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-chymotrypsin with biological
buffers, TRIS, TES, TAPS, and TAPSO in aqueous
solutions†

Bhupender S. Gupta,a Mohamed Tahab and Ming-Jer Lee*a
Biological buffers are always considered as non-toxic, biocompatible

and green compounds. Therefore, we analyzed the catalytic activity of

a commercial enzyme a-chymotrypsin (a-CT) in aqueous solutions of

some common biological buffers (TRIS, TES, TAPS, and TAPSO) at pH 8

and T¼ 25 �C. It is found that the increase of the buffer concentration

enhanced the catalytic activity of enzyme a-CT, and the tendency

follows the order of TRIS > TES > TAPS > TAPSO. Especially in the

presence of TRIS, the catalytic activity enhanced 5.5 fold.
A synthetic process using an enzyme as a catalyst is always
considered as a green process. The catalyst efficiently increases
the selectivity of the reaction system and signicantly decreases
the required processing time. Since the application of enzyme
as a catalyst makes the process not only more economical but
also faster. The process involving enzyme catalysis is highly
concerned in the industries. However, industrial applications of
enzymes are limited by their substantial degree of structural
variability in folded state. Therefore, the knowledge of structure
and function of enzymes in co-solvent are fundamentally
important for understanding their metabolic role and for
designing new synthetic applications. Unfortunately, enzymes
are highly complex and extremely sensitive and they undergo
reversible or irreversible conformational changes in response to
any internal or external stress. It is recognized that the enzymes
are biologically active only in their native conformation. Any
diversion from native conformation usually leads to the loss in
bioactivity of enzymes or proteins. Therefore, a co-solvent that
can stabilize the structure of enzyme or enhance its activity is
highly desirable in order to convert many existing non-green
synthetic process into the green and sustainable process.
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Researchers have recognized the importance of the active
conformation of biomolecules, especially in aqueous solution,
and have developed many co-solvents to stabilize the structure
of proteins.1–8 For example; polyhydric alcohol and sugars are
recognized as strong stabilizers for proteins.9–13 Lately, ionic
liquids emerged as a new class of biocompatible solvents for
biomolecules.14–18

However, all the stabilizing or enhancing activity solutions
so far reported for biomolecules cannot avoid the buffer from
being a part of the system, since enzymes are only found to be
active under their respective pH range. Thus, it is impossible to
think enzyme without buffer. An ideal buffer is considered as
non-toxic, biocompatible and environmental friendly. Buffer
molecules are capable of maintaining the stable pH range for
biomolecules to work efficiently. Extensive researches have
been done on biomolecules in the presence of buffers, but very
few efforts have been made to drive the mechanism about
enzyme–buffer interactions or the consequences of such inter-
actions on the structure and the applications of enzyme.
Therefore, in this study we have investigated the effects of some
important biological buffers, tris(hydroxymethyl)amino-
methane (TRIS), N-[tris(hydroxymethyl)methyl]-2-amino-
ethane-sulfonic-acid (TES), N-[tris(hydroxylmethyl)methyl]-3-
aminopropanesulfonic acid (TAPS), and N-[tris(hydroxymethyl)
methyl]-3-amino-2-hydroxypropanesulfonic acid (TAPSO) on
the activity of a-CT to catalyze the hydrolysis of p-nitro-
phenylacetate (PNPA). The hydrolysis of PNPA catalyzed by CT is
well known and it has attracted great attention from enzymol-
ogists.19–22 The selected a-CT is a serine protease enzyme that is
widely distributed in nature and performs a variety of major
functions.23 a-CT is also commonly used in pharmaceutical,
food, and health care products. It specializes in catalyzing many
biochemical reactions to be absorbed on the surface of some
substances and to be bound with other molecules and to form
molecular aggregates.24

The activities of a-CT in aqueous solution of buffer were
measured by the same method as described elsewhere.25,26 The
activities of a-CT in 0.05 M, 0.5 M, and 1.0 M TRIS, TES, TAPS
RSC Adv., 2014, 4, 51111–51116 | 51111
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and in 0.05 M, 0.5 M, and 0.7 M TAPSO were examined by
estimating the appearance of the p-nitrophenoxide (PNP�) at
400 nm, at pH 8 and at 25 �C with the help of UV-Visible
spectrophotometer (JASCO, V-550). The enzyme activity was
calculated by using the following equation:

Activity ¼
�
DAsample � DAblank

��Vol: of reaction mixture ðmlÞ �1000

3�Dt�Conc: of protein

where activity is expressed as millimoles (mM) of product
formed/min per g of a-CT; DAsample is the change in absorbance
in the period of time for the sample containing enzyme;DAblank is
the change in absorbance in the period of time for a sample
containing everything except the enzyme; 3 is the molar extinc-
tion coefficient; Dt is the time in minutes the reaction was
measured. To monitor the appearance of PNP�, we recorded the
absorbance varying with time for 3 minutes at a xed wavelength
of 400 nm for the samples and blank solution, respectively. The
results of measurements are tabulated in Table 1. It can be seen
from the tabulated values of the activities that the studied buffers
increase the catalytic activity of the enzyme a-CT. This enhancing
effect is found to be increased with the increasing buffer
concentration. Especially at the higher respective buffer
concentration (0.7M or 1.0M) the enzymewere found to be super
active in comparison with the control condition 0.05 M of buffer.
For the comparison purpose, the relative activities of a-CT in 0.5
M of TRIS, TES, TAPS, and TAPSO with respect to the respective
control condition (0.05 M) are presented in Fig. 1a and the rela-
tive activities of a-CT in higher concentration (1.0 M) of TRIS,
TES, and TAPS are compared in Fig. 1b. Due to the solubility limit
of TAPSO buffer in aqueous solution, the maximum concentra-
tion for TAPSO buffer is up to 0.7 M and thus was not compared
with the higher concentration (1.0 M) of other investigated
buffers in Fig. 1b. It can be seen from Fig. 1a that the activities of
a-CT in 0.5 M aqueous solutions of studied biological buffers
over the investigated period of time follow the order of TRIS > TES
> TAPSO > TAPS. In comparison with the activities of a-CT in 0.05
M buffer solutions, the activity of a-CT in 0.5 M TRIS is greater
than that of control run by about 360%; in 0.5 M TES by about
237%; in 0.5 M TAPS by about 145%, and in 0.5 M TAPSO by
about 197% (Fig. 1a). However, at higher concentration (1.0 M),
the activities of a-CT aer 3 minute were found to be 557% for
TRIS, 338% for TES, and 308% for TAPS in comparison with the
Table 1 The catalytic activities of a-CT in 0.05 M, 0.5 M, and 0.7 or 1.0
M TRIS, TES, TAPS, and TAPSO biological buffers over 3 minutes period
of time, at 400 nm, 25 �C, and pH 8.0

Buffer

Activity

0.05 M 0.5 M 1.0 M

TRIS 12.64 42.19 52.95
TES 10.09 22.72 32.18
TAPS 8.67 16.04 29.33
TAPSO 9.73 19.59 25.59a

a Activity was measured at 0.7 M.

51112 | RSC Adv., 2014, 4, 51111–51116
control point (Fig. 1b). Based on these results, it is conrmed that
the hydrolytic activity of enzyme a-CT is enhanced by the inves-
tigated common biological buffers. The effect of the super-
activity increases with the increase in the respective buffer
concentration from 0.5 M to 0.7 M or 1.0 M. Apparently, these
ndings indicate that the investigated buffers (TRIS, TES, TAPS,
and TAPSO) support the native conformation of the enzyme a-CT
in aqueous solutions and provide more active conformation to
the a-CT, resulting in the enhancement of catalytic activity. Our
nding about the activity and the structure of a-CT in buffer is in
accordance to the report of the de Diego et al.27 about the activity
of a-CT in 1-ethyl-3-methylimidazloium triimide ([emim]
[NTf2]). They have observed that a-CT has a better activity in
[emim][NTf2] ionic liquid and they have concluded that [emim]
[NTf2] is a good stabilizer for the native structure of a-CT. In
addition, Castro28 has also reported that the optimum activity of
a-CT in aqueous solution at pH 8.0 corresponds to the compact
native conformation of a-CT. Taha and Lee29 have reported the
negative value of the transfer free energy (DGtr) for peptide model
compound such as glycine (Gly), diglycine (Gly2), triglycine (Gly3)
and tetraglycine (Gly4) in different concentrations of TRIS, TES,
TAPS and TAPSO buffers. Interestingly, the DGtr values of the
higher peptides, Gly2, Gly3, and Gly4 in 0.5 M TRIS, TES, TAPS
and TAPSO were found to follow the same trends (TRIS > TES >
TAPSO > TAPS), as observed in the present case for the activity of
a-CT. The negative value of DGtr shows that the peptide moiety
interacts favorably with buffer molecules and this favorable
interaction increases with increasing buffer concentration.
Probably, the investigated buffer molecule interacts favorably
with the peptide moiety of the enzyme a-CT in the same manner
as reported with peptide model compounds.

To understand the mechanism of a-CT-buffer interaction
and to acquire the information about the conformational and
the structural changes in enzyme a-CT caused by buffer mole-
cules, we have performed spectroscopic measurements such as
UV-Visible and uorescence for the aqueous solution of a-CT in
0.05 M, 0.5 M, 0.7 M, and 1.0 M TRIS, TES, TAPS, and TAPSO
buffer at 25 �C and pH ¼ 8. Chervenka30 has reported that the
UV-Visible spectra of a-CT in aqueous solution exhibits two
absorption peaks at 200–220 nm and 260–300 nm, respectively.
The rst peak in the lower wavelength region (200–220 nm)
reects the backbone framework of the protein and it corre-
sponds to the p / p* transition.31 The second peak in the
higher wavelength region (260–300 nm) relates to the aromatic
amino acids such as tryptophan (Trp), tyrosine (Tyr), and
phenylalanine (Phe) and the result of the n/ p* transition.32 It
can be seen from Fig. 2 that the rst peak of a-CT in 0.05 M TRIS
has a maximum at 218 nm. This peak shis toward a higher
wavelength and becomes less intense with the increasing
TRIS concentration. For example, the peak has a maximum at
223 nm in 0.5 M TRIS, and at 224 nm in 1.0 M TRIS. The ESI
Fig. 1S(a–c)† explicitly elucidates that the trend of the red shi
in spectra of a-CT with the increasing buffer concentration is
maintained with each studied buffer. Glazer and Smith33

reported that the amide group of the protein exposed to the
aqueous environment undergoes the p–p* transition on ultra-
violet irradiation. Later, Steinhardt34 explained that the red shi
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (a and b). The relative activity of a-CT in 0.5 M, and 1.0 M TES, TAPS, and TAPSO buffer solutions at pH 8.0 and temperature 25 �C, after 3
minutes: (a) at 0.5 M, and (b) at 1.0 M.

Fig. 2 The UV-Visible measurements for a-CT in 0.05 M, 0.5 M, and
1.0M TRIS at 25 �C and pH 8.0. Solid black line 0.05M, solid red line 0.5
M, and solid blue line 1.0 M.
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in the peak of protein in the lower wavelength region may be
caused by the change in polarity of the solvent, especially in the
vicinity of amide moiety. These buffers (TRIS, TES, TAPS, and
TAPSO) are highly polar compounds and are known to have
high solubility in water.29 It is probable that the increased
polarity of the solvent with the increased respective buffer
concentration induced the shielding of the peptide group from
the aqueous environments and lowered the energy of the p and
p* electron clouds assisting the low-energy p–p* transition.
This lower energy p–p* transition appears as the bathochromic
shi in the peak of a-CT in the lower wavelength region. This
explains why the red shis increase with the increasing
respective buffers concentration. The peak of a-CT corre-
sponding to the aromatic amino acid residues (Trp, Tyr, and
Phe) remains unchanged irrespective of the type of buffer and
concentration. This peak appears to have a maximum at 281 nm
in each of the studied buffer condition. The small change in the
intensity of this peak of a-CT was observed from the samples
containing TES, TAPS, or TAPSO with various concentrations.
The observedminor changes may be the results of the change in
This journal is © The Royal Society of Chemistry 2014
micro-environment around aromatic amino acid residues due
to the conformational change in the protein structure.

Since the uorescence intensity of uorophore molecule is
highly sensitive to the molecular environment,35 therefore,
uorescence technique serves as an efficient tool in the inves-
tigation of molecular environment in the vicinity of chromo-
phore molecule. In case of proteins, the aromatic amino acid
residues, such as tryptophan (Trp), tyrosine (Tyr) and phenyl-
alanine (Phe) are responsible uorophore molecule. However, it
was observed that, when enzyme is excited at or above 295 nm,
the contributions from Tyr or Phe residues became negligible.36

Consequently, the emission spectra of a-CT at 295 nm mainly
appear due to the Trp residues. The enzyme under investigation
(a-CT) knows to have eight Trp amino acid residues. Therefore,
to investigate the structural changes of the enzyme with solvent
composition, we have measured the uorescence spectra of a-
CT in different concentrations (0.05 M, 0.5 M, 0.7 M, and 1.0 M)
of aqueous buffer solutions (pH ¼ 8) at excitation wavelength of
295 nm. The results of measurement for TRIS presented in
Fig. 3 and for other buffers (TES, TAPS, and TAPSO) are
compiled in ESI Fig. 2S(a–c).† The crystallographic study on the
atomic structure of native a-CT36 revealed that most of the
tryptophan residues in a-CT such as Trp27, Trp29, Trp51,
Trp141, Trp172 and Trp215 are less exposed to the external
solvent. While, two tryptophan residues (Trp207 and Trp237),
are easily accessible to the external solvent. Based on these
structural features of tryptophan residues in a-CT, it was
assumed that the effect of solvent on the emission spectra of the
a-CT attributed to the change in environmental polarity of the
tryptophan residue. This change in environmental polarity of
tryptophan residues may be caused either by solvent polarity or
the structural change in enzyme.37–39

A close analysis of the uorescence spectra of a-CT in Fig. 3
and 2S(a–c)† reveals that with the increase of buffer concen-
tration, the uorescence peak shis towards lower wavelength
with minor increase in intensity. The effect is very small in case
of TAPS or TAPSO, but is observable in TRIS or TES. This nding
supports that the Trp environment is more perturbed in the
presence of TRIS and TES in comparison with TAPS and TAPSO.
It is well known that the increase in hydrophilic environment
RSC Adv., 2014, 4, 51111–51116 | 51113
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Fig. 4 The hydrogen bond interactions of TRIS with a-CT.

Fig. 3 The emission fluorescence spectra for a-CT in 0.05 M, 0.5 M,
and 1.0 M TRIS at excited wavelength of 295 nm, 25 �C, and pH 8.0:
(-), 0.05M; (C), 0.5 M: (:), 1.0 M.
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around Trp residues may cause the shiing in the emission
peak towards higher wavelength and the shiing in the emis-
sion peak toward lower wavelength corresponds to increasing in
the hydrophobic microenvironment around Trp residues.
Therefore, the Trp residue shielded from the aqueous envi-
ronment undergoes blue shi with high quantum yield. It
might be possible that this shielding effect may provide a more
stable and compact native structure to the protein in the solvent
medium. This expectation is supported by our previous report,40

in which we have observed the hydrophobic collapse of thermo
responsive polymer poly(N-isopropylacrylamide) (PNIPAM) in
aqueous solutions of buffers, 2-(N-morpholino)ethanesulfonic
acid (MES), 3-(N-morpholino)propanesulfonic acid (MOPS), and
3-morpholino-2-hydroxypropanesulfonic acid (MOPSO) at very
low temperature in comparison with PNIPAM in water. PNIPAM
is an isomer of polyleucine, and is known as amodel compound
for protein. The effect of these buffers on LCST of PNIPAM
found to increase with increase of respective buffer concentra-
tion. On the basis of series of studies, we have found that with
the increase of buffer concentration, the buffer–water interac-
tions became dominant over polymer–water interactions that
drive the hydrophobic collapse of the polymer at comparatively
low temperature. It has been known that the buffers (TRIS, TES,
TAPS, and TAPSO) are polar compounds and are highly soluble
in water.29 It suggests that, in the present case, these buffers
molecules may withdrawing the hydration layer around enzyme
and thus providing more compact structure to the protein with
native conformation, especially at higher concentrations (0.5 M,
0.7 M, and 1.0 M) of respective buffer. Probably this compact-
ness in the structure causes the microenvironment around the
Trp residues comparatively hydrophobic. These results indicate
that with the increase of buffer concentrations, solvent polarity
increases, which provides the comparatively stable and compact
native conformation to the protein. This might be the reason
why the catalytic activity of a-CT increased with the increase of
the respective buffer concentration. Our expectations are in
51114 | RSC Adv., 2014, 4, 51111–51116
agreement with those provided by Dovaska-Taran et al.,41 who
explained that the blue shi in the emission spectra of a-CT is
attached with anthraniloyl uorophore with the increasing
surfactant concentration.

To further investigate the possible binding sites of the
studied buffers (TRIS, TES, TAPS, and TAPSO) in enzyme a-CT,
we have performed the molecular docking study between
enzyme a-CT and biological buffers TRIS, TES, TAPS, and
TAPSO with the Auto-dock–vina 1.5.4 docking program.42 The
results of molecular docking are presented in the Fig. 4 for TRIS
and in the ESI Fig. 3S(a–c)† for TES, TAPS, and TAPSO, respec-
tively. These gures show that all these buffers do not have any
direct interaction with the catalytic site (His 57, Asp 102 and Ser
195) of a-CT. The number of hydrogen bonds formed by TRIS,
TES, TAPS, and TAPSO buffers with adjacent amino acid resi-
dues are 10, 8, 5, and 9, respectively. The results show that the
main interaction between the investigated buffer and enzyme a-
CT is electrostatic. However, the a-CT-buffer interaction is not
unique with each buffer. The different buffers have been
observed to interact with different amino acid residues of a-CT.

Dzhafarov43 has investigated the interactions of fatty acid with
the albumin protein. The major effect of the binding of fatty acid
with albumin protein is reected as the change in the shape with
an increase in the stability of the protein structure. Perhaps, the
noticed bindings between the studied buffer and the globular
enzyme a-CT change the shape of the enzyme a-CT to the more
active conformation in the same manner as done by fatty acid.
Kotila and Valkonen44 have reported that TRIS acted as a poly-
dentate ligand and forms chelates with transition metal ion by
using amino group and one or two hydroxyl groups. It can be seen
clearly from Fig. 4 that the amino group and all the hydroxyl
groups of TRIS participating in hydrogen bonding with different
amino acid residues of a-CT. In addition, it appears to interact with
maximum number of amino acid residues of a-CT. In contrast,
TAPS buffer is found to interact with the least number of amino
This journal is © The Royal Society of Chemistry 2014
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acid residues and forming minimum number of hydrogen bonds
with adjacent amino acids (Fig. 3S(b)†). This nding explains why
TRIS appears the strongest and TAPS appears the weakest buffer in
enhancing the activity of a-CT. TES buffer is less hydrophobic and
more polar than TAPS and TAPSO buffer. Thus, the observed
electrostatic interactions, including hydrogen bonding, in TES
system are stronger than those in TAPS or TAPSO system. Since
these interactions are stabilizing the native conformation of the
enzymes, this might be the reason, why TES buffer is more
promising in enhancing catalytic activity of a-CT in comparison
with TAPS or TAPSO. TAPS and TAPSO buffers are structurally
similar, except the presence of an extra hydroxyl group (–OH)
between the amino and the sulfonic group in TAPSO. It is inter-
esting to see that this extra hydroxyl group of TAPSO involved in
the hydrogen bonding with Gln34 and Gly38 (Fig. 3S(c)†). It might
be the reason for the enhanced catalytic activity of the a-CT in
TAPSO over TAPS. Thus, the outcomes frommolecular docking are
in agreement with the experimental ndings. From this series of
systematically studies, it is revealed that the investigated buffers
are not only suitable for maintaining the required pH value in
aqueous solutions but also can be used to enhance the activity of
enzymes.
Conclusions

The catalytic activity of enzyme a-CT was analyzed in the pres-
ence of the commonly used biological buffers: TRIS, TES, TAPS,
and TAPSO. Interestingly, all the studied buffers were found to
enhance the activity of enzyme and the activity enhancement
increases with increasing buffer concentration. Since the enzy-
matic catalyzed processes are widely used and are highly
important from industrial point of view, the current study can
help in the improvement of such process in a more economical
way. In addition, we investigated the mechanism of the inter-
action of these buffers with a-CT. From the series of carefully
performed analysis on buffer-a-CT systems, the results reveal
that the buffer molecules, at higher concentrations, provide
more compact conformation to the enzyme. The main interac-
tion between buffer and a-CT is electrostatic. Certainly, such
information can help in the better understanding of the process
based on the buffer–enzyme systems. Therefore, employing
buffer as an enzyme stabilizer or an activity enhancer can be an
advantageous alternative over using the traditional volatile
organic compounds and the expensive modern ionic liquids.
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