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Techniques developed by enzymologists and protein chemists have been indispensible in many areas of biotechnology.
Bio-separation of proteins, biocatalyst engineering and medium engineering are important examples of this. Our understanding
of enzyme specificity has helped us in gaining insight into catalytic promiscuity. This, along with the possibility of
carrying out biocatalysis in organic solvents has widened the scope of using enzymes for organic synthesis.
Reestablishing a strong base in enzymology is crucial towards creating a strong base for the field of biotechnology in India.
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“By three methods we may learn wisdom: First, by reflection, which is noblest; Second, by imitation, which is easiest;
and third by experience, which is the bitterest”
— Confucius

Introduction
Quite a few aspects of biotechnology involve
production and applications of enzymes. In the old
days, most of these aspects were covered under
industrial enzymology (Godfrey and Reichelt, 1983).
Gradually, a more broad based term ‘applied
biocatalysis’ came into vogue (Straathof and
Adlercreutz, 2000) which was an interface between
enzymology and biochemical engineering. This phase
was characterized by few new developments: (1) As
a result of the rDNA technology, our capability to
produce mutant properties grew exponentially. There
was a scramble to produce proteins at a lower cost.
The stakes were no longer limited to low cost industrial
grade enzymes. Costlier proteins used in molecular
biology, diagnostics and biosensors and pharmaceutical
proteins/enzymes could be produced by cloning and
their properties tailored to suit the applications. The

result was a paradigm shift in the downstream
processing methods. Shorter and efficient protocols
emerged. Affinity chromatography, rather than being
a ‘polishing’ step at the end, was promoted to the
earlier steps of purification. In fact, upstream and
downstream processing steps were integrated (Gupta,
2002; Przybycien et al., 2004; Mondal et al., 2006).
(2) It was realized that enzymes could be used in non
aqueous media (Carrea and Riva 2000; Gupta 2000;
Patel 2000; Vulfson et al., 2001). This opened up novel
applications; especially in the synthesis of chiral
compounds. Table 1 lists some of the milestones in
the area of applied biocatalysis.
It is remarkable how much enzymology
contributed to all this.
The present review attempts to emphasize the
importance of the skills which are part of the toolbox
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Table 1: Milestones in Applied Biocatalysis
Milestones

Comments

Early era of industrial enzymology

Enzymes were used in detergents (van Ee et al., 2010), food processing industries, leather
industries, textile industries. Use of enzymes in starch degradation and edible oil extraction
needs a special mention. (Straathof and Adlercreutz 2000; Bommarius and Riebel 2004;
Hou 2005; Polaina and MacCabe 2007)

Chemical modification by mono-functional
and bi-functional reagents

Before the advent of protein engineering, chemical modification was widely used for
protein stabilization. (Means and Feeney 1990; Tyagi and Gupta 1998)

rDNA technology for altering proteins
desirable biocatalysts

Protein engineering and directed evolution are now widely used to alter proteins to get
(Nosoh and Sekiguchi 1993; Carey 1996; Arnold and Georgiou 2003a,b)

Emergence of more efficient techniques for
downstream processing of proteins

With time upstream and downstream processes have merged.
(Walter and Brooks 1985; Chase 1994; Bruce et al., 1999; Mattiasson 1999; Roy and
Gupta 2001; Fexby and Bulow 2004)

Protein separation in the post-genomic era

2-D gel electrophoresis and mass spectroscopy to analyse proteomics has revolutionized
the scene. (Lesley 2001; Roy et al., 2006)

Enzyme Immobilization

Three groups shaped this area in its formative years: Katchalski in Israel (he became the
president of Israel later) (Goldstein and Katchalski-Katzir 1976; Solomon et al., 1984a,b);
Klaus Mosbach and Bo Mattiasson in Sweden (Srere et al., 1973; Mosbach 1976, 1980;
Nilsson and Mosbach 1981; Mattiasson 1983; Mattiasson 1988) Berezin’s group in
Moscow was the third one (Berezin 1978; Mozhaev et al., 1987; Martinek and Mozhaev
1993). Current work is adequately discussed at many places (Cao 2005; Minteer 2011;
Guissan 2013)

Enzyme use in neat organic solvents

This made it possible to use inexpensive hydrolases for organic synthesis. (Zaks and
Klibanov 1988; Mattiasson and Adlercreutz 1991; Halling 1994; Patel 2000; Halling
2000; Klibanov 2001)

Enzyme deactivation models

Most people wrongly give half lives without analysing the kinetics of deactivation.
Sadana’s work needs to be known more widely. (Sadana 1991, 1993)

Enzymes as reverse micelles

This is another approach in low water enzymology. (Luisi 1985; Larsson et al., 1987;
Adlercreutz et al., 1988)

Enzyme use in biosensors

Immobilization allows enzymes to interface with transducers. (Yarapolov et al., 1984;
Guilbault 1988; Danielsson and Mosbach 1988; Ramanathan et al., 2000)

The era of White biotechnology and
biorefinery

To develop processes which do not need “end of pipe” waste remediation is the ‘mantra’
of white biotechnology. (Jaeger 2004; Sell and Ulber 2006; Gupta and Raghava 2007;
Wright and Evans 2008; Boodhoo and Harvey 2013)

The discovery of the concepts of
moonlighting proteins and enzyme
promiscuity

This is challenging the concept of one enzyme-one activity. (Hult and Berglund 2007;
Jeffery 2009; Khersonsky and Tawfik 2010; Busto et al., 2010; Gupta et al., 2011;
Kapoor and Gupta 2012; Arora et al., 2014b)

of an enzymologist (and protein chemist) in shaping
the contours of the developments in bioseparation and
biocatalysis.

better mechanisms for marketing what is labelled as
“Made in India”. That applies to Indian ideas and
innovations as well.

Any country that wants to be self-reliant and
develop as a global hub for biotechnological products
cannot afford to ignore the manpower development
in applied biocatalysis. It is also vital that we evolve

Designing Affinity Based Methods for Protein
Separation and Refolding
One key change in the protein production process in
the last decade or so has been that upstream steps
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have fully integrated with downstream steps (Gupta
and Mattiasson, 1994; Walker, 2002). Use of the
affinity based separation strategies played an important
role in this landmark innovation. Fusion tags (most
familiar example is poly His tag) enable direct
application of affinity chromatography called
immobilized metal affinity chromatography (IMAC)
(Porath, 1975; Mbrabet and Vijaylakshmi, 2002;
Mondal and Gupta, 2006).While the trend is to use
available commercial kits or commercially available
affinity media; it helps to understand the design of the
affinity media. In general, an affinity matrix is a
bioconjugate of an affinity ligand which is attached to
a polymeric matrix. The target protein recognizes the
affinity ligand, binds it in a somewhat selective fashion
and can be eluted often as a pure protein. Often, even
the elution protocol can bring in considerable selectivity
(Mondal et al., 2006). With poly His-tagged proteins,
the metal releases a coordinated ligand (like, even
the water molecule) and complexes with imidazole
side chains of the histidine residues. The elution can
be with an isocratic mode with a low pH buffer or
imidazole solution. One may benefit from a selective
elution by using a gradient elution with a pH gradient
or a imidazole gradient. It is often not realised that
the choice of the metal ion is important in achieving a
successful or best possible separation. The most
frequently used metal ions are Ni2+, Cu2+ and Co2+
(Vijaylaksmi, 2002). However, Ca2+ and Fe3+ have
also been employed (Burgess and Deutscher, 2009;
Mbrabet and Vijaylakshmi, 2002). Broadly, one can
use an activation approach, wherein, a matrix is
activated prior to the addition of the affinity ligand.
Alternatively, coupling chemistry involving condensing
reagents can also be used. Many options for the
conjugation of proteins are readily available
(Hermanson et al., 1992; Gupta and Mukherjee,
2013).
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to/irrespective of the nature of the ligand.
Both coupling reagents, simple epichlorohydrine
and bisepoxyranes (like 1,4-butanediol-bisepoxypropyl-ether) use the same chemistry. A
bisepoxyrane creates a larger spacer. These
reagents have the additional advantage of
automatically creating a spacer between the
ligand and the matrix. Both classes of reagents
require highly basic pH. This precludes this for
the applications, where ligands labile at high basic
pH are involved. Also, matrices like
polyacrylamide cannot be used for the same
reason.
Malaprade reaction, i.e., periodate oxidation of
vicinal –OH groups has to be followed by
reduction to stabilise the Schiff bases. Sodium
cyanoborohydride is a milder reducing agent as
compared to sodium borohydride. If –S-Sbridges are present in affinity ligands/proteins,
one should run controls to check the lability of
these bonds before opting for this method. For
oriented immobilisation particularly of antibodies
(Solomon et al., 1986; O’Shannesy and
Hoffman, 1987; Gupta and Mattiasson, 1992),
this is fairly useful chemistry. Same is the case
for immobilising any glycoproteins.

Few observations which may be of practical value
are listed below:

Triazine chemistry is one of the mildest and
convenient coupling procedures. The use of dyes
as affinity ligands started with triazine dyes and
uses this chemistry. As biomimetic dyes are
valuable affinity ligands (Sousa and AngelaTaipa, 2014), this chemistry would always be
found useful. There are however two negative
features. The reagent, trichloro-s-triazine is
insoluble in water, so aqueous organic co-solvent
mixture has to be used as the coupling media.
Also, both anionic and π -π nonspecific
interactions makes the elution of the protein
difficult.

The cyanogen bromide coupling can be used
for linking an affinity ligand to a matrix containing
either a single –OH or vicinal –OH groups
(Axen et al., 1967). The method results in an
affinity media having cationic charges in addition

Carbodiimide coupling with EDC (1-Ethyl-3-(3dimethylaminopropyl) carbodiimide) is a
convenient protocol to form amide link. This
chemistry was developed as a part of major
efforts to synthesize peptides chemically.
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N-hydroxy succinimide (NHS) esters can also
be used to link polyhydroxy supports to amino
groups of the protein. For washing/storage, it is
better to avoid methanol, as it has been shown
to trans-esterify with NHS esters (Hermanson
et al., 1992).
During any chromatography, it is advisable not
to delay elution of a bound protein. Invariably,
secondary non-specific interactions tend to make
the binding irreversible.
The choice of the buffer is important as
functional groups present in the buffer
components may react with the reagent. For
example, Tris HCl buffer should be avoided
during EDC coupling. Often these precautions
are overlooked and this creates many artefacts,
which results in unsuccessful outcomes.
Similarly, if Ca2+ are required to stabilize a protein
ligand, both phosphate buffer and EDTA cannot
be used.
Affinity based separations are not limited to the
use of chromatography. A special mention must be
made, to the use of smart polymers in affinity based
separations. As most of the early work in this area
has been reviewed periodically including an earlier
review in this very journal (Roy and Gupta, 2002a),
the discussion here will be limited to briefly mentioning
recent work on simultaneous purification and refolding
of proteins by using either affinity precipitation or
macro-affinity facilitated three phase partitioning
(MLFTPP) (Mondal et al., 2003; Mondal and Gupta,
2006; Mondal et al., 2006; Gautam et al., 2012).
Finally, affinity based separations rest upon the
molecular recognition of a ligand by a protein/enzyme.
While affinity chromatography was initially exploited
in vivo biological relationship that line was crossed
quite some time back, when textile dyes were
introduced as affinity ligands. Diverse types of affinity
ligands like peptides, aptamers and other synthetic
ligands show the promiscuity of a protein in binding.
Much of our thinking so far in this area has been
rooted in enzyme catalysis in the aqueous buffers.
Biocatalysis in low water media shows that the
concept of medium engineering in biocatalysis perhaps

can be extended to the bioseparation area. Quite some
time back, the work from Klibanov’s lab showed the
possibility of carrying out protein separation in low
water media (Chang et al., 1991). Ringe’s provocative
discussion on: “What is a binding site on a protein?”
needs more attention (Ringe, 1995).
Soluble Crosslinked Enzymes and Heteroconjugates
The cross-linking of bovine pancreatic RNase A was
the first attempt at examining the structural and
functional consequences of crosslinking a protein
intramolecularly (Hartman and Wold, 1967). It also
introduced the use of bis-imido esters in protein
crosslinking. The chemical derivative was soluble in
aqueous buffer and thus no chemical aggregation was
involved. It had improved thermal stability and retained
excellent RNase A activity. Ensuing decades saw a
flurry of extensive applications, which are described
at a number of places (Wold, 1972; Wong, 1991).
It was shown that a cross-linked trypsin by
dimethyl adipimidate and dimethyl suberimidate
(bisimido esters) showed significantly decreased
autolysis at 40°C (Rajput and Gupta, 1988a). The two
bifunctional reagents were also employed for
crosslinking of β-galactosidase. This enzyme has
many biotechnological applications (Huber et al.,
1994). Lactose intolerance is a metabolic disorder
prevalent in different ethnic groups. For such people,
low lactose milk obtained by the hydrolysis of lactose
present in milk has been an important product
impacting their quality of life. Also, the whey obtained
during cheese production retains all the lactose and
its discharge into water bodies is problematic. It has
high BOD value. The enzymatic hydrolysis of whey
gives component sugars, which in turn can be exploited
for obtaining value added products including bioethanol.
These are mature technologies developed by
multinationals (Gekas and Lopez-Leiva, 1985; Kosaric
and Asher, 1985). The cross-linked β-galactosidase
retained 80% of its activity. The cross-linked enzyme
was a better catalyst for the hydrolysis of lactose
in both milk and whey (Khare and Gupta, 1987).
β-galactosidase can also be used for the reverse
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hydrolysis in organic synthesis (Majumder et al.,
2007).
These soluble enzymes are not easy to recover
and re-use. However, the above soluble cross-linked
preparations of β-galactosidase entrapped in
polyacrylamide gels improved its thermostability even
further and converted it into a re-usable biocatalyst
(Khare and Gupta, 1988a).
More remarkable was the effect of introducing
just one cross-link into the lectin concanavalin A
(Kamra and Gupta, 1988). While lectins are now
widely recognized as useful reagents in biology, Con
A has proved so useful that a book devoted solely to
it was available long ago (Bittiger and Schnebli, 1976).
Cross-linking of Con A yielded multiple products. One
of these was an intramolecularly cross-linked Con A,
which had just one crosslink and retained 98% of its
biological activity. As this cross-linking between Lys
135 and Lys 138 was part of the disordered region
between 131-168 amino acids, the cross-linked Con
A showed high thermostability even at 70°C, atleast
upto > 2 hours, a temperature at which most of the
activity of the native Con A is lost within 30 minutes
(Kamra and Gupta, 1988).
Soluble hetero-conjugates of proteins can also
be obtained by judicious intermolecular cross-linking
of the component proteins. ELISA reagents are the
best known examples and are bioconjugates of
antigens/antibodies with an enzyme (alkaline
phosphatise and peroxidase are used more often)
(Stites and Terr, 1991). This approach has also been
used to develop multi-functional proteins or for
modelling metabolic segments (Bulow, 1993). In the
early phase of development of this approach, a trypsinchymotrypsin conjugate was prepared to design a
proteolytic biocatalyst, which synergized the activities
of trypsin and chymotrypsin (Rajput and Gupta,
1988b). N-succinimidyl pyridyl dithiopropionate
(SPDP) turned out to be the best cross-linking reagent
out of the many, which were tried.
A Con A β-galactosidase conjugate could also
be prepared using glutaraldehyde as the cross-linking
reagent (Khare and Gupta, 1988b). This conjugate
was used for bioaffinity immobilization of β-
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galactosidase by exploiting the recognition of dextran
beads by Con A. Bioaffinity immobilization is still used
as a reversible method of immobilization. It allows
the “on-site” immobilization. It is especially useful in
cases, where, the matrix costs more than the enzyme
(e.g.: as in the case with several enzymes used in
food processing industry) and, additionally, it is very
economical to remove inactivated enzyme from the
matrix and ‘freshen up’ the biocatalyst with the new
lot of active bioconjugates (Gupta and Mattiasson,
1992).
Bio-affinity immobilization is also useful as it
allows deposition of multi-layers on a small surface.
In one case, pectinases (an enzyme useful in fruit
juice processing) could be layered onto a sephadex
bead by forming alternate layers of the lectin and the
glycoprotein pectinases (Sardar and Gupta, 2005). In
yet another application, a horse radish peroxidase
immobilized by bioaffinity layering was shown to be
useful for treatment of phenolic waste waters (Dalal
and Gupta, 2007).
Enzyme Aggregates in Biocatalysis and
Biosensor Designs
Extensive cross-linking of enzyme molecules in solution
leads to their forming insoluble enzyme aggregates.
While some intramolecular cross-linking may take
place, formation of intermolecular cross-links between
enzyme molecules is largely responsible for this
aggregation. While, in principle, any bifunctional
reagent can be used, glutaraldehyde has been most
frequently employed. Glutaraldehyde is a most
efficient cross-linking reagent when no subtle
alteration in protein structure is desired.
Broun (1997) called such aggregates as
“chemically aggregated enzymes” and described
these aggregates for all five classes of enzymes.
These gel-like aggregates can be converted into
sheets or coating and thus can be used in the design
of enzyme electrodes or other kinds of biosensors.
Any condition which prevents inactivation/denaturation
of the enzymes during chemical modification reactions
(Means and Feeney, 1990), also favours retention of
activity in these insoluble aggregates. This includes
low temperature and protection of the active site by a
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substrate analog/one of the substrates/co-enzyme.
One interesting option suggested by Broun (1997) was
to incorporate proteic feeder (an inert protein like
BSA) to promote cross-linking if the enzyme did not
have enough reactive amino groups in the protein.

Both, chemically aggregated enzymes (CAEs)
and CLEAs, just like other immobilized preparations
can be used in aqueous-organic co-solvent mixtures
and even low water containing organic solvents/ionic
liquids. Such media offer many advantages.
Hydrolases can be used to carry out reverse
hydrolysis. Change of media allows one to optimize
region-selectivity and stereo-selectivity during biotransformation (Wu et al., 1991). One key constraint
has been that enzymes show much lower catalytic
power in organic solvents than displayed in aqueous
buffers. There are many reasons and fairly good
discussions on this are available in a few reports (Lee
and Dordick, 2002; Hudson et al., 2005; Roy and
Gupta, 2004a; Roy et al., 2004). Many efforts have
been made to improve the catalytic activity of enzymes
in especially low water media (Ljungar et al., 1993;
Okahata et al., 1997; Adlercreutz, 2013; Solanki et
al., 2012; Khmelnitsky et al., 1994; Partridge et al.,
1998; Majumder et al., 2008; Roy and Gupta, 2004b;
Kreiner et al., 2001; Shah et al., 2008). CLEAs are
regarded as such high activity preparations.
Unfortunately, the comparative data on various such
high activity preparations is meagre. It has been
observed that simple precipitates, obtained during
CLEA preparation (without the subsequent step of
adding glutaraldehyde) sometimes show just as much
of catalytic efficiency as CLEAs (Shah and Gupta,
2007a)!

These methods were used to obtain chemical
aggregates of β-galactosidase (Khare and Gupta,
1987). The improved thermal stability of the enzyme
at 55°C was reflected in its better performance in the
hydrolysis of milk lactose. Immobilized βgalactosidases (also called lactases) were one of the
early immobilized enzymes used at the industrial level.
A significant % of the population of adults in various
countries is lactose intolerant. Hence, many developed
countries produce low lactose milk and its products
for these consumers.
Chemical aggregates represent what is
sometimes referred to as carrier-free immobilization
(Cao et al., 2003; Sheldon, 2007). The insoluble
enzyme has no carrier (except possibly BSA added
as a proteic feeder). In immobilized enzymes
(conventional ones with matrices/carriers), the matrix
occupies larger volume than just the linked/attached
enzyme. Hence, chemical aggregates offer a
possibility of reducing bioreactor size and have
extremely high volumetric activity (Broun, 1997).
Cross-linked Enzyme Aggregates (CLEAs)
Much later, a patented technology called cross-linked
enzyme aggregates (CLEA) was developed
(Schoevaart et al., 2004; Sheldon et al., 2005;
Sheldon, 2007). The difference between the methods
of preparations of CLEAs and the earlier described
chemically aggregated enzymes is rather subtle.
During CLEA formation, the enzyme is first
precipitated and then glutaraldehyde is added to crosslink the protein extensively to insolubilize it. It has
been claimed that CLEAs are much better in
performance as compared to the chemically crosslinked enzymes (Schoevaart et al., 2004; Sheldon et
al., 2005). While the latter appeared to be more gellike, CLEAs are somewhat easier to handle and
transfer (Cao et al., 2003; Sheldon, 2007).

The effect of introducing cross-links during
formation of CLEAs introduces rigidity in the protein
molecules. Over-rigidity has (especially in low water
media) deleterious consequences. A good illustration
of this is the observation that urea denatured subtilisin
is, in fact, a far more efficient biocatalyst than the
native subtilisin in nearly anhydrous organic solvents
(Guo and Clark, 2001; Mukherjee et al., 2015). In
fact, CLEAs obtained by varying the extent of crosslinking have different thermal stabilities, catalytic
efficiencies and enantio-selectivities (Majumder et al.,
2008). More extensive discussion on various
approaches to design of CLEAs and their applications
in biocatalysis can be found elsewhere (Lopez Serrano
et al., 2002; Sheldon et al., 2005; Shah et al., 2006;
Sheldon, 2007; Gupta and Raghava, 2011). However,
mention should be made here of two different choices
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about cross-linking reagents. In some cases, dextran
polyaldehyde has been found to be a milder cross
linker than glutaraldehyde. It is believed, that this bifunctional reagent does not diffuse in the interior of
the protein molecule because of its big size and crosslinking is limited to the involvement of surface amino
groups (Mateo et al., 2004). In the second approach,
chitosan has been inserted with the enzyme molecule
using carbodiimide coupling of the amino groups on
chitosan and the carboxyl groups on the enzyme
(Arsenault et al., 2011).
Catalytic Promiscuity Offers Under-exploited
Opportunity and Challenge
Enzymes are not all that specific! We have known
for a long time about their broad specificity (Gupta et
al., 2011). Catalytic promiscuity goes beyond that.
Hydrolases can catalyse the formation of C-C bonds
(Hult and Berglund, 2007; Khersonsky and Tawfik,
2010; Busto et al., 2010; Kapoor et al., 2014; Arora
et al., 2014a). Such promiscuous behaviour is possible
for wild enzymes (accidental promiscuity) but can also
be induced or at least improved by protein engineering/
directed evolution (Khersonsky and Tawfik, 2010).
This kind of catalysis is possible in both aqueous
buffers as well as in non-aqueous solvents (Liu et al.,
2008; Lou et al., 2008; Arora et al., 2014b) (Figs. 1
and 2). This also makes it possible to synthesize a

Fig. 2: Cannizzaro-type reaction of p-nitrobenzaldehyde
catalyzed by Novozyme 435 in aqueous buffer.
(Reproduced from Arora et al. 2014(a) with permission
from Elsevier)

library of molecules with diverse and unexpected
structures (Majumder and Gupta, 2014).
It seems that the promiscuous behaviour is an
integral part of evolutionary designs of proteins
(Soskine and Tawfik, 2010; Goldsmith and Tawfik,
2012; Skolnick and Gao, 2013). This area is providing
a great insight into how enzyme activities evolved.
More important, it makes enzymes even more
versatile as biocatalysts.
Applied Bio-catalysis and “Make in India”
Program
A successful chemical process based upon an enzyme
requires (a) being able to source enzyme (upstream
and downstream) (b) to be able to optimize the “way
enzyme is used” (biocatalyst engineering and medium
engineering) to result in a commercially successful
process.

Fig. 1: Aldol condensation reaction catalysed by subtilisin
(SC) and urea treated subtilisin (SC+urea) carried
out in different solvents. (Reproduced from
Mukherjee et al. 2015 with permission from Elsevier)

India has a rich tradition in both microbiology
and enzymology (Table 2). These two disciplines are
relevant to developing skill sets for (a) and (b) steps
mentioned above. Unlike some other countries, lot of
investment was made at the right time in developing
manpower skilled in rDNA technology. However, India
still has to import almost all diagnostic enzymes
(including one for biosensor designs) and majority of
the enzymes needed for industrial enzymology. There
must be something, which we are not doing right in
harvesting the benefits of our old strengths and recent
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Table 2: Indian Strength in Applied Biocatalysis
Protein

Comments

Upstream Processes

Great strength in isolating and characterizing micro organisms as a source of enzymes (Roy et al., 2001;
Satyanarayana and Kunze 2009; Sharma et al., 2012; Verma et al., 2013)

Downstream Processes

Apart from very few groups, Indian groups still use either multistep procedures or affinity tag based kits
which are difficult to scale up. (Manjunath et al., 1983; Kumar and Bhalla 2004; Kale and Lali 2011)

Immobilization

Some of the very original work came from the AMU group. It is also nice to see Indian groups contributing
to CLEA design. (Saleemuddin and Husain 1991; Saleemuddin 1999; Talekar et al., 2012)

Use in low water media

Very few groups work in this area. Parmar till recently had a group. (Parmar et al., 1999; Banoth et al.,
2009; Amrutkar et al., 2013)

Expression, Engineering
and Refolding

There are many groups who work with protein engineering; not many with stabilization as an aim. Not
much original work is happening in the protein refolding area. (Kulothungan et al., 2009; Saha et al., 2011;
Sowdhamini and Balaram 1993)

Stability

Stability in the presence of low molecular weight additives has been studied over the years by few groups.
Prakash at CFTRI (in the past), Bhat (JNU), Ahmad (JMI) and Roy (NIPER) are few to mention.
(Taneja and Ahmad, 1994; Yadav and Ahmad, 2000; Kaushik and Bhat, 2003; Gangadhara et al., 2008; Jain
and Roy, 2009)

X-ray diffraction

Singh’s group at AIIMS has deposited > 500 PDB structures. That is an extensive contribution.
(Salunke et al., 1985; Banerjee et al., 1994, 1996; Sankaranarayanan et al., 1996; Singh et al., 2001; Sharma
et al., 2011; Rastogi et al., 2014)

investments. Few possible reasons (perhaps worth
pondering) are:
We tend to overdo things (Gupta, 2012). We
need to retain what is good and not throw away
the baby with bath water. Our syllabi follow
books written by foreigners, that are rightly or
wrongly more in tune with what is needed in
those countries. For example, two text books in
biochemistry (Berg et al., 2002; Nelson and Cox,
2009) often followed in our country (and syllabi
normally are based upon “available texts”!) have
very little enzymology in their current editions.
Our current crop of students are reasonably good
in molecular biology (can use kits as advised by
vendors quite well) but know very little of
enzymology. It is known that scientists who work
with method development/process development
will never get to publish in high impact factor
journals. Few years back, there was a discussion
published in Nature wherein Professor Southern
(discoverer of Southern Blotting) remarked that
not everybody is lucky enough to be recognized
for developing a method. We seem to be sending

a strong message through multiple channels not
to work on method developments.
Unfortunately, it is the work of that nature,
which hones your skills in the areas like applied
biocatalysis.
We tend to overlook that “research” and
“development” follow different approaches. In
the former, you need to follow a logical
framework and explain how and why each step
worked. In developmental work, it is alright to
stumble upon an observation and/or a lead and
not worry too much about how and why of it.
Later on, somebody can figure that out and that
can lead to a better process/method. When
Klibanov’s group showed that enzymes work in
low water enzymology, in reality very little of
correct mechanistic details were known. The
scientific world showed great judgement in
recognizing the usefulness of the technology and
only in recent years, we are beginning to
understand many phenomenological and
mechanistic aspects (Gupta, 1992; Halling, 1994;
Carrea and Riva, 2000; Hudson et al., 2005).
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We need to include many areas like non-aqueous
enzymology, enzyme promiscuity and moonlighting proteins in our syllabi and encourage
people to work in these areas. The first one
offers an opportunity for biocatalyst-based
synthesis of industrial and drug intermediates,
agrochemicals and biosurfactants (Gupta, 1992;
Halling, 1994; Carrea and Riva, 2000; Hudson
et al., 2005). The second one is connected to
developing antibiotic resistance (Green et al.,
2010; Kim et al., 2013) and the third one is
concerned with the next generation drug designs
(Copley, 2003; Jeffery, 2009).
The Issue of Economics
The industry is naturally concerned about whether a
proposed idea is economically or commercially
feasible. Indian industry, actually, is obsessed with it
when it is an “Indian idea”. Unfortunately, that may
be our mindset as similar bias is there among our
academic people while looking at another Indian’s
funding proposal/submitted article. In a lighter vein,
may be there should be an international program
where good Indian ideas are routed through a foreign
outfit for Indian industry to consider! Few specific
observations are:
One cannot work out the economics of a process
unless optimization is complete. It is known that, all
over the world, biodiesel when sold relies upon tax
breaks. That is so, even when a chemical process is
used, which is how biodiesel is mostly made at present.
Everybody agrees that enzyme based process is the
future. China has a plant running on enzyme based
route and another has been set up in USA recently
(Fjerbaek et al., 2009; www.researchtriangle.org).
Enzyme based route, is of course more costly than
the chemical route. It is necessary to deal with the
myths about costly enzymes and economic
considerations preventing adoption of more
sustainable approaches in Indian chemical industries
and biofuel programs. 6-aminopenicillinic acid is an
intermediate obtained by industries in the world
generally by an enzyme called penicillin acylase. The
process involves the hydrolysis of natural penicillins.
To quote “…the cost contributions of the biocatalysts
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to the final sales price could easily be less than 1%”
(Cheetham, 2000). Similar estimates are available for
cost of enzymes in producing dextrins from starch,
glucose from dextrins, high fructose corn syrup, invert
sugars and low lactose products (Cheetham, 2000).
Finally below is a list of some results in applied
biocatalysis which may have been good “leads” to
processes which can aspire to be a part of the “Make
in India” or “Developed in India” program.
(a) Biodiesel
A recent review pointed out that an enzyme based
route established in India is globally the fastest
enzymatic process ever reported for biodiesel
preparation (Fjerbaek et al., 2009). While Jatropha
as a source of oil has not turned out to be a success
story, Japan has been using kitchen waste as a source
of oil for biodiesel production! We have published
some work recently on how to exploit spent coffee
grounds as a source of oil for biodiesel (Fig. 3). A
2009 US estimate showed that spent coffee grounds
can add 340 million gallons of biodiesel to the worlds
fuel supply (www.acs.org). The biodiesel production
elsewhere had to overcome food vs. fuel debate. It is
more economical to learn from the mistakes of other
countries to enable “Make in India” program to
succeed.

Fig. 3: Enzyme-based route for the valorization of coffee
waste to produce biodiesel. (Reproduced from
Banerjee et al. 2013 with permission from Chemistry
Central)
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(b) Enzyme Production

It has been shown that simple alginate beads
can form stable fluidized beds and illustrates its
applications in a number of cases (Roy et al.,
2001; Sharma et al., 2001; Roy and Gupta, 2002
b,c; Roy et al., 2005). Alginate is an inexpensive
polysaccharide of marine source which is used
in food processing, whole cell immobilization and
as scaffolds in tissue engineering (Skaugrud et
al., 2013).

Bulk of the production cost of enzymes comes from
the cost involved at the downstream processing step.
(i)

Many years back, it was shown that Con A bound
to DEAE-cellulose constitute a versatile affinity
media (Kamra and Gupta, 1987). The reason
was that, affinity media combined the affinity
of Con A towards some glycoproteins with the
ion-exchange properties of DEAE-cellulose.
More recently, an expensive range of separation
media under multimodal chromatography has
become available (www.gelifesciences.com).
The separation media is especially shown as
useful for the purification of monoclonals. Here
again, the principle is that the separation media
binds proteins with more than one kind of
interactions.

(ii)

MLFTPP: A new unit process called macroaffinity ligand facilitated three phase partitioning
(MLFTPP) shares the virtue of being directly
able to deal with crude suspensions as feed with
the expanded bed chromatography. It also has
been shown to be quite helpful in both protein
purification and protein refolding (Fig. 4). The
technique is inexpensive and does not require
any costly equipment. This unit process was

Actually, as a well known book (among old
school) on protein purification points out, no
separation media can ever completely bind a
protein with just one type of interaction (Scopes,
1994)! The discovery of a fairly powerful
technique called hydrophobic interaction
chromatography (HIC) was accidental while
designing affinity media for alcohol
dehydrogenases. The enzyme bound to the linker
–(CH 2 -CH 2)- n chain instead (Burgess and
Deutscher, 2009).
The lesson is two-fold. Firstly, we need to
showcase our findings better but we do have a
huge problem with the “Indian crab syndrome”
among Indian peers. Secondly, new “ultratech”
discoveries arise out of observations which we
tend to dismiss as old hat!
To underline the above, an example may be
mentioned. Expanded bed chromatography was
heralded as a new unit process for protein
bioseparation in several decades (Chase and
Draeger, 1992; McCreath et al., 1994; Garg et
al., 1996; Owen and Chase, 1997). It utilizes
streamlineTM range of media which form a
“stable fluidized bed” called Expanded Bed
(Chang and Chase, 1996; Karau et al., 1997).

Fig. 4: MLFTPP as a economic and scalable method to purify
and refold proteins
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described as a process yet to attain industrial
maturity (Przybycien et al., 2004).
(c) Enzymology Beyond Aqueous Buffers
Classical enzymology consisted of using enzymes in
aqueous buffers. Most of the early industrial
enzymology was based upon enzyme action in water
rich media. All those are excellent applications of
enzymology and continue to be part of the current
biotechnological practices.
The quest to use inexpensive hydrolases for
synthesis has a long history. Joseph Fruton, who wrote
the first text book of biochemistry (Fruton and
Simmonds, 1958), has reported many efforts to use
pepsin for peptide synthesis (Fruton, 1970; Sachdev
and Fruton, 1975; Fruton, 1976, 1982, 1983). The
strategy was to use the law of mass action to shift
the equilibrium towards synthesis by using
concentrated solutions of the amino acids. In the late
1980’s, a series of papers showed that lyophilized
powders of hydrolases could carry out synthesis very
effectively in nearly anhydrous organic solvents (Zaks
and Klibanov, 1984, 1988). There are several
advantages associated with this approach. When
hydrolases are used for the organic synthesis in such
media, varying solvents could be used to change/
control enantio-selectivity in the reactions. As
chemical industries anyway use organic solvents as
the reaction medium for most of the synthesis, use of
enzymes does not necessitate major changes in the
plant designs.
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(Roy and Gupta, 2004b; Solanki and Gupta, 2008;
Majumder and Gupta, 2011; Solanki et al., 2012).
CLEAs developed by Sheldon’s group (see the
earlier section for the discussion on CLEAs)
work well in low water as well. CLEAs anyway
require precipitation as a first step. Sometime
CLEAs work better (Majumder et al., 2008;
Shah et al., 2006) while in some other reactions
simple precipitates which we called “Enzyme
Precipitated and Rinsed in Organic Solvents”
(EPROS), work better than even CLEAs (Shah
and Gupta, 2007a).
In many cases, we find that enzymes after being
subjected to Three Phase Partitioning (TPP)
have significantly higher activities in neat organic
solvents (Singh et al., 2001; Roy et al., 2004;
Rather et al., 2012). TPP was also able to refold
denatured proteins (Raghava et al., 2008) (Fig.
5 and Table 3).
(i)

(ii)
A

B

C

One major disadvantage of this approach which
was soon noticed, was that catalytic efficiencies of
the enzymes were much less in organic media and
hence, larger amount of enzymes needed to be used.
Many efforts have been made globally to
overcome this constraint. Some Indian findings are
briefly listed below.
Enzymes have to be in dry state. Presence of
excess water (>5% v/v generally) initiates
competing hydrolytic reactions. It has been found
that precipitation with water miscible organic
solvents works better than freeze drying for
obtaining a more active enzyme preparation

Fig. 5: (i) Far-UV CD spectra for CcdB proteins in 10 mM
Tris, pH 7.5: WT-CcdB (·), CcdB-F17P (ο), and CcdB∆ ). (ii) Fluorescence emission spectra (AU,
M97K (∆
arbitrary units) from 300 to 400 nm for CcdB proteins
in 10 mM Tris, pH 7.5, using excitation and emission
slit widths of 2 nm and 5 nm, respectively. Protein
samples at a concentration of ~1 ìM were incubated
either in buffer (·) or in buffer containing 5 M GdmCl
(° ) for 3 h before spectral acquisition. (A) WT-CcdB,
(B) CcdB-F17P, and (C) CcdB-M97K (Reproduced from
Raghava et al. 2008 with permission from Wiley-VCH)
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Table 3: Comparison of results obtained by TPP with
conventional methods (Reproduced from Raghava et al., 2008
with permission from Wiley VCH)
S.No. Protein

Refolding by
TPP method

Refolding by
conventional method

RNase A
Total timea
Yieldb

36 h
40-45

3-4 d
4-8c

CcdB-F17P
Total timea
Yieldb

15 h
30-32

—

CcdB-M97K
Total timea
Yieldb

15 h
30-35

—

MBP224D
Total timea
Yieldb

15 h
38-43

—

MBP264D
Total timea
Yieldb

15 h
38-43

—

Trx mutant
Total timea
Yieldb

15 h
60-62

—

CD4D12
Total timea
Yieldb

17 h
3-5

24 h
1

VIII DPTP10Dd
Total timea
Yieldb

15 h
18

Refoldable
1-2

DPTP52F
Total timea
Yieldb

15 h
30

Not refoldable
—

DPTP69D
Total timea
Yieldb

15 h
38

Not refoldable
—

DLAR
Total timea
Yieldb

15 h
42

Not refoldable
—

DPTP99A
Total timea
Yieldb

15 h
40

Not refoldable
—

I

II

III

IV

V

VI

VII

IX

X

XI

XII

Not refoldable

Not refoldable

Protein Coated Microcrystals (PCMC) is a
patented technology developed in U.K. (Kreiner
et al., 2001). In this a mixture of an enzyme and
a low molecular weight substance (salt, sugar
or amino acid) is precipitated by an organic
solvent. The low molecular weight substance
rapidly forms microcrystals, the slower
precipitation of the proteins results in proteins
coating over the microcrystals. PCMC has been
described as a highly active biocatalyst design
for low water media. The results from our
laboratory also agree with that. It was also
shown that Cross-Linked Protein Coated
Microcrystals (CLPCMC) in some cases

Not refoldable

Not refoldable

Not refoldable

aFor

purification and refolding; bMethod for calculating yield
(mgL–1) of culture): ([Total purified protein (mg) x fraction of
pure protein] ÷ culture volume (mL) x 1000. cFollowing the
method of refolding “without TPP” mentioned in Materials and
Methods section, yields of 5-15 mgL–1 are obtained; del Cardayré
et al. (1995) report yields as high as 50 mgL–1; a more recent
paper by a different group (Tanimizu et al. 2002) report yields of
about 5mgL–1; dNo activity was obtained in this PTP

Fig. 6: Enzyme coated clusters of nanoparticles as a high
activity biocatalyst design. A) Initial rates for the
trans-esterification of N-acetyl-L-phenylalanine
ethyl ester and n-propanol in n-hexane (B)
Conversions for the same reaction. (Reproduced from
Mukherjee and Gupta 2012 with permission from
Chemistry Central Journal)
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worked better than even PCMC. An Indian
patent application has been filed for this
biocatalyst design (Shah et al., 2008).
Enzymes bound to super-paramagnetic Fe3O4
nanoparticles also show highly improved
synthetic activity in organic solvents (Solanki and
Gupta, 2011).
Alpha chymotrypsin engulfing clusters of the
same nanoparticles show high synthetic activity
(Mukherjee and Gupta, 2012) (Fig. 6).
Reverse micelles and ionic liquids represent
other low water media (Shah and Gupta 2007a, b;
Orlich and Schomäcker, 2002). Some solvents like
ionic liquids, ethyl lactate, cyclopentylmethylether and
glycerol are called green solvents (Watanabe et al.,
2007; Aparicio and Alcalde, 2009; Diaz-Alvarez et
al., 2014). Such green media offer an opportunity of
more sustainable designs for the biocatalytic processes
in low water media for organic synthesis.
Conclusions
Biotechnology is expected to play an ever increasing
role in development of sustainable chemical processes.
This promise is largely based upon (a) sourcing raw
materials from renewable resources (b) replacing
chemical catalysts with biocatalysts. Applied
biocatalysis plays an important role in all this. Both
Japan and China (to name two countries) have strong
base in applied biocatalysis.
If ‘Make in India’ program has to cover
biotechnology, we cannot afford not to re-establish
and strengthen our emphasis on applied biocatalysis.
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