/cmc; > 1). A reasonable factor is the
decrease in the effective 2-NA concentration owing to some 2-NA
dissolving into the micellar pseudophase.* The spectra of 2-NA
shift to red after the cmce values of C;,CsC1,Br, (Fig. S21), sug-
gesting that some 2-NA molecules locate in the less hydrophilic
palisade layer of the micelles. On the other hand, the product
2 N also prefers to dissolve in the micelle pseudophase just like
2-NA (Fig. S37).

The maximum relative activities obtained from Fig. 1 are
Vrmax = 1.2, 1.35, 1.5 for C;,CsCy,Br, (S = 2, 6, 10) and 1.2 for
DTAB, respectively, indicating that the superactivity of a-CT is
correlated with the methylene chain length S of the spacer.
Therefore, it is possible that the charge density of the head-
groups mainly affects the superactivity. On the other hand, it
can be known that the molar ratios of C;,C,C1,Br,, C1,CsC1,Br5,
and C,C14Cy12Br, to o-CT (0.1 g L") at the maximum «-CT
activity are approximate to 18, 20, and 10, respectively, and in
comparison the number of the negatively charged amino acid
residues for each o-CT* is 13, suggesting that most of the
gemini molecules are attached on the enzyme surface possibly
by the electrostatic interaction. It has relevance to the conclu-
sion that the hydrophobicity or size of the cationic headgroups
can affect the superactivity of a-CT.*>"*

2.1.2 Subtle regulation on the charge density of head-
groups of cationic surfactant. In order to explore the relation-
ship between the charge density of the positive headgroups for
every surfactant and the a-CT activity, an available method for
changing the charge density is to neutralize partially the head-
group charge by adding inorganic counterion or anionic
surfactant. The phosphate buffer system (pH 7.3), which acts in
the cytoplasm of all cells, consists of H,PO,  as proton donor
and HPO,>™ as proton acceptor:

H,PO,"=H" + HPO,*~ (1)
and a simultaneous balance with a cationic surfactant occurs as
HPO,”” + R(CH;);N" = (R(CH;);N"HPO,>") " (2)

where we ignore the interaction of the cationic surfactant with
H,PO, . The interaction described in eqn (2) was confirmed by
titrating the buffered surfactant into the same buffer solution,
leading to a pronounced decrease in the specific conductivity in
a dilute surfactant concentration range (Fig. S4t). The non-
covalent electrostatic association can reduce the average
charge density of the surfactant headgroup, and consequently
would change the effect of the surfactant on the relative activity
of a-CT. The zeta-potential measurements of a-CT gave small
negative values below —10 mV (Table S31) unchanged almost

© 2021 The Author(s). Published by the Royal Society of Chemistry
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with PBS concentration, suggesting that the effect of PBS on the
interaction between «-CT and cationic gemini surfactants
sterns mainly from the change in the charge density of the
surfactant headgroups.

We did choose the specific surfactant concentration at which
the maximum superactivity appears in Fig. 1 to explore the
effect of PBS concentration (Cpygrer) ON the relative activity of o-
CT. Thus the variation of relative activity (v,) of o-CT with the
Chutrer Was presented in Fig. 2, where the relative activity was
expressed as the ratio of the initial hydrolysis rate in the pres-
ence of buffered surfactant to the rate in its corresponding PBS
concentration. The buffer concentration corresponding to the
maximum activity (Vymax) is 10-20 mmol Lt (Vr,max = 1.52) for
C1,C10C12Brs, 50 mmol L™ (1 pax = 1.70) for Cy,CeCq,Bry,
60 mmol L™" (; max = 1.59) for C;,C,Cy,Br, and 50 mmol L™"
(Vr,max = 1.55) for DTAB used as a reference (Fig. 2), respectively,
which is consistent to the order of the increased charge density
of the C;,CsCy,Br, headgroups. The results suggest that the
partial charge neutralization of the cationic surfactant is
advantageous to activating o-CT to some extent. The surfactant
with a shorter spacer chain or a larger charge density can acti-
vate the maximum relative activity in a much concentrated
buffer solution. It is worth noting that the used concentration of
every surfactant in Fig. 2 is below its cmc value in the corre-
sponding buffer solution (Table 1, see the Section 2.2) and the
superactivity appears before these cmc values. Therefore, the
variation of o-CT activity with PBS concentration in the presence
of C;,CsCq,Br, results from the change in the headgroup's
charge density. Further the reduced electrostatic attraction
between the surfactant and a-CT is benefit for increasing o-CT
activity. These results mean that the enzymatic activity can be
controlled by adjusting the charge density of surfactant
headgroup.

Another way to neutralize partially the charge of the head-
groups is to add an oppositely charged surfactant. Fig. 3 shows

2.0
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0-0 1 1 1 1 1 1 1
10 20 30 40 50 60 70

C / mM

buffer

Fig. 2 Variation of the relative activity (v,) of a-CT with the concen-
tration of phosphate buffer (Cpfrer). The symbols indicate the surfac-
tant: (A) C12C2C128r2 (007 mmol Lil), (') C1266C128r2 (008 mmol
L™, (O) C12C10C12Br, (0.04 mmol L) and (V) DTAB (6.0 mmol L™,
respectively. The concentrations of other components were 0.10 g L1
a-CT, 0.081 mmol L=t 2-NA and 3 (v/v)% glycol, respectively. The a-CT
was incubated for 10 minutes before 2-NA was added for all the
experiments.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

the variation of o-CT relative activity v, with the molar fraction
of anionic surfactant SDS (xsps) in the mixture of the cationic
surfactant and SDS. For every system in Fig. 3, the cationic
surfactant has a constant concentration and SDS component
increases to cover the studied molar fraction. The cationic
surfactant concentrations in Fig. 3 were identical to the values
in Fig. 2. The v, value decreases as Xspg increases for the mixed
C1,C10C1,Br,/SDS, and has an extreme value at xgpg = 0.05 for
C1,C6C12Br,/SDS, and a plateau after xsps = 0.20 for
C,,C,C4,Br,/SDS, respectively. However, for every mixture of the
studied cationic surfactant and SDS, especially for DTAB and
SDS, the activity was only assessed in a narrow component
range due to the transition of their aggregate morphologies
from micelle solution to turbid multiphase systems with big
aggregates, and pure SDS will denature a-CT even at a dilute
concentration'**

Both SDS and C;,CsC;,Br, ionize completely into surfactant
ions and the corresponding counterions in aqueous solution
before their respective cme values. In a mixture of SDS and
C;1,CsC1,Br,, the anionic DS™ from SDS and the cationic
C1,CsCq,>" from C;,CsCq,Br, would interact electrostatically to
form C;,CsC1,>"-DS™ complex at X;5.54, > Xgps before their
mixed cmc. In our previous study, it was proved by ITC that this
kind of ionic pair complex did form, following a large negative
enthalpy change of interaction,®® and by the conductivity
measurements, following a decrease in conductivity after add-
ing SDS into C;,CsC,Br,-rich solutions.’” The partial neutrali-
zation of C;,CsCy,>" should lower the average charge density of
C,,CsCy,Br, headgroups and weaken the interaction between
C1,CsCy,Br, and o-CT. Similarly to the effect of phosphate
buffer, the surfactant with a larger charge density needs a larger
Xsps for activating the maximum relative activity.

We can conclude that the cationic surfactants may induce
the superactivity of a-CT, and the variation of the relative
activity of a-CT is correlated to the spacer length of gemini

2.0
15f—
9
™ 7
- x
1.0}
0-5 1 i i 1
0.0 0.1 0.2 03
xSDS

Fig. 3 Variation of the relative activity (v,) of «-CT with the molar
fraction of SDS (xsps) in the mixture of SDS with (a) C1,C5Cy5Br;
(0.07 mmol L™, (¢) C15CeCr2Bro (0.08 mmol LY, (O) C15C10C12Br>
(0.04 mmol L™ and (v) DTAB (6.0 mmol L%, respectively. The
concentrations of the other components were 0.10 g L™t «-CT,
10 mmol L~ PBS, 0.081 mmol L™t 2-NA and 3 (v/V)% glycol, respec-
tively. The o-CT was incubated for 10 minutes before 2-NA was added
for all the experiments.
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surfactant. In particular, the charge density of headgroups of
the cationic surfactant may be adjusted by neutralizing partially
the headgroup charge with adding inorganic counterion or
anionic surfactant, as a result, the maximum activity can be
controlled by the electrostatic interaction.

2.2 Calorimetric study on interaction of a-CT with
C12CsCq,Br,

ITC is a direct methodology to study thermodynamics of
molecular self-assembly of surfactant in aqueous solution in
terms of the enthalpy change as a function of surfactant
concentration in calorimetric cell, since it can provide an
extensive profile of the different intermolecular interaction
steps by titrating small aliquots of a titrant.** When the
concentrated C;,CsC1,Br,(S = 2, 6, and 10) or DTAB solution
was titrated into 10 mmol L™ " phosphate buffer solutions, the
cmc values and the corresponding enthalpies of micellization
(AHp;c) can be obtained by ITC, as shown in Fig. S5T and listed
in Table 1. The cmc values and exothermic micellization
enthalpies for C;,CsC1,Br, are lower in PBS (pH = 7.3) than in
pure water,.>**” The results might stem together from the effects
of ionic strength and the partial charge neutralization of
C1,CsCq,Br, with phosphate anions (electrostatic attraction).
The cmc values for DTAB present the almost equal values in
pure water** and in 10 mmol L~" PBS.

It was found that the obvious interaction between the
surfactant C,,C;(,C;,Br, and «-CT occurs below its cmc,? and in
this work the same event occurred for the studied C,,C,C,Br,
and C;,C¢Cq,Br,, as shown in Fig. S6.7 Then our following
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interest is focused on the interaction in dilute concentration
range. Thus the difference (A(AH,ps)) between the observed
enthalpies in the presence of «-CT and in its absence, shown in
Fig. 4, can highlight the total enthalpy change resulted from the
interaction of surfactant with o-CT, including the effects in
electrostatic attraction (exothermic)," van der Waals attractions
(exothermic), release of combined water (endothermic) and
conformational change (endothermic) of o-CT. Except for the
case titrated by DTAB, the curves go through an extreme for
every gemini surfactant and rise up following the increase in a-
CT concentration. The positive A(AH,,s) value means a neat
endothermic interaction between the surfactant and «-CT,
suggesting that the A(AH,p,s) mainly arises from the dehydra-
tion and enzyme conformation change. Such endothermic
effect was also observed for protein unfolding in the presence of
surfactant in previous works."”*® The larger the positive
A(AH,ps) value is, the larger the enthalpy change associated
with the conformational change is or the smaller the electro-
static attraction is. Therefore, the increase in A(AH,ps) values in
the order of C;,C,C;,Br,, C1,C¢C;,Br, and C;,C,,C;,Br, results
most possibly from the decrease in their headgroup's charge
densities. Therefore, there is an entropy-driven interaction
between the surfactants and «-CT. The entropy gains mainly
stem from the change in the conformation of «-CT and the
release of the some water molecules attached on the surfactant
molecules and the enzyme surface. It is interesting that the
trend is consistent with the change of the enzyme relative
activities in the presence of the surfactant (Fig. 1). The
maximum A(AH,ps) appears in the Ci/cmc range where o-CT
behaves superactivity in the individual surfactant solution.
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Fig. 4 The plots of A(AHps) as a function of the concentration ratios (C/cmc) of C1,CsC12Br; (S = 2, 6 and 10) and DTAB for titrating .-CT
solution with: (a) C12C>C12Br2, (b) C15CeCi2Br2, (€) C12C10C12Br2, and (d) DTAB. The symbols mark the .-CT concentration (g L) of: (l) 0.05; (e)
0.10; (a) 0.20; (¥) 0.30; and (<) 0.40, respectively, in 10 mmol L~ PBS (pH 7.3). The concentration in the syringe is 3.0 mmol L™ for C;,C,C1,Br5,
4.0 mmol L™* for C;5C6C12Br2, 2.0 mmol L™ for C15C10C12Br, and 200 mmol L™ for DTAB, respectively.
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The effect of PBS concentration on the enthalpy of interac-
tion between surfactant and o-CT can be characterized by ITC.
Variation of the observed enthalpy with C;,CsC;,Br, concen-
tration under different PBS concentrations in the presence of a-
CT and in its absence was shown in Fig. S7.7 Fig. 5 exhibits the
differences (A(AH,ps)) of the observed enthalpies in the pres-
ence of o-CT and in its absence in the dilute concentration
range of C;,C¢C1,Br,, which highlights the interaction of
C1,C¢C1,Br, with «-CT at four PBS concentrations. The
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Fig. 5 The plots of A(AHps) as a function of C;,C¢C1,Br, concen-
tration for titrating C1,CC12Br» into 0.30 g L™ «-CT solution at 298.15
K. The symbols mark the PBS (pH = 7.3) concentration (mmol L™Y) of
(0) 10; (») 30; (@) 50; and (M) 70, respectively. The concentration of
C15CgC12Brs is 4.0 mmol Lt in the syringe.
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maximum A(AH,,s) values decrease as PBS concentration
increases from 10 to 70 mmol L™ ", indicating that the decrease
in charge density through the partial charge neutralization
weakens the attractive interaction between C;,C¢C;,Br, and o-
CT. In comparison with the change tendency of relative activity
in Fig. 2, the enzymatic activity correlates closely with the
enthalpy of interaction. It is worth noting that a moderate
enthalpy change of interaction is benefit to activate a-CT for the
mixed a-CT/cationic surfactant systems.

2.3 Fluorescence measurement

For understanding the effect on the tertiary structure of o-CT of
interaction between C;,CsC;,Br, or DTAB and o-CT, the fluo-
rescence spectra of a-CT were acquired at an excitation wave-
length of 295 nm, which reflects the change of the
microenvironment around the aromatic Trp residues.®* Fig. 6
shows the spectra after incubated for 10 min, respectively, in
C15CsC1,Br, (S = 2, 6 and 10) or DTAB solutions with different
concentrations and one typical spectrum after incubated for
120 min extracted from Fig. S8.F

The maximum wavelength (An..) of o-CT fluorescence is
338 nm in PBS, and the surfactants result in two changes in the
fluorescence spectra, increase in fluorescence intensity and
wavelength redshift. The increased fluorescence intensity stems
from the decrease in its internal quenching effect,® indicating
that o-CT has a more flexible conformation in the presence of

Intensi

v

338nm } | 342 nm

350 400 450

A/nm

Fig. 6 The fluorescence spectra of 0.10 g L™t o-CT at 298.2 K in (I) C1,C»C1,Br» solution of 0, 0.03, 0.06, 0.15, 0.30, 0.60, 1.20 and 2.10 mmol
L™, after incubating 10 min, and 2.10 mmol L~ after incubating 120 min (dash), respectively; (1) C1,CsC12Br» solution of 0, 0.05, 0.10, 0.20, 0.40,
0.80, 1.60, and 2.00 mmol L™}, after incubating 10 min, and 2.00 mmol Lt after incubating 120 min (dash), respectively; (lll) C12C10C12Br»
solution of 0, 0.05, 0.10, 0.20, 0.40, 0.80 and 1.50 mmol L™, after incubating 10 min, and 1.50 mmol L™ after incubating 120 min (dash),
respectively; (IV) DTAB solution of 0, 5.0, 10.0, 15.0, 20.0, 25.0 and 30.0 mmol L™, after incubating 10 min, and 30.0, mmol L™* after incubating
120 min (dash), respectively. The arrows indicate the direction of the concentration increase before and after cmc, respectively.
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the surfactants, which brings about a far distance of Trp from
some other residues, such as Arg, due to the effect of
C1,CsCq,Br,. The wavelength redshifts arise from the change in
the environmental polarity around its Trp residues due to their
partial expose to aqueous solvent. Before the respective cmc for
the four surfactants, the fluorescence intensity rises up along
with the constant A, While after the cmc, the increase in the
intensity and the redshift in the wavelength simultaneously
occur. Therefore, it may demonstrate that a-CT has more flex-
ible tertiary structure before the cmc of gemini surfactants and
takes partial unfolding of the tertiary structure after their cmc
values. However, the change in fluorescence intensity is too
small to compare the extent among the different surfactants
before their cmec values. When the incubation time was
increased to 120 min as shown in Fig. S8+ and in Fig. 6 (dash
line), a small further redshift and significant increase in fluo-
rescence intensity appear. In the extended incubation period
after 3 h the further redshift and decreased fluorescence
intensity occur (see short dash curve in Fig. S87). These results
indicate the dynamic instability of the tertiary structure of a-CT
in the presence of the cationic surfactants.

In comparison of the fluorescence results with the relative
activity in Fig. 1 and the interaction enthalpy in Fig. 4, one can
understand that (i) the large superactivity of o-CT in the presence
of the cationic surfactants corresponds to the gentle change in
the tertiary conformation before cmc; (ii) after the cmc the rela-
tive activity reduces significantly, probably reflecting combining
contributions from the distribution of 2-NA in the micelles and
the tertiary conformation change; (iii) the increase in A(AH,ps)
with the spacer length (Fig. 4) should relate to the conformational
change besides the electrostatic attraction. As a reference, the
effect of DTAB always deviates from the orders induced by the
gemini surfactants in the respects of the enzymatic activity,
A(AH,ps) and the tertiary structure, the most possible reason is its
single head-tail structure and also its much larger cmc.

2.4 CD spectroscopy

Circular dichroism spectroscopy is a widely used technique for
examining protein secondary structure. o-CT is a type of B-II
proteins whose spectrum resembles that of random coil
conformation, owing to their low B-sheet/PP-II-helix ratios.*
Crystal structure data show that this kind of protein consists of
antiparallel pleated B-sheets which are highly distorted or form
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very short irregular strands. This may cause the negative CD
band to shift from the ideal B-sheet position (210-220 nm)
towards the 200 nm region.**

The conformational changes of a-CT induced by C;,CsC1,Br,
(S =2, 6,and 10) were characterized by using CD spectroscopy, as
shown in Fig. 7. The CD spectrum of native a-CT in PBS shows
a negative band with a minimum at 201 nm and an indistinct
band at 230 nm. The bands of the spectra at 201 nm of a-CT
incubated in C;,CsCi,Br, solution present more negative
extreme and unchanged wavelength before its cmc. After the
cme, the enhancement and redshift of the negative band occur
simultaneously. The conformational components of the
secondary structure were quantified by analyzing the CD spectra
with CDNN software, as given in Table 2. The percentage of o-

Table 2 Secondary structure components of «-CT (0.10 g L™Y) incu-
bated for 10 min in C;,CsC1,Br, solution from far-UV CD spectra at
298 K

o-helix  B-sheet B-turns Random coil
Ci (mmol L") Ci/emc (%) (%) (%) (%)
PBS (10 mmol L™, pH = 7.3)
0 0 7.0 41.9 19.9 32.7
C12C,Cy,Br,
0.06 0.22 7.0 39.8 20.4 33.6
0.15 0.56 7.0 39.1 20.5 33.8
0.30 1.11 7.4 40.8 20.6 32.7
0.60 2.22 7.5 39.2 20.9 33.2
1.20 4.44 8.3 41.4 20.7 31.6
C12C6C12Br,
0.05 0.14 7.0 39.7 20.4 33.6
0.10 0.29 6.9 38.5 20.6 34.1
0.20 0.57 7.0 38.5 20.8 34.0
0.80 2.29 7.3 38.9 21.1 33.6
1.60 4.57 7.2 41.9 20.3 32.6
C12C10C12Br>
0.02 0.15 6.7 39.9 20.3 33.6
0.04 0.31 6.7 38.4 20.6 34.3
0.08 0.62 6.8 36.9 20.9 34.8
0.16 1.23 6.8 38.4 20.7 34.1
0.60 4.62 6.9 38.2 21.0 34.1

CD | mdeg

gl " : s s bt N

CD / mdeg

%
190 200 210 220 230

A/ mn

3 |
240 250 190 200 210

Al/nm

6 i
220 230 240 250 190 200 210 220 230 240 250
Alnm

Fig.7 Far-UV CD spectraof 0.10 g L1 a-CT incubated for 10 min in buffer and buffered C;,CsC1,Br> at the respective concentration (mmol LY
of (1) C12C,Cy,Brp: 0, 0.06, 0.15, 0.3,0.6, respectively; () C1,Ce¢C12Br,: 0, 0.05, 0.1, 0.5,0.8, respectively; and (lll) C1,C10C12Br;: 0, 0.02, 0.04, 0.16,
0.6, respectively. The arrow points to the direction of the concentration increment. The PBS has a concentration of 10 mmol L~! and pH d7.3.
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helix and B-sheet of o-CT in 10 mmol L™ buffer is 7.0% and
41.9%, respectively. Attri, et al. found that the secondary struc-
ture composition of o-CT in 0.05 mol L™" Tris-HCI buffer (pH
8.20) is 8% a-helix and 45% B-sheet,*> and in 40 mM Tris/HCl (pH
7.0) buffer a B-sheet content of 47% from Simon.* For the cases
in C;,C,C4,Br, and C;,C¢C1,Br, solutions the percentages of a-
helix and B-sheet slightly increase after their cmc. However, the
percentages of a-helix and B-sheet in buffered C;,C;0C;,Br, are
lower than in pure PBS in the studied concentration range, which
corresponds well to those events, as mentioned above for this
surfactant, identified by the superactivity, interaction enthalpy,
and fluorescence spectrum. In addition, before the cmc values of
C12CsC1oBr, (S = 2, 6, 10) the percentage of random coil
increases slightly owing to the transition from the other order
structures. In comparison with the conformational components
in pure PBS, the change in secondary structure of a-CT before the

65
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individual emc of the gemini surfactants is unconspicuous and
doesn't seem to be the main factors affecting the enzyme activity.
It is difficult to acquire a well-defined CD spectrum of o-CT in
DTAB solution with the high concentration as employed in the
other experiments due to the effect of Br .

2.5 Thermal stability of o-CT

A powerful tool for investigation on thermodynamic stability of
protein is differential scanning calorimetry (DSC). The curve of
the heat capacity of protein versus temperature undergoes
commonly a sharp endothermic peak when the protein transits
from its native to an unfolding or denatured state.*>** The
identification of transition enthalpy (AH) and transition
temperature (Ty,) are helpful to understand the thermal stability
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Fig. 8 Variation of the transition temperatures (a) and corresponding enthalpy changes (b) with the concentration of: (I) C;,C,Cy5Br, (I1)

C12C6C128r2 and (IIl) C12C10C128r2. The SymbOlS mark () Tm,ll () Tm

2, () AHy, () AH,, respectively. The a-CT solution of 0.5 g L~ was

incubated for 20 min in 10 mmol L™ PBS or buffered C;,CsC12Br,. The data of Illa and Illb for C1,C10C12Br, are from the ref. 26,
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of ¢-CT in C;,CsCy,Br, (S = 2, 6, and 10) solutions and even the
interaction between o-CT and C,;,CgC;,Br,.

DSC thermograms obtained for o-CT in the presence of
C1,CsCq,Br, (S = 2, 6) were shown in Fig. S9.1 The thermograms
show two endothermic peaks, suggesting a thermal denatur-
ation process with multi-transitions. The both corresponding
transition temperatures are expressed as Tn; and Ty .,
respectively. The curves can be fitted by Gaussian function® to
obtain the contribution of each component to total transition
enthalpy. All the transition temperatures and corresponding
enthalpy changes for the studied systems were collected in
Tables S1 and S2t and plotted as a function of the surfactant
concentration in Fig. 8. The both transition temperatures Ty, ;
and Ty, shift together to low temperature, and arrive at their
respective constants at about their cmc values, indicating the
correlation of transition temperatures to their cmc values. The
enthalpy change (AH;) corresponding to the first transition
decreases obviously as the C;,CsC;,Br, concentration increases.
It is interesting to note that AH, has an approximately constant
value in the whole range of the C;,CsC;,Br, concentration. The
second peak always overlaps partially with the first peak, sug-
gesting that the second transition happens closely after the first
one.

Generally, a protein has only one endothermic peak in the
heating process, referred as a thermal denaturation process.
The corresponding integrated enthalpy represents the transi-
tion enthalpy from a native state to its denatured state.
However, it is well known that o-CT tends to self-aggregation in
aqueous solution and the aggregation number depends on pH
value. At pH = 7.3 for our systems the protein is in monomer-
hexamer equilibrium.*® Therefore, it may go through two
processes in the transition from its native to denatured state,
that is, the dissociation of the aggregates and denaturation (or
unfolding) of o-CT regardless of the presence or absence of
C;1,CsCy,Br,. The dissociation of protein aggregates often is
endothermic contrary to the exothermic effect of its aggregation
process.***¢ The interaction of C;,CsC;,Br, with a-CT makes the
a-CT aggregates dissociate easily and makes a-CT denature at
lower temperature. The less stability of a-CT should correlate to
flexible conformations in the secondary structure from CD
spectra in Fig. 7 and the tertiary structure from fluorescence
spectra in Fig. 6 induced by the electrostatic interaction with
cationic C;,CsC1,Br,.

3. Conclusions

The enzymatic superactivity of a-CT in the studied C;,CsC;,Br,
solutions appears always before their cmec, which is closely
related to the specific electrostatic interaction between surfac-
tant and enzyme. The larger headgroup's hydrophobicity and/or
size can promote the superactivity.*”*>*”*® This work demon-
strates that the effect on the superactivity arises from the elec-
trostatic attraction. The headgroup's charge density dominates
the interaction strength and a moderate charge density is
beneficial to activate the superactivity. For a-CT/C;,CsC1,Br,
systems, the superactivity increases as the spacer length
increases. It also can be controlled by the oppositely charged
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surfactant SDS or anions HPO,>~ in PBS and can achieve its
maximum because of the partial charge neutralization of
C;,CsCy,Br, headgroups. The C,;,CsC;,Br, with a shorter spacer
length has a larger headgroup's charge density, and thus needs
more concentrated PBS or SDS to activate the maximum
superactivity of o-CT. The endothermic enthalpy change
(A(AH,ps) > 0) indicates that the enthalpy change of the inter-
action between surfactant and o-CT results mainly from the
conformational change of a-CT, which corresponds exactly to
the event of the superactivity. The intrinsic fluorescence spectra
of a-CT before and after the surfactants' cmc indicate that the
electrostatic interaction makes o-CT have more flexible tertiary
structure®?® before the cmc, whereas after the cmc it leads to the
flexible as well as slightly unfolding tertiary structure. The far-
UV CD spectra characterizes the change in the secondary
structure of a-helix, f-component and random coil of a-CT. The
results indicate almost the same secondary structure as in the
pure PBS (10 mmol L") before the surfactant's cme, but after
the cmc, progressive enhancement of the negative band and
wavelength redshift suggest partial unfolding of the secondary
structure. The conformational instability of a-CT was confirmed
also by DSC thermogram. The transition temperatures Ty, ; and
Tm,» and the corresponding enthalpy changes decrease as the
concentration of C;,CsC,Br, increases before the cmc, indi-
cating that the enzyme has a weakened structural stability,
including the dissociation of the enzyme oligomers and the
unfolding of the enzyme.>**~*¢

To sum up, the gemini surfactants with different spacer
length have an different impact on the secondary, tertiary, and
even fourth structure of o-CT and therefore on its relative
activity. The headgroup charge density plays a critical role
among other complex factors. This study proposes a novel
strategy for controlling the enzymatic superactivity with oppo-
sitely charged mixed surfactants.

4. Experimental section
4.1 Materials

Alfa-Chymotrypsin (a-CT, 1000 p mg ', CAS:9004-07-3), 2-
naphthyl acetate (2-NA, >98%) and dodecyl-
trimethylammonium bromide (DTAB, >99%), sodium dodecyl
sulfate (SDS, 99.5%) were purchased from Aladdin, 2-naphthyl
(2-N, >99%) from TCI, Na,HPO,-12H,0 and NaH,PO,-2H,0
(AR grade) from Sinopharm Chemical Reagent Co., and
ethylene glycol (AR grade) from Tianli Chemical Reagent Co.,
Ltd. All the chemicals employed in this work were used as
received. Phosphate buffer solution (PBS) of pH 7.3 was
prepared by dissolving Na,HPO,-12H,0 and NaH,PO, 2H,0 in
double-distilled water (conductivity 1.2 x 107°® S ecm™)
produced by an Automatic Distiller (SZ-93, Shanghai, China)
and all the aqueous solutions were prepared with the PBS of
10 mmol L™" except specially emphasized ones. Alkanediyl-a.,w-
bis(dimethyldodecylammonium bromide) (C;,CsC1,Br1,, S = 2,
6, and 10, see Scheme S11) was synthesized and purified in
a purity >99% as described in our previous work.*” All chemicals
for C;,CsCy,Br, synthesis were analytical grade.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4.2 Assessment for enzymatic activity of o-CT

The enzymatic activity of a-CT was assessed in the presence of
surfactant or its absence by the initial hydrolysis rate of 2-NA in
PBS. In order to make the substrate easy to dissolve in the used
buffer solution, the stock solution of 2-NA was prepared by
dissolving 2-NA in glycol to obtain a concentration of 6.00 mmol
L~ and kept away from light. The presence of glycol does not
affect the enzymatic activity assessment because of its very low
volume fraction of 3% (Vgiycol/ Viotal), and no self-decomposition
of 2-NA was detected by UV-vis spectrometry measurements
during 24 h, which is similar to the case in glycerol solvent.*®
The enzymatic reaction was always triggered by the addition of
substrate 2-NA. The reaction was monitored by the increase of 2-
N absorbance as a function of time at a wavelength of 328 nm at
298.15 K, using TU-1900 UV-vis spectrophotometer (Beijing
Purkinje Generallnstrument Co., Ltd) with a cuvette stand
controlled by a circular water thermostat. The initial reaction
rate of 2-NA hydrolysis was obtained from the slope of the 2-N
concentration versus time profile. All the experiments were
performed at the constant concentrations of 0.10 g L™ o-CT
and 0.081 mmol L' 2-NA in the presence of various surfactant
additives or in their absence. Except for the specific
pronouncement, the concentration of phosphate buffer is
10 mmol L™ and always has a pH of 7.3. The relative activity v,
of a-CT was expressed as a ratio of the initial hydrolysis rate (v;)
under the various environments to the initial rate (v,) in pure
PBS. In blank experiment without a-CT no detectable product 2-
N was found in 20 min in the absence or presence of the
employed surfactants, so that the self-hydrolysis of 2-NA or the
micellar catalysis can be safely ruled out. The results were
always presented as the average value of triplicate measure-
ments and the standard deviation is +0.03.

4.3 Isothermal titration calorimetry (ITC)

An isothermal titration calorimeter (Part No 3410, 1 mL reaction
vessels) with a Thermostat TAM III (4 channels, TA Instruments,
USA) was used to determine the enthalpy of micellization of
surfactant in buffer solution and the interaction enthalpy
between a-CT and C;,CsCy,Br; (S = 2, 6, and 10) or DTAB. The
experiment was performed as previous description.*® Briefly,
a surfactant solution was automatically added into buffer or
buffered a-CT solution in aliquots of 3-6 pL from a gas tight
Hamilton syringe controlled by a precision syringe pump with
a control module (P/N 3810-5) through a thin stainless steel
capillary until the desired range of concentration had been
covered. During the whole titration process, the system was
stirred at 80 rpm with a gold propeller, and the interval between
two injections was 8 min under a dynamic correction model for
the output signal to return to the baseline. All results were
presented in average value of parallel triple titrations at (298.15
+0.01) K.

4.4 Fluorescence spectroscopy

The fluorescence spectrum was recorded on LS 55 fluorescence
spectrometer (Perkin Elmer, America) using a 10 mm path
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length cuvette with both the excitation and emission slits fixed
at 5.0 nm. The excitation wavelength was set at 295 nm, and
emission spectrum was recorded from 300 to 450 nm with
a scan speed of 500 nm min~" at 298.15 K.

4.5 Circular dichroism (CD) spectroscopy

Circular dichroism (CD) spectra of a-CT from 190 to 270 nm
were collected on Chirascan spectrometer (Applied Photo-
physics Ltd, Chirascan) at 298 K using a 1.0 mm quartz cell with
the scan speed of 50 nm min~". Both spectral bandwidth and
data pitch were 1 nm. Three scans were recorded and averaged
for each CD spectrum. The buffer baseline was subtracted from
the observed CD spectra to eliminate the possible interference.
The concentration of a-CT was 0.10 g L™ * (in PBS, pH 7.3). The
CD spectra of a-CT were analyzed by CDNN software to estimate
the secondary structure contents.

4.6 Differential scanning calorimetry (DSC)

The thermal stability of a-CT was studied by using a differential
scanning calorimeter (GE MicroCal VP-DSC, USA). Two fixed
cells with a volume of 0.529 mL were filled with sample solution
and reference solution (10 mmol L™ PBS), respectively. The
solutions were degassed with MicroCal ThermoVac before
injecting into the individual cell at room temperature. The
samples were equilibrated at the starting temperature (15 °C)
for 15 min, and then the scan was performed at a scanning rate
of 70 °C h™" from 15 °C to 85 °C. The baseline of buffer was
obtained by running with the same buffer solutions in the both
cells and subtracted from all the resulting thermograms.
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