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co-solvent effects on trypsin from
the digestive system of carp Catla catla by
biophysical techniques and molecular dynamics
simulations†

P. Madhusudhana Reddy,ab M. Taha,c Y. V. R. Kameshwar Sharma,d

Pannuru Venkatesu*a and Ming-Jer Leee

Here, circular dichroism (CD) spectroscopy, fluorescence spectroscopy, UV-Vis spectroscopy, SDS-PAGE,

substrate SDS-PAGE, and molecular dynamics (MD) simulations techniques have been employed to

understand the structural behavioral changes of trypsin (MW: 19.72 kDa, source: digestive system of adult

Indian major carp, Catla C. catla) in the presence of various chemical environments. The stability of the

trypsin can be increased by stabilizers, including trimethylamine N-oxide (TMAO), proline, and betaine,

without affecting its native structure. Trypsin has shown unusual high thermal stability in the presence of

betaine. Further, these experimental results were confirmed by means of MD simulations. The present

results explicitly elucidated that the behavior of a co-solvent may vary depending upon the type of the

protein.
1. Introduction

Fish viscera have been known as a potential source of different
enzymes, especially proteases.1 Proteases are used for a plethora
of industrial applications, e.g., in the detergent, food, pharma-
ceutical, leather and silk industries.2 One of the main digestive
proteases detected in the pyloric caeca and intestine of sh is
trypsin (EC 3.4.21.4). Trypsin, an important enzyme belonging
to the large and diverse family of serine proteases, has been
found in numerous higher mammals, sh, plants, insects and
bacteria.3 These proteins are also used to recover proteins from
sh carcasses that would otherwise go to waste aer lleting.4

Among all trypsins, sh trypsins are of immense interest
because they exhibit higher catalytic activity than their
mammalian counterparts, making them more suitable for a
number of biotechnological and food processing applica-
tions.5–7 The crystal structure of trypsin is shown in Fig. 1.
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Protein stability has elicited extensive studies in many
scientic disciplines. Most of the proteins lie in their collective
properties and the sequences in amino acids of the polypeptide
chains that fold in their compact native structure. The native
structure of proteins is only marginally stable, and achieves
stability/destability only within narrow ranges of conditions of
co-solvent environment which can dramatically affect the
Fig. 1 Schematic diagram of the crystal structure of trypsin, which was
downloaded from protein data bank and processed with PyMOL
viewer software.
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protein functional activities.8–15 It is well-known fact that even a
marginal change in the natural environment around the protein
may cause adverse effects on its properties.13 The co-solvent is
oen used by physical chemist or biochemist that either
stabilizes or destabilizes the structures of biomolecules.8,14–17

The biomolecule surface primarily interacts with the
surrounding of solvent molecules that contributes to its folding/
unfolding. Thus, the properties of the enzyme surface may be
crucial for maintaining its catalytic active conformation in co-
solvent. A more restrictive and specic term that will be
employed the osmotic relationships of organisms is osmolyte.8

The native conformation of the biomolecules under external
osmotic stresses such as dehydration, temperature variations,
variable pH, freezing, high salinity and internal stress such as
high concentrations of protein denaturants can be stabilized by
the osmotically active solutes, which are small organic mole-
cules, termed as naturally occurring osmolytes.8–25 These
osmoregulatory compounds, referred to as protectants, tend to
stabilize the protein structure without perturbing the biomol-
ecule structure and function.8,13–17

The ability of urea and guanidine hydrochloride (GdnHCl) to
denature the biomolecules has been extensively
explored.13–17,26–28 Proteins lose their denite compact structure
and take up unfolded state with disorder in the backbone
conformation in the presence of denaturants.28–31 The dena-
turants shis the folding equilibrium from the native state to
partially unfolded, while opposite is true in the presence of
osmolytes.18,32 The stabilization of compact native structures
reveal typically of preferential exclusion of osmolytes from the
Activity units ¼ ðAbs410=minÞ � 1000�mL of reaction mixture

extinction coefficient of chromogen�mg protein in reaction mixture
vicinity of the macromolecule surface. Energetically,
unfavourable interactions may exist between osmolyte and
hydration surfaces of protein.26–28 On the other hand, dena-
turants can break the bonds within the protein and thus
accumulate on the surface of protein through preferentially
binding.28–33

Apparently, the inuence of co-solvents on trypsin stability
has not been quantied systematically. Here, we have focused
on the isolation of trypsin from the digestive system of adult
Indian major carp Catla C. catla. To gain further deeper insight
into the structural aspects of trypsin, we have studied the
stability of this biomolecule in the presence of osmolytes
(TMAO, betaine and proline) and denaturants (urea and
GdnHCl) by using several biophysical techniques andmolecular
dynamic (MD) simulation. Moreover, we have also estimated
the Gibbs free energy of unfolding changes (DGu) at 25 �C,
which is a better indication of protein stability, from thermal
analysis (Tm), enthalpy changes (DH) and heat capacity
changes (DCP).
43024 | RSC Adv., 2015, 5, 43023–43035
2. Experimental section
2.1. Materials

Trypsin was extracted and puried by standard procedure34 and
the detailed procedure of extraction and purication is
described in the ESI.† Fishes were maintained under standard
living conditions and experiments were conducted with care. All
experiments were performed in compliance with the relevant
laws and institutional guidelines, Animal Ethical Committee,
Department of Zoology, University of Delhi, Delhi and also the
institutional committee(s) has approved the experiments.
TMAO, betaine, proline, GdnHCl and Tris (hydroxymethyl)
aminomethane from Sigma Chemical Co. and urea from Acros
Organics were purchased. All chemicals are of analytical grade
and used without further purication. Distilled deionized water
with resistivity of 18.3 MU was used for the preparation of Tris–
HCl buffer of 1.5 mM at pH 7.5. The concentration of protein
was maintained at 3 mg mL�1 for all measurements.
2.2. Trypsin activity

Trypsin activity was measured with N-a-benzoyl-DL-arginine-p-
nitroanalidine (BAPNA). 750 mL of BAPNA (1mM in 50mMTris–
HCl, pH 8.2, 20 mM CaCl2) was incubated with 10 mL of enzyme
extract at 37 �C and change of absorbance was recorded under
kinetic mode for 3 min at 410 nm.35 Trypsin activity was
expressed as change in absorbance per min per mg protein of
the enzyme used in the assay. Activity units were calculated by
the following equation:
The molar extinction coefficient of para-nitroanalidine
liberated from chromogens of BAPNA is 8800. Puried trypsin
of Catla was incubated with various osmolytes such as TMAO,
proline, betaine and denaturants such as urea and GdnHCl with
concentrations ranging from 1 to 3 M. Aer incubating for 1 h
in respective solutions then the percent relative activity of
trypsin was determined according to Laemmli.36
2.3. Molecular study by SDS-PAGE

Separation of proteins in the enzyme extracts was done by 12%
SDS-PAGE. Enzyme extract (20 mg protein per sample) was
loaded onto each well and electrophoresis was performed
(30 mA) on a vertical dual mini gel electrophoresis device
(Hoefer SE-260, Amersham Pharmacia, Uppsala, Sweden) at a
controlled temperature of 4 �C. The protein bands were studies
by SDS-PAGE, samples containing 20 mg were loaded onto each
well. Aer electrophoresis, the gel was then washed, stained
with 0.1% Coomassie brilliant blue (CBB, Mumbai, India) in
methanol : acetic acid : water (40 : 10 : 40) for 2 h. Destaining
This journal is © The Royal Society of Chemistry 2015
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was done with the same solution without CBB for 1 h. Clear
bands were identied trypsin. The gels were documented in
calibrated densitometer (GS-800, Bio-Rad, CA 94547, USA) with
help of Quantity one – 4.5.1 soware.
2.4. UV-Vis measurements

The absorption spectra of samples were recorded from 250 to
290 nm on a double beam spectrophotometer (UV-1800, SHI-
MADZU Co. Japan) equipped with 1.0 cm quartz cells at 25 �C.
2.5. Fluorescence spectroscopy

Fluorescence measurements were carried out on a Cary Eclipse
uorescence spectrophotometer (Varian optical spectroscopy
instruments, Mulgrave, Victoria, Australia) with an intense
Xenon ash lamp as light source. This instrument is equipped
with a multi cell holder and Peltier device with precision of
�0.05 �C to operate sample at any desired temperature. The
excitation wavelength set to 280 nm and slit widths of 5 nm for
excitation and emission bandwidths, respectively. Thermal
denaturation measurements of the sample were taken at a
heating rate of 1 �C min�1.
2.6. Circular dichroism (CD) spectroscopy

CDmeasurements were done with 1 cm path length rectangular
quartz cell at 25 �C, on PiStar-180 spectrophotometer (Applied
Photophysics, UK). This instrument is equipped with a Peltier
system for controlling temperature of the sample cell at desired
temperature. (1S)-(+)-10-Camphorsulfonic acid (Aldrich,
Milwaukee, WI), which exhibits a 34.5 M cm�1 molar extinction
coefficient at 285 nm, and 2.36 M cm�1 molar ellipticity (q) at
295 nm, was used in calibration of the instrument. Each spec-
trum was collected in the range 196–250 nm by averaging six
spectrums.
2.7. Molecular dynamics (MD) simulation

The crystal structure of trypsin was obtained from the protein
databank (PDB ID: 2ptn).37 The protonation state of trypsin
structure is adjusted according to pH 8.2 using the H++ server
employing the Poisson–Boltzmann equation.38 The molecular
dynamics (MD) simulation were performed using the
GROMACS 4.5.5 package.39 The standard GROMOS 53a6 force
eld40 was used as the parameters for trypsin and co-solvents.
Table 1 Compositions of the simulated systems

Systems

Number of molecules

Tris HTris Ca+ Cl� Water Osmolyte/denaturant

50 mM buffer 6 5 5 21 11 447 —
1 M betaine 6 5 5 21 9743 229
1 M proline 6 5 5 21 9874 229
1 M TMAO 6 5 5 21 10 190 229
1 M urea 6 5 5 21 10 671 229
1 M GdnHCl 6 5 5 250 10 109 229

This journal is © The Royal Society of Chemistry 2015
The parameters of the force eld for urea and GdnHCl are
taken from Smith et al.41 and Camilloni et al.42 The parameters
concerning TMAO, proline, and betaine were taken from the
Automated Topology Builder (ATB) database.43 The simulations
were carried in explicit solvent using SPC/E water.44 The enzyme
was placed in a cubic box containing 1 M (betaine, proline,
TMAO, urea, or GdnHCl), 50 mM Tris–HCl at pH 8.2, and
20 mM CaCl2. The cubic box was large enough to contain
trypsin and surrounded by 1 nm of solvent on all sides. The total
charge of the simulation systems were neutralized with Cl
counter-ions. The molecular numbers of the simulation
systems are reported in Table 1. The number of molecules of
neutral (Tris) and protonated (HTris+) forms of 50 mM Tris–HCl
was calculated based on its pKa value (7.81)45 using HySS
(HYPERQUAD Simulation and Speciation) program.46 The
whole system was relaxed with 50 000 steps of the steepest
descent energy minimization, which the maximum force on
individual atoms was <1000.0 kJ mol�1 nm�1. Prior to run
production MD, each system was equilibrated for 500 ps in two
phases, and the heavy atoms of the protein were restrained.

The rst equilibration phase is to stabilize the temperature
of the system with NVT ensemble at 300 K, whereas the second
equilibration phase is conducted under an NPT ensemble to
stabilize pressure of the system at 1 bar. The position restraints
of protein were nally released and the system was equilibrated
for 20 ns (10 000 000 steps) at constant temperature and pres-
sure (NPT ensemble), in the production MD phase, for data
collection. The MD simulations were performed using MD
Leapfrog integrator with a time step of 2 fs. The cut-off of the
short-range Coulombic and Lennard-Jones (LJ) interactions was
1.0 nm. The long range Coulombic interactions were treated
with Particle-Mesh Ewald (PME) method with a Fourier spacing
of 0.16 nm and an interpolation order of four.47 The chemical
bonds to hydrogen atoms were constrained with the LINCS
algorithm.48 Temperature and pressure of the simulation
system were controlled by velocity-rescaling thermostat49 and
Parrinello and Rahman barostat,50 respectively. The coordinates
of the 20 ns trajectory were saved every 2 ps for analysis.
GROMACS 4.5.5 package has several tools for analysis the
simulation trajectories. The g_energy tool was used to calculate
the electrostatic and Lennard-Jones energies between the pairs.
The g_gyrate tool was used to compute the radius of gyration of
protein. The number of the hydrogen bonds between trypsin
and solutes was calculated using g_hbond tool with donor–
acceptor distances of less than 0.35 nm and a cut-off angle
(acceptor–donor–hydrogen) less than 30�. The g_rdf tool was
used to calculate the radial distribution functions and coordi-
nation numbers between particles. The molecular structures
and snapshots were visualized using the visual molecular
dynamics (VMD) soware.51

3. Results and discussion
3.1. Effect of co-solvents on the activity of trypsin

Trypsin was treated with different co-solvents and the relative
activity of trypsin was determined in percentage. The activity of
puried trypsin was treated as 100% for comparison with that
RSC Adv., 2015, 5, 43023–43035 | 43025



Fig. 2 Percent relative activity of purified trypsin, Catla catla with 1 M
concentration of different co-solvents such as TMAO, proline, betaine,
urea and GdnHCl.
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in different co-solvents. The obtained activity results of trypsin
in different co-solvents were displayed in Fig. 2. The trypsin was
found with 90.5% relative activity in the presence of proline as
shown in Fig. 2. The relative activity of trypsin was found to be
80.5 and 63.1, in the presence of betaine and TMAO, respec-
tively. On the other hand, not surprisingly trypsin was
completely lost its activity in the presence of urea and GdnHCl.
3.2. Study of the behaviour of trypsin at molecular level in
the presence of co-solvents

To evaluate the binding capability of co-solvents to trypsin
structure, we used gel electrophoresis and the obtained results
were summarized in Fig. 3. Folding and unfolding of protein
have been observed with the help of banding pattern obtained
from the SDS-PAGE.52–54 Baldwin et al.52 focused on the folded
and unfolded proteins on SDS-PAGE and used to quantitate
their unfolding.

According to Dewald et al.54 SDS-PAGE mobility assay allows
the discrimination of aggregate, unfolded membrane associ-
ated and folded membrane associated protein state. In our
Fig. 3 SDS-PAGE of purified trypsin of Catla catla treated with various co
with concentrations ranging from 1 to 3 M, respectively. Sample was
(97 400); bovine albumin (66 200); ovalbumin (45 000); carbonic anhydra
was directly stained with Coomassie brilliant blue R-250 for 2 h and des

43026 | RSC Adv., 2015, 5, 43023–43035
study, SDS-PAGE was performed to explore the alterations in
protein by observing the banding pattern with reference to
control (buffer). SDS is a strong agent used to denature native
proteins to unfolded state, individual polypeptides. In this
process, the intrinsic charges of the polypeptides become
negligible as compared to the negative charges contributed by
SDS.

The results in Fig. 3 shown that proline (P), betaine (B),
TMAO (TM) and urea (U), at concentration of 1 M, stabilized the
conformation of trypsin. However, the conformation was
completely unfolded with the addition of GdnHCl at 1 M and
2 M GdnHCl as shown in Fig. 3. Surprisingly, the trypsin
conformation was partially disturbed in the presence of proline,
betaine, TMAO and urea at 2 M. The structure was completely
denatured in the all investigated co-solvents at the concentra-
tion of 3 M. Similar study was conducted by Dewald et al.54 in
which there was the spontaneous folding of two Neisserie outer
membrane proteins by the addition of urea. These results have
conrmed that the change in folded conformation of trypsin
can be varied depend upon the nature of the co-solvent. These
differences in conformation of trypsin in response to different
co-solvents can be understood from the protein water-
accessible surface area (ASA).55 Denaturants, such as urea is
known to enhance the ASA of the protein and thereby protein
structure was altered, whereas reverse was true for TMAO and
betaine.55
3.3. Understanding of folding and unfolding states of
trypsin in the presence of co-solvents by thermodynamic
parameters

Thermodynamic parameters are evolved as paradigm to
understand the protein folding and unfolding.8,13 Transition
temperature (Tm), Gibbs free energy change (DG) and enthalpy
change (DH), among others, play a great role in delineating the
noncovalent forces that involve in stabilizing the different
structural features of the biomolecules.56 Tm, DG and DH were
determined from temperature dependent uorescence intensity
curves as shown in Fig. 4 and obtained data collected were
-solvents proline (P), betaine (B), TMAO (TM), urea (U) and GdnHCl (G)
diluted (1 : 1) with sample buffer. MWM comprising phosphorylase b
se (31 000); and trypsin inhibitor (21 500). After electrophoresis the gel
tained. M – Bio Rad Marker low range.

This journal is © The Royal Society of Chemistry 2015



Fig. 4 Temperature dependent fluorescence intensity of trypsin in various co-solvents at different concentrations: (A) 1 M, (B) 2 M and (C) 3 M.
Colour lines represent buffer (black line), TMAO (red line), proline (blue line), betaine (green line), urea (cyan line) and GdnHCl (magenta line).
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shown in Table 1S.† A sigmoidal type of uorescence intensity
curves were obtained for trypsin in the presence and absence of
co-solvents. The values of map N andmap D for the protein were
obtained through linear tting of the pre- and post-transition
Fig. 5 (A) Transition temperature (Tm) and (B) calculated Gibbs free ener
solvent media. Colour lines represent buffer (black line), TMAO (red line
(magenta line).

This journal is © The Royal Society of Chemistry 2015
data.57,58 The Gibbs energy of unfolding at 25 �C (DGu) has
been calculated by using the following equation,

DGu(T) ¼ DH[1 � (T/Tm)] � DCP[(Tm � T) + T ln(T/Tm)] (1)
gy changes in unfolding state (DGu) at 25 �C for the trypsin in different
), proline (blue line), betaine (green line), urea (cyan line) and GdnHCl

RSC Adv., 2015, 5, 43023–43035 | 43027



Fig. 6 Fluorescence intensity of trypsin in various co-solvents at different concentrations: (A) 1 M, (B) 2 M and (C) 3 M. Colour lines represent
buffer (black line), TMAO (red line), proline (blue line), betaine (green line), urea (cyan line) and GdnHCl (magenta line).
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From Table 1S† and Fig. 5A, one can observe that the Tm
values were rapidly increased with addition of osmolytes (from
58.5 �C (in the buffer) to 63.3, 62.0 and 61.0 �C in the presence of
3 M betaine, proline and TMAO, respectively), while the Tm
values were decreased with the addition of the denaturants
(from 58.5 �C (in the buffer) to 56.6 and 55.7 �C in the presence
of 3 M of urea and GdnHCl, respectively). Out of three stabi-
lizers, betaine proved to be the strongest stabilizer, whereas,
proline and TMAO were moderate and weak stabilizers,
respectively, for protecting the protein folded conformation.
The stabilizing abilities of different stabilizers for native state of
trypsin varied from stabilizer to stabilizer; therefore, the effi-
ciency of stabilizing effects of stabilizers follows the trend:
betaine > proline > TMAO. On the other hand, GdnHCl proved
to be the stronger destabilizer for the trypsin folded confor-
mation. It is worth noting that the Tm values were increased
with increasing the concentration of all the stabilizers,
conversely, the Tm values were decreased with increasing the
concentrations of denaturants. The preferential hydration of
43028 | RSC Adv., 2015, 5, 43023–43035
protein in the presence of stabilizers can enhance the stability
of proteins.59–63

The prole of DGu in buffer and in the presence of different
co-solvents, were obtained for trypsin by using the eqn (1) and
displayed in Fig. 5B and tabulated in Table 1S.† The results in
Fig. 5B and Table 1S† show that the values of DGu were
increased linearly with the concentration of osmolytes indi-
cating that trypsin was stabilized by the stabilizers. On the other
hand, addition of denaturants to the protein led to decrease in
DGu values. Betaine has shown large stabilizing effects on
trypsin as indicated by elevated DGu value (23.67 kJ mol�1 in
3 M betaine solution) compared with control (20.56 kJ mol�1 in
buffer). In addition to betaine, the remaining two stabilizers,
proline and TMAO, show stabilizing effects on trypsin as it was
evidenced from the enhancement in the DGu values (22.52 and
21.98 kJ mol�1 in 3 M proline and TMAO, respectively). In
contrast, trypsin has shown the DGu value of 18.34 kJ mol�1 in
3 M GdnHCl, which shown that the native structure of trypsin
was perturbed.
This journal is © The Royal Society of Chemistry 2015



Fig. 7 Far-UV CD spectra of trypsin in various co-solvents at different concentrations: (A) 1 M, (B) 2 M and (C) 3 M. Colour lines represent buffer
(black line), TMAO (red line), proline (blue line), betaine (green line), urea (cyan line) and GdnHCl (magenta line).
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Further, the enhancement in concentration of stabilizers
leads to a drastic decrease in protein surface area and thereby
decreasing the congurational entropy of the unfolded state.
This view provides a rationale for expecting an entropy decrease
in the native 4 unfolded equilibrium in the presence of the
stabilizers when compare to the equilibrium in the absence of
stabilizers. As tabulated in Table 1S,† the DH and DCP values of
trypsin in all three stabilizers were positive and obviously higher
than the control point. Altogether, the results indicate that
stabilizers interact unfavorably with the surface of trypsin while
the denaturants interact favorably with surface of trypsin.
3.4. Steady state uorescence spectroscopy

Using the uorescence spectroscopy for assessing the stability
prole of proteins in the presence of co-solvents is a very
important characterization and quality control step for any
biopharmaceutical.64 The prerequisite for implementation of
uorescence spectroscopy in protein studies is the presence of
uorophore or uorochrome. In trypsin, four tryptophans (Trp
51, Trp 141, Trp 215, and Trp 237) are considered as an intrinsic
uorophores.64,65 The uorescence spectra of trypsin in
different co-solvents were displayed in Fig. 6A. As shown in
This journal is © The Royal Society of Chemistry 2015
Fig. 6A, trypsin has exhibited a strong uorescence emission at
about 340 nm in buffer solution. The peak at 340 nm has
exhibited blue shi in emission wave length upon addition of
stabilizers (betaine, proline and TMAO), whereas, this peak has
shown red shi in emission wavelength over the addition of the
denaturants (urea and GdnHCl).

The uorescent (Trp), hydrophobic group, has been buried
with the addition of stabilizers in such a way that it is coming
closer to sulphur containing groups such as Cys and disulphide
bonds which can act as efficient quencher of Trp uorescence.
This is leading to decrease in uorescence intensity. In contrast
to this, these hydrophobic groups were exposed as the protein
unfolds by the addition of denaturants and lead to the high
uorescence emission intensities.61 The intensities were
decreased with enhancement of osmolytes concentration, while
intensities were gradually increased with enhancement of
denaturant concentration (Fig. 6B and C). The enhancement of
uorescence intensities in the high concentration of denatur-
ants suggest that the tryptophans have moved further away
from sulfur containing groups such as cysteine and disulde
bond which can act as an efficient quenchers of tryptophan
uorescence in native state.66,67 This is due to the fact that the
RSC Adv., 2015, 5, 43023–43035 | 43029



Fig. 8 Variations in Rg of trypsin with time for 20 ns in buffer (black
line), 1 M betaine (red line), 1 M proline (blue line), 1 M TMAO (magenta
line), 1 M urea (olive line), and 1 M GdnHCl (violet line).
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quantum yield of tryptophan in proteins is difficult to predict.
Several amino acid side chains, as well as the peptide bond, are
efficient quenchers of tryptophan uorescence through excited-
state proton or electron transfer.68,69
3.5. Circular dichroism spectroscopy

CD has been proved an excellent spectroscopic technique for
monitoring protein folding and unfolding states that are
induced by the various factors.70 The CD spectrum in the far-UV
region can provide information about the nature and compo-
sition of different secondary structural elements such as
a-helices, b-sheets, turns, and random coils in a protein.71 The
far-UV CD spectra for trypsin in the presence of co-solvents
(1 M) have been shown in Fig. 7A. The protein containing an
a-helix exhibits two negative bands at 208 and 222 nm in the far
UV-CD spectra. Also, a negative band between 210 and 222 nm
resembles protein b-sheet. As Fig. 7A has reected that the
enhancement of magnitude of negative sign of two bands at 216
and 222 nm with the addition of osmolytes, whereas the reverse
was true for denaturants. The decrease in the magnitude of
negative ellipticity of bands at 216 and 222 nm with addition of
denaturants indicated that the drop in helical content and an
increase in b-turn and random coil content. Further, the
decrease in the magnitude of negative signs of bands at 216 and
222 nm was more pronounced with addition of GdnHCl.
Table 2 The Coulomb and the Lennard-Jones energies of solute–wate

Solutes

ECoulomb/(kJ mol�1) ELennard-J

Solute–water Trypsin–solute Solute–w

Betaine �58 920.7 � 200.0 �2030.6 � 61.0 �3153.2
Proline �51 156.2 � 190.0 �1974.4 � 74.0 �2603.2
TMAO �27 442.7 � 52.0 �1061.2 � 30.0 �3047.4
Urea �22 246.8 � 50.0 �873.0 � 41.0 �2359.3
GdnHCl �27 515.5 � 58.0 �1329.1 � 98.0 2217.0
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On the other hand, the enhancement of negative ellipticity of
two bands at 216 and 222 nm was signicantly pronounced by
the addition of betaine and thereby, secondary structure of
protein was enhanced. However, the trends in two bands at 216
and 222 nm in the presence of proline or TMAO were very
similar to that of betaine. The enhancement or diminishment
in the magnitude of negative signs of the bands was further
pronounced with increasing the concentration of co-solvents
(Fig. 7B and C). The increase in the concentration of stabi-
lizers in bulk buffer leads to the utilization of more water
molecules in solubilization process and thereby competition
starts for the available water between proteins and solutes.72

Due to this competition there is a reduction in the protein
solvation layer, which results in a decrease in the apparent
molal volume of the protein. As a result, the protein becomes
more compact in the presence of stabilizers and nally leads to
the more magnitude of negative ellipticity at 216 and 222 nm.
Therefore, our results have shown the evidence of conforma-
tional changes of trypsin in the presence of various co-solvents.
3.6. Molecular dynamics (MD) simulation

The radius of gyration (Rg) as a function of time is an important
tool to illustrate the spreading of the protein structure out of
from its center. In Fig. 8, the Rg of trypsin in 1 M of the co-
solvents varying with time were plotted. This gure has sug-
gested that the enzyme structure remains unchanged during
the simulations. The Rg show that the co-solvents, at 1 M, have
no signicantly different effects on the enzyme structure. The
enzyme structure in the stabilizers solution wasmore stable and
compact structure than that in the denaturant solution, which
the Rg follows the trend: betaine < proline < TMAO < urea <
GdnHCl.

The electrostatic (Coulomb) and the van der Waals (Lennard-
Jones) interaction energies of solute–water and enzyme–solute
pairs were calculated from the MD simulations and reported in
Table 2. The interaction energies between stabilizers and water
were negative and follow the order betaine > proline > TMAO.
The electrostatic and the van der Waals energies between the
osmolytes and trypsin were also negative and have the order
proline $ betaine > TMAO; however, they are much smaller
than those between the stabilizers and water. Thus, the stabi-
lizer enhances the water structure and reduces the enzyme–
water interactions, which could be associated with its ability to
protect protein native structure. The interaction energies of
r and enzyme–solute pairs obtained from the MD simulation

ones/(kJ mol�1) E(Coulomb+Lennard-Jones)/(kJ mol�1)

ater Trypsin–solute Solute–water Trypsin–solute

� 16.0 �748.8 � 34.0 �62 073.9 �2779.4
� 10.0 �835.4 � 30.0 �53 759.4 �2809.8
� 9.6 �672.5 � 19.0 �30 490.1 �1733.7
� 6.1 �483.4 � 19.0 �24 606.1 �1356.4
� 4.0 �119.2 � 3.5 �25 298.5 �1448.3

This journal is © The Royal Society of Chemistry 2015



Fig. 9 The radial distribution function (RDF) between water oxygen
atoms (OW–OW) in 1 M betaine (black line), 1 M proline (red line), 1 M
TMAO (blue line), 1 M urea (pink line), and 1 M GdnHCl (green line). The
curves of betaine, proline, and TMAO overlap on each other; and the
urea and GdnHCl are also overlapping.

Fig. 11 The (SER195:HG/TMAO:O) RDF obtained from MD simula-
tions of trypsin in 1 M TMAO.
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trypsin–GdnHCl are greater than those of trypsin–urea. The
electrostatic energy between GdnHCl and water is higher than
that of urea–water, while the van der Waals energy of the latter
is higher than the former that shows a positive value. To
examine the effect of the osmolytes and denaturants on the
water structure, the radial distribution function (RDF) between
water oxygen atoms (OW) were calculated from the simulation
results and plotted in Fig. 9. The RDF provides quantitative
information of enhancement or lessening of density and
arrangement of atom around the other atom. The peak of the
(OW–OW) RDF (at 0.27 nm) in the presence of the osmolytes is
Fig. 10 Schematic diagram of the active site of trypsin.

This journal is © The Royal Society of Chemistry 2015
higher than that of the denaturants. This suggests that the
osmolytes enhance the hydrogen bonding between water
molecules, and therefore strengthening the water structure and
stabilising the enzyme structure.

Hydrogen bond formations between protein and solutes are
important for the structural stability of the protein. The average
number of hydrogen bonds hNHBi between trypsin and co-
solvents is calculated from MD simulations. The hNHBi values
for proline, betaine, TMAO, urea, and GdnHCl with trypsin are
35.04, 26.37, 17.83, 39.79, and 31.49, respectively. To under-
stand the effect of these co-solvents on trypsin activity, the
hydrogen bond formations between the co-solvents and the
active site of trypsin were investigated. The catalytic triad of
trypsin consists of the residues SER195, HIS57, and ASP102,
which they are close to each other, as shown in Fig. 10. The
hydroxyl group of the residue SER195 forms a covalent bond
with the substrate. HIS57 residue accepts the hydroxyl's proton
of SER195 (SER195:HG) to facilitate formation of the covalent
bond. The role of ASP102 is to stabilize the positive charge of
HIS57. By the inspection the hydrogen bonds formation
between the studied solutes and the catalytic triad, TMAO, urea,
and GdnHCl were found to form hydrogen bonds with the active
site residues, whereas betaine and proline are not. TMAO was
found to form hydrogen bond with active proton of SER195
(HG); consequently, it seems that this interaction is responsible
for the decrease in the enzyme activity. The RDF of the oxygen
atom of TMAO and SER195:HG, as shown in Fig. 11, has a peak
at 0.16 nm which related to the hydrogen bond between them. A
variety of hydrogen bonds was found between the hydrogens of
GdnHCl with SER195:OG, SER195:O, HIS57:NE2, and
HIS57:ND1. Fig. 12 shows the RDFs for the hydrogen bond sites
of GdnHCl and these residues, and the result reveals that the
RDF of SER195:OG is higher than SER195:O and the RDF for
HIS57:NE2 is higher than HIS57:ND1. Urea was also formed
several hydrogen bonds with SER195:H, SER195:OG, HIS57:O,
HIS57:NE2, and HIS57:ND1, and the corresponding RDFs are
plotted in Fig. 13. Both the hydrogen and oxygen atoms of urea
RSC Adv., 2015, 5, 43023–43035 | 43031



Fig. 12 The RDFs of GdnHCl–SER195 (a) and GdnHCl–HIS57 (b)
interactions obtained from MD simulations of trypsin in 1 M GdnHCl;
(SER195:O/GdnHCl:H) black line, (SER195:OG/GdnHCl:H) red line,
(HIS57:NE2/GdnHCl:H) green line, and (HIS57:ND1/GdnHCl:H) blue
line.

Fig. 13 The RDFs of urea–SER195 (a) and urea–HIS57 (b) interactions
obtained from MD simulations of trypsin in 1 M urea; (SER195:OG/
urea:H) black line, (SER195:H/urea:O) red line, (HIS57:O/urea:H)
blue line, (HIS57:ND1/urea:H) olive line, and (HIS57:NE2/urea:H)
pink line.
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were able to form hydrogen bonds with the active site. The
(urea:O/SER195:H) and (urea:H/SER195:OG) RDFs show
sharp peaks appear at (0.21 and 0.18) nm, respectively. The
(urea:H/SER195:NE2), (urea:H/SER195:O), (urea:H/
SER195:ND1), RDFs exhibit peaks corresponding to their
respective hydrogen bonds at (0.20, 0.19, and 0.33) nm. The
urea molecules located near to the protein surface are shown in
Fig. 14A, as an example, which indicate their direct interaction.
For instance, Fig. 14B shows the hydrogen bond formation
between (urea:H/SER195:OG). It is clear from the MD simu-
lation that the signicant decrease in trypsin activity in 1 M
denaturant solution is mainly due to the hydrogen bonds
between the denaturant and the catalytic triad.

Overall, our results have strongly delineated that the stability
of trypsin was enhanced by increasing the concentration of
stabilizers, while the stability was decreased as increasing the
concentration of denaturants. Our experimental and MD
simulation results have clearly explained that the stabilizers
have increased the stabilization of trypsin in the order: betaine
> proline > TMAO. The weak stabilizing ability of TMAO was
mainly due to the weak unfavourable interaction between
TMAO and trypsin functional groups as it was reected from the
43032 | RSC Adv., 2015, 5, 43023–43035
lower DGu of trypsin in the presence of TMAO. Interestingly, the
DGu values of trypsin in the presence of different stabilizers
show that betaine was the strongest stabilizer, while proline was
a moderate stabilizer and TMAO was a weak stabilizer. The
present trend of stabilizers was quite interesting and surprising.
Indeed, TMAO acts as a strongest stabilizer for various
biomolecules.13–18,26,60 However, in the present study TMAO
proved to be a weakest stabilizer. Analogously, a similar
phenomenon was observed by Bruździak et al.73 According to
Bruździak et al., TMAO has acted as a weak stabilizer for hen egg
white lysozyme. Further, Canchi et al.74 have also revealed
through simulations that TMAO cannot act as a protectant for
stable conformation of proteins and may even acted as a
denaturant.

Our results have shown that the stabilizers were excluded
from water molecules around trypsin structure and thereby and
thereby, the protein has adopted more compact conformation.
The present results are corroborated with the recent experi-
mental results73,75–78 in which the globular proteins do not
undergo any conformational changes in the presence of
This journal is © The Royal Society of Chemistry 2015



Fig. 14 (a) Urea molecules locate within 0.5 nm of protein surface. (b)
The hydrogen bond formation between (UREA:H/SER195:OG).
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stabilizers. In addition, our results are in good agreement with
MD simulation studies, in which stabilizer enhances the tetra-
hedral water structure and weakens the interactions between
protein functional groups and water molecules, which leads to
protect protein native structure.74,79–82 In other words, our
results strongly suggest that urea (or) GdnHCl effectively
disrupts the native structure of trypsin via preferential binding.
Interestingly, our ndings are in agreement with existing results
from molecular dynamic simulations83–87 as well as the experi-
mental results.15,19,28,88,89 Obviously, it appears that GdnHCl,
urea, betaine, proline and TMAO do affect different forms of
structure in distinctly different ways, from both molecular and
structural tandpoints. Further research needs to be performed
on trypsin carp along with trypsin from other carps and
common carp to see how other proteins handle osmotic stress
as it is apparent that proteins from different species may be
affected differently.
4. Conclusions

Trypsin was puried from the hepatopancreas of Indian major
carp, Catla C. catla by fractional precipitation with ammonium
sulfate and was followed with ion exchange and affinity chro-
matography. SDS-PAGE of puried trypsin PF2, of Indian major
carp Catla, revealed a homogenous single band with molecular
mass of 19.72 kDa. A 107.4 fold purication of trypsin was
observed from the purication of trypsin from Catla, with the
This journal is © The Royal Society of Chemistry 2015
yield of 24.6%. Puried enzyme from Catla was completely
inhibited by soybean trypsin inhibitor (SBTI) and specic
trypsin inhibitor (TLCK). Activity bands were signicant in
substrate SDS-PAGE (zymogram). The stabilizer or denaturant-
induced structural alteration of trypsin was studied by moni-
toring the UV-Vis, uorescence and thermal uorescence and
CD measurements. To ensure our experimental results, we
further studied MD simulation using GROMACS 4.5.5 package.
It was concluded that the native structure of trypsin was stabi-
lized in the presence of osmolyte tend to exclude from the
enzyme surface, forcing the polypeptide to adopt a compactly
folded structure. The trypsin structure starts denaturing with
increasing concentration of urea or GdnHCl and reaches a
completely unfolded state due to the preferentially binding.
Moreover, our results vividly demonstrated that betaine exerts a
powerful stabilizer and most effective compatible osmolyte,
whereas TMAO is a weak stabilizer and least protective osmo-
lyte. The structure and function of trypsin was strongly inu-
enced by the cosolvent through biomolecular interaction
between the vicinity of protein surface and the co-solvents. Our
results reveal that the preferential interactions occur between
the surface of trypsin and neighbouring particles of co-solvents
through exclusion of osmolyte or inclusion of denaturant. The
wide range of applications of co-solvents will continue to
improve with the advent of new biological applications
providing novel information in the eld of protein stability
research.
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