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INTRODUCTION

Commercial scale production of medicinally important
recombinant protein is very much effected by the instability
of protein. The recombinant protein production is caused by
the homologous and heterologous overexpression of the protein
in Escherichia coli which is a prevalent method [1]. The three-
dimensional conformation of protein is known as stable confor-
mation [2]. Changes in native conformation of protein can be
caused by the effect of chemical denaturants such as chaotropic
agents, alcohols, detergents, pH, heat shocks. etc. that causes
unfolding of protein and because of this protein lost its stability.
To attain increased level of functional protein for different
research purposes, the recombinant protein expression in E.
coli has become necessary procedure [3]. Although this method
is simple but correctly folded, biologically active protein produ-
ction is always restricted by misfolding and aggregation of
recombinant proteins [4]. The inherent nature of recombinant
protein, the rate of protein expression or the concentration of
intermediates during protein folding are among the different
factors which effects the process of folding and causes protein
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instability by forming aggregates, also known as inclusion
body, which are non-native in nature and can create problems
in structural and biochemical analysis [5].

To increase the production of essential recombinant proteins,
it is mandatory to develop the methods that would help in
inhibiting protein aggregation. For the production of proteins,
E. coli is one of the best suited model as its genetics is inten-
sively studied and shows a high rate of growth such that high
cell density is achieved quickly. Protein refolding causes form-
ation of correct 3D conformation which is a complex procedure
and are not understood clearly. The process of refolding is
regulated to inhibit aggregation which may result in correct
refolding of protein, leading to increased production of the
biologically active form of protein [6]. For the eradication of
this problem, researchers have used different methods including
osmolytes, nanoparticles, etc.

In present study, we have used dihydrofolate reductase
(DHFR) (EC 1.5.1.3), which is a common enzyme in all the
organisms [7,8]. It performs a significant function in thymi-
dylate synthesis, purines and many other amino acids like
glycine, methionine and serine. It catalyzes the reaction in which
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dihydrofolate reduces to form tetrahydrofolate [9-11]. The
activity of DHFR if inhibited, affect the processes which involves
the purine and thymidylate synthesis [12]. In addition, dihydro-
folate reductase’s inhibition also disrupts DNA replication [13].
This type of interruption causes cell death. DHFR has been
studied as an advantageous target for designing of inhibitors
that could assist in treatment of various deadly diseases e.g.
cancer [7].

Improper protein folding is caused by the protein’s transi-
tion state that is very crucial. It can happen in both in vivo and
in vitro conditions. Misfolding and aggregation of proteins
are the main factors which provide protein instability that leads
to a variety of protein folding diseases and many neurodegene-
rative diseases [14]. Nanoparticles are materials at sub-micro-
meter scales, usually 1-100 nm, so they possess a large surface
to volume ratio. Due to this property, nanoparticles have signifi-
cant adsorption capacities, therefore they are able to bind or
carry other molecules, chemical compounds, drugs, probes
and proteins. These molecules are attached to the nanoparticle’s
surface by covalent bonds or by adsorption. These nanoparticles
have the ability to influence protein folding and aggregation
[15]. Herein, we have used gold and silver nanoparticles, which
acts like chaperones and helps in enhancing the stability of
chemically denatured protein and monitored using UV-visible
spectrophotometer and intrinsic fluorescence spectrometry.

EXPERIMENTAL

Zebrafish DHFR was over-expressed and purified from
BL21 (DE3) Rosetta Escherichia coli strains. zDHFR gene was
incorporated in the plasmid, pET 43.1a vector which was
obtained from Dr. Tzu-Fun, Taiwan. Nicotinamide adenine di-
nucleotide phosphate (NADPH), dihydrofolate (DHF), isopropyl-
d-1-thiogalactopyranoside (IPTG), urea, guanidine hydro-
chloride (GdnHCl), oxidized glutathione (GSSG) and reduced
glutathione (GSH) were purchased from Sigma Chemical
Company (USA). Imidazole with high purity grade, Tris HCl,
potassium chloride and sodium chloride were purchased from
HiMedia, India. Analytical grade reagents were used all the
time. Experimentation was done with Milli-Q (Merck Millipore)
or double distilled water.

Preparation of recombinant zDHFR protein: Expression
and purification of recombinant zDHFR was performed with
BL21 (DE3) Rosetta E. coli strain that consist of the plasmid,
zDHFR-His/pET43.1a which encodes the DHFR gene.
Immobilized metal ion affinity chromatography (IMAC) was
done in single step purification with Ni2+ as chelating ion [16].
A linear gradient of 0-500 mM imidazole was used and the
elution of His-tagged zDHFR protein was done around 150 mM
imidazole. The aliquots which have purity higher than 95%
were collected and dialysis was done and further the concen-
tration of purified protein was checked using Bradford assay.
The expression and purification of zDHFR was confirmed with
12% SDS-PAGE [17].

Enzyme assay of zDHFR: zDHFR catalyzes the reaction
in which DHF converted to THF which was monitored on a
UV-vis spectrophotometer by observing the decrease in absor-
bance of NADPH at 340 nm. Each assay mixture contains

140 µM NADPH, 100 µM DHF and 0.2 µM Zebrafish DHFR,
pH 7.4 [18,19]. All the enzyme assays were executed in trip-
licate. Freshly prepared NADPH, DHF which were incubated
in ice, used within 2 h of experimentation.

Synthesis of silver and gold nanoparticles: An aqueous
solution was form by mixing sodium citrate with tannic acid
then the solution was heated for 15 min under brisk stirring
then added AgNO3 solution into this solution after boiling. Bright
yellow colour develops in the solution immediately. Now centri-
fugation (10000 g) was used to purify the AgNPs for the eradi-
cation of excess tannic acid which was followed by redispersal
in milli-Q-water before characterization the sample [20].

Gold nanoparticles were amalgamated using the widely
known Turkevich method [21]. In a round-bottom flask attached
to a condenser, 0.1 mg/mL HAuCl4 solution was boiled while
stirring vigorously. Upon adding 1% sodium citrate trihydrate,
the HAuCl4 was then reduced, turning the solution from dark
purple to red wine colour. It was then continuously stirred
bringing it to room temperature.

Interaction of Ag and AuNPs with zDHFR: The zDHFR
was mixed with silver nanoparticles to prepare the conjugates
in Tris-KCl buffer, pH 7.4. Then the incubation was done for
1 h at 4 ºC in test tubes. Experiment was executed in different
fractions in which concentration of AgNPs (5 nM) remains
constant while the protein concentration was kept different
(0-500 nM). The UV-visible spectra of different zDHFR-
AgNPs conjugates were monitored at different wavelengths
(300-1100 nm). The errors of the background were removed
by Tris-KCl buffer, which was used as blank [22].

The gold nanoparticle and zDHFR conjugates were prep-
ared by incorporating the solution of AuNPs and zDHFR in
Tris-KCl buffer. Then the mixture was incubated at 4 ºC in
test tubes for 1 h. A set of conjugate system was prepared with
different amount-of-substance ratios of AuNPs/zDHFR. The
concentration of AuNPs (5 nM) remains constant while different
concentrations of protein (0-90 nM) was taken. The absorption
spectra of various AuNPs-zDHFR conjugate solutions were
recorded from 300-1100 nm. Tris-KCl buffer was used as a
blank, which was subtracted from the absorption spectra of
the specific samples [23].

Equilibrium unfolding of GdnHCl and urea induced
zDHFR in presence and absence of Ag and AuNPs by intri-
nsic tryptophan fluorescence spectroscopy: Intrinsic fluore-
scence measurements were executed using Perkin-Elmer LS
55 spectrofluorimeter for unfolding studies using an optical
quvette of 1 cm path-length. Protein samples were prepared
by incubating with different concentration of Gdn HCl (0-5 M)
and Urea (0-11 M) at 25 ºC for 30 min in Tris-KCl buffer, pH
7.4. Excitement of samples was done at 295 nm and spectra
of emission were recorded between 310-400 nm, with excit-
ation and emission slit width 5 and 7.5 nm, respectively with
and without Ag and AuNPs.

Equilibrium unfolding of GdnHCl and urea induced
zDHFR in presence and absence of Ag and AuNPs by enzy-
matic assay: Different concentrations of GdnHCl (0-5 M) and
urea (0-11 M) in 20 mM Tris, 25 mM KCl buffer, pH 7.4 was
taken for measuring enzyme activity of zDHFR samples in
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presence and absence of Ag and AuNPs at 340 nm using UV-
visible spectrophotometer.

Refolding studies by enzymatic assay with and without
Ag and AuNPs: zDHFR protein was refolded using denatured
protein, which was diluted 100-fold into the refolding buffer
composed of 25 mM KCl, 20 mM Tris HCl, 10% glycerol,
1 mM GSSG, pH 7.4 and then incubate it for 2 h at 25 ºC. The
regaining of activity was the indicator of refolding process.

RESULTS AND DISCUSSION

Protein expression and purification: The over-expression
(Fig. 1a) and the purification profile (Fig. 1b) of zDHFR protein
were validated at 21.6 kDa by 12% SDS-PAGE.

 Interaction of Ag and AuNPs with zDHFR: The inter-
action of AgNPs with zDHFR protein has been investigated
by UV-visible spectroscopy. The absorption spectrum of AgNPs
(5 nM) with different concentrations of zDHFR (0-500 nM)
revealed that the solutions with lower concentration of zDHFR
protein (0-200 nM) shows an acute drop in the strength of the
absorption band, which indicates the existence of aggregation
while a narrow peak at 405nm was shown by 250 nM concen-
tration of protein which shows maximum interaction of AgNPs
with protein (picture not given, please refer ref. [22]).

The conjugation of AuNPs with zDHFR was also analyzed
by using UV-visible spectroscopy. It was analyzed that with a
fixed concentration of AuNPs (5 nM) with variable concen-
trations of zDHFR (0-90 nM), the absorption band gradually
shifted and widened as the zDHFR content in mixture reduces
which indicates that AuNPs have aggregated. It was also
observed that the narrow peak of spectrum with concentration
of zDHFR shows maximum conjugation of AuNPs (5 nM)
with the protein (picture not given, please see ref. [23]).

Equilibrium unfolding of GdnHCl and urea induced
zDHFR in presence and absence of Ag and AuNPs by intrin-
sic tryptophan fluorescence spectroscopy: Unfolding of
zDHFR with and without Ag and AuNPs was studied by perfor-
ming the intrinsic tryptophan fluorescence spectroscopy. The
relative intrinsic fluorescence of denatured enzyme and the
concentration of urea and GdnHCl were plotted against each

other (Fig. 2a-b). It was analyzed that during the GdnHCl induced
unfolding process, the emission intensity increased upto 0.5 M
concentration of GdnHCl, this change may be because of the
internal quenching of protein fluorescence and lower concen-
tration of denaturant which is dequenching the fluorophores.
Beyond 0.5 M concentration of GdnHCl, tryptophan emission
intensity reduces gradually, becoming almost constant after 2 M
concentration of GdnHCl and after that there is no change in
fluorescence intensity. Hence, the protein got denatured at 2 M
concentration of GdnHCl without nanoparticles while with
Ag and AuNPs it denatures around 3.5 and 4 M, respectively.
For urea induced unfolding, there is high reduction in fluore-
scence intensity upto 2 M but after this concentration, there is
low reduction in fluorescence intensity upto 7 M and there is
no change in fluorescence intensity after this concentration. Thus,
the protein shows complete denaturation at 7 M in absence of
nanoparticles while with Ag and AuNPs; the protein denatures
around 8 and 10 M, respectively. It was also noticed that gold
nanoparticles show significant reduction in the extent of aggre-
gation of alcohol dehydrogenase (ADH) and insulin by increases
their stability [24]. Thus, it may be concluded that nanoparticles
assist in enhancing the zDHFR protein stability and in this
way reduce its aggregation to some extent.

Equilibrium unfolding of GdnHCl and urea induced
zDHFR in presence and absence of Ag and AuNPs by
enzymatic assay: Unfolding of zDHFR was studied by perfor-
ming the enzymatic assay for the denatured enzyme and the
percentage (%) enzymatic activity of the denatured enzyme
was plotted against the GdnHCl (Fig. 3a) and urea concen-
tration (Fig. 3b). During the unfolding process, the enzyme
denatures at 2 M concentration of GdnHCl completely without
nanoparticles while with Ag and AuNPs, enzyme retains about
8% and 16% of activity at this concentration of GdnHCl and
lost its complete activity at around 3.5 and 4 M, respectively.
In urea induced unfolding, the protein lost its activity at around
7 M concentration of urea in absence of nanoparticles. While
with Ag and AuNPs, the enzyme retains around 5% and 10%
of activity at this urea concentration and completely denatures
at 8 and 10 M, respectively. Thus, nanoparticle helps in incre-
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Fig. 1. (a) Expression profile of zebrafish DHFR protein analyzed by 12% SDS-PAGE: L1: low molecular weight protein marker; L2, L4:
Uninduced cells; L3, L5: Induced cells with IPTG; (b) Purification profile of zDHFR
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asing the zDHFR protein’s stability. It was studied that the
human placental cystatin (HPC) protein completely denatures
in between the 4-6 M range of GdnHCl, whereas in case of
urea complete inactivation was studied in between the 6-8 M
concentration range [25]. The unfolding behaviour was also
observed in case of chicken DHFR which completely inacti-
vates at 2 M concentration of GdnHCl and with urea, it shows
complete denaturation when the concentration is higher than
3 M [26]. The unfolding behaviour of dihydrofolate reductase
from Chinese hamster in solutions of GdnHCl was also studied
[27].

Refolding studies by enzymatic assay with and without
Ag and AuNPs: Refolding of zDHFR was studied by perfor-
ming enzyme activity assay with UV-vis spectrophotometer.
For refolding, dilution of sample was done using refolding buffer
to reduce the GdnHCl and urea concentration. The GdnHCl
denatured protein regain its activity to 42.6% spontaneously
while in presence of Ag and AuNPs, the rate of recovery was
increased to 71.2% and 84.7%, respectively as compared to
spontaneous refolding (Fig. 4a-b).

The urea denatured protein recovered spontaneously by
32.5% as compared to assisted refolding, which was 55.4%
and 75.9% for Ag and Au, respectively (Fig. 4c-d). Hence,
nanoparticles help in increasing the recovery rate of the native
protein (stable) as compare to spontaneous refolding, thus
enhancing the stability of protein at significant level. The protein
is said to be functionally active, when it is folded into its native
conformation. This observation also helps in knowing the
relationship between structure and function of the protein.
Thus, nanoparticles are capable to improve the stability of
protein by preventing it from being aggregated.

Conclusion

There is a need of recombinant protein production comm-
ercially in functionally active form for different research purp-
oses. Current research focuses on the chemically denaturation
of zDHFR protein followed by refolding with Ag and AuNPs.
Unfolding of protein was induced by GdnHCl and urea. Present
data indicates that nanoparticles help in enhancing the stability
of protein which is very important component in the production
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of biologically important recombinant proteins. Further,
refolding was done under the influence of nanoparticles which
also indicates that Ag and Au nanoparticles assist in increasing
the refolding yield to stabilize the protein at significant level.
Hence, nanoparticles may helps in attaining the functionally
active protein (stable) in adequate amount commercially.
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