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Review paper 1 

Strategies for the engineering of recombinant protein 2 

and its high level expression  3 

 4 

Abstract 5 

A large number of proteins are efficiently produced by microbes. Protein engineering especially 6 

working with enzymes has become a very promising section of the biotechnology industry. Due 7 

to increasing demands of proteins, bioengineering strategies have been gaining importance to 8 

modify natural enzymes. Commercially, hundreds of proteins are produced, the production of 9 

recombinant proteins still constitutes a challenge in many cases. Most common protein 10 

engineering techniques include i) Directed evolution, ii) Site-directed mutagenesis, iii) 11 

Truncation, iv) Terminal fusion. After engineering the desired protein, there is another great 12 

challenge to get the high level expression and solubility of the proteins. Four levels of strategies 13 

can be used to increase the expression and solubility of recombinant proteins; (1) vector 14 

selection, (2) host selection, (3) fermentation optimization and (4) codon optimization. Here we 15 

present the latest methods of protein engineering and molecular expression of industrially 16 

important enzymes and to get good quality of recombinant proteins. In this article, we have 17 

reviewed the different approaches, common problems, their solutions and also covered pros and 18 

cons of many of the latest used techniques in this ever-growing field. 19 
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 25 

Introduction 26 

 27 

Protein engineering is emerging and remarkable technique and different strategies have been 28 

developed in a very short time to produce cellulases with improved qualities. Development in 29 

field of biological sciences and recombinant DNA technology is emerging very rapidly. It gives 30 

driving force to biologists and biochemists to produce more effective and new methods for 31 

screening of good mutants.  They can produce purified protein immediately by this technique 32 

instead of using kilograms of plant and animal tissues.  33 

 34 

In former studies, this topic is studied many times with great detail under different headings. 35 

That’s why this review is all about the most recent advances in protein engineering and its 36 

expression. We also discussed pros and cons of different modern options and approaches, 37 

currently considered very popular for expressing a great number of proteins, for young 38 

researchers in the field of making heterologous proteins. 39 

 40 

 41 
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� Strategies for protein engineering 42 

Usually some proteins in their natural form are not up to the mark in their properties under 43 

inconsiderate industrial conditions, and thus optimization is essential to achieve an appropriate 44 

protein variant for production needs. (Gotor et al., 2008).  For enhancing protein characteristics 45 

these four experimental routes can be followed. When there is complete information available 46 

about protein structure, the prior approach would be rational design. While in the absence of this 47 

information directed evolution, truncation and CBM fusion are considered as the best options. 48 

 49 

01: Directed Evolution 50 

In routine lab work, we have limited knowledge about structure and mechanisms of the protein 51 

of interest. (Bloom et al., 2005)So, as an alternative measure, evolutionary methods are 52 

preferred. All these techniques are collectively termed as directed evolution(Doucet and 53 

Pelletier, 2004). It mimics darwinian optimization process, whereby the rightest subjects are 54 

selected from a group of variants(Turner, 2003). Here we summarized the basic steps of directed 55 

evolution as: 1) generation of library of mutants, 2) screening/selection and 3) gene 56 

amplification. For the successful directed evolution experiment the utmost and vital step is 57 

selecting the suitable techniques for creating a library and screening or selection(Bornscheuer, 58 

1998).  59 

 60 

There are three best strategies so far for creating a library of rightest variants: 1) random 61 

mutagenesis,2) semi-rational design, and 3) gene shuffling. In first approach, commonly used 62 

mutations can either be point mutations, in-del mutations, inversions, or frame-shift mutations, 63 

whereas the combination of first approach with site-directed mutagenesis is known as Semi-64 

rational design(Reetz, 2001). In last technique, gene shuffling, there is an exchange of fragments 65 

between genes for creating a library of chimeric descendants. In DE experiments, gene shuffling 66 

is normally done by homologous recombination (HR) or non-homologous recombination (NHR).  67 

 68 

Once library of mutants is generated, next step is to select the desired mutant. This selection is 69 

done either by screening or selection process(Becker et al., 2008). Each mutant in the library is 70 

evaluated individually in screening process while in selection methods the entire library is 71 

evaluated at once. For instance, use of antibiotics to bacteria on an agar plate and only resistant 72 

clones will grow. Practically selection methods are considered preferable. 73 

 74 

The only difficulty in these directed evolution experiments, is finding the desirable variant from 75 

the library. As size of the library is typically very large (> 104–6), and close evaluation of each 76 

variant is not feasible. Though, once an evolved enzyme with improved characteristics is found, 77 

there are whole lot chances of success for you to be part of in biochemical industry(Reetz and 78 

Jaeger, 1999). 79 

 80 

02: Site Directed Mutagenesis 81 

Site-directed mutagenesis is one of the most important in-vitro method that is used for the 82 

modification of enzyme and to introduce desired properties into protein of interest.  It is 83 

commonly used in protein chemistry to analyze the function of specific amino acids and to 84 

enhance their properties, such as pH, thermal stability and specific activity of different proteins. 85 
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This technique is also famous as rational design and it requires huge data on the protein 86 

structure. The technique hinges on relating structure to function, by means of molecular 87 

modeling techniques. To be successful, modification of the desired region usually involves 88 

knowledge of structure and function of the existing region and the desired one. Sometimes if the 89 

structure and catalytic mechanism of target enzyme are well known, molecular modification for 90 

the desired function may not be achieved (F. H. Arnold, 2001). The effect of specific amino 91 

acids and their role in enzymatic properties can be easily achieved by this technique and it can 92 

allow major modifications of an enzyme(Wang et al., 1996). 93 

In rational design, molecular engineering demands the deep understanding of composition and 94 

configuration of protein by single and combinational mutation. Mutation at particular amino acid 95 

can be made by overlap PCR method (Aiyar et al., 1996) and then the resultant mutant protein is 96 

expressed and purified. After purification, native and mutant proteins are evaluated to access 97 

weather the required characteristics have been incorporated in protein or not. Second and third 98 

round of mutations followed by expression, purification can also be done for the further 99 

improvement in proteins characteristics (Wells et al., 1985). 100 

 101 

For example, Hsieh and Vaisvila described single site-directed mutagenesis and multiple 102 

mutations as simplified methods for mutagenesis (Hsieh and Vaisvila, 2013).  When cysteine 103 

residue at position 22 in oryza sativa is replaced with alanine in Phi-class glutathionine S-104 

transferase F3, there was a 2.2-fold increase in km value than that of the wild type (Jo et al., 105 

2012). When site-directed mutagenesis is used with the combination of other techniques can 106 

considerablyincrease the properties of the enzymes. For instance, the ability of maltose-binding 107 

of protein-fused Hepl from recombinant Escherichia coli was reported to be increased rapidly by 108 

using site-directed mutagenesis in combination with calcium (Chen et al., 2013) 109 

 110 

03: Truncation 111 

Truncation allows generation of a large number of enzyme variants by relatively simple and fast 112 

methods(Ostermeier et al., 1999). Extensive screening of the library generated can be employed 113 

to identify and isolate the enzyme variants that are more active and stable under a range of 114 

conditions as compared to their native counterparts. Production of highly active and thermostable 115 

enzymes can make a major contribution in reducing the costs for the production of second-116 

generation bioethanol, in addition to other important applications. Truncation is an incredible 117 

approach for improving enzyme performance without knowing the protein structure and enzyme-118 

substrate interactions (Zhiwei Chen, 2013) . Different methods and techniques are available to 119 

generate molecular diversity but truncation would be best option for the Creation of hybrid 120 

enzymes. This technique is for combining two genes randomly. The primary advantage of 121 

truncation is that there is no requirement of sequence similarity for the two genes. 122 

 123 

Truncation not only improves the properties of industrial enzymes but also makes the process 124 

very cost effective and easy to perform as compared to other conventional procedures. Cost 125 

effective enzymes with improved thermostability, increased catalytic efficiency and enhanced 126 

solubility are highly demanded for the industrial purposes(Ostermeier et al., 1999). For instance 127 

celluloses and hemicelluloses are first hydrolyzed by enzymatic treatment followed by bacterial 128 

or yeast fermentation in lignocellulose bioethanol technology. The conventional acid hydrolysis 129 

requires expensive reactors and produces reversion compounds at the end of reaction. Enzymatic 130 
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digestion is quite specific, and environment friendly as compared to the acid hydrolysis. The 131 

production cost of these enzymes can be decreased by adopting truncation techniques(Hecky et 132 

al., 2007). Generation of mutants via truncation and direct transformation of desired cells for 133 

soluble expression of protein bypasses the costly and time consuming steps of conventional 134 

cloning(Zhao et al., 2002). 135 

04: Fusion 136 

Protein stability can be enhanced by two or more genes or cDNA which can be from same or 137 

different source and fused together to make new chimeric nucleotide sequence. This nucleotide 138 

sequence coded the protein which is known as chimeric protein (or chimera). Chimeras can be 139 

made by ligating different cDNA or by overlap extension PCR. To express chimeric gene, they 140 

1
st
 have to be cloned into a plasmid. Sometimes these chimeric proteins may have better 141 

properties as compared to original ones. In human beings, an example of chimeric protein is 142 

Philadelphia chromosomal mutation leads to myelogenous leukemia(Redaelli et al., 2009). 143 

Chimeric proteins are also used to study disease development in humans, different toxins and 144 

antibodies can be engineered to proteins and their effects in the body can be observed. By 145 

domain rearrangements chimeric variants of cellulase can also be made (Sajjad et al., 2012).  146 

CBM3 are most distinctive, diverse and robust. Cbm3 which is the important component of both 147 

free cellulases and cellulosome, bind tightly to crystalline cellulose and thus play a key role in 148 

cellulose degradation through their substrate targeting capacity. Other types of CBM3 (known as 149 

CBM3c) are fused to the catalytic module of family 9 glycoside hydrolases (GH9s), and serve to 150 

alter the enzymatic characteristic of the parent protein from a standard endoglucanase to a 151 

processive enzyme (Sakon et al., 1996; Bayer et al., 1998). In short, production of new enzymes 152 

with required characteristics can be expressed in suitable hosts to produce these enzymes in large 153 

quantity(Foo et al., 2012). Bulk production of these enzymes can find many applications in a 154 

number of industries. 155 

 156 

� Strategies for high level Expression of Foreign Gene  157 

 158 

Amount of protein required in large scale applications of protein engineering is quite high. 159 

Theoretically it looks very simple as in such cases you take your desired gene, clone it in 160 

expression vector, and after transformation in specific host, your protein is ready for purification 161 

and characterization. Practically, protein engineering is not an easy task because; there are many 162 

factors which can go wrong. For example in appropriate usage of the cloning vector, metabolic 163 

burden on expression host, inclusion body(IB) formation, protein inactivity, codon optimization, 164 

fermentation optimization and even not getting any protein expression at all are some of the 165 

considerable difficulties. So far, there is no single solution exists for successfully the production 166 

and expression of all recombinant proteins. As a substitute, it is always beneficiary to have 167 

access to a wide collection of expression techniques. 168 

 169 

01: Vector selection: 170 

 171 

Vectors are also known as replicons, as they undergo replication as autonomous units. An 172 

expression vector must have features such as strong promoter, replicons, selection markers and 173 

multiple cloning sites containing unique restriction sites for the accurate insertion of the gene. It 174 

is possible to clone the desired gene directly in expression vector but cloning vectors may also 175 
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use for this purpose. A large number of cloning vectors are available and it is very easy to get 176 

lost in the catalogue when choosing the suitable vector. For this reason, all the characteristics 177 

have to be carefully evaluated according to the desired gene. Choosing the vector may depend on 178 

copy number of the vector. Replicon is considered as the control center of the copy number(Del 179 

Solar and Espinosa, 2000). It is logical to think that high copy number is useful as it produces 180 

more yield of recombinant protein as many expression entities reside in the cell.  181 

 182 

Most commonly used expression plasmid is the pET vector with 6-Histidine tag .Generally  His-183 

Tag  is very useful and smaller affinity tag  for purification of proteins. The pET vector is 184 

provided by ‘Novagen’. A continuous stretch of Consecutive 6-Histidine residues may consider 185 

as the main possibility for the decrease in solubility of the fused protein. If consecutive Histidine 186 

creates hinderence in solubilty, pEt vector can be replaced by pHAT.  187 

Dual and triple expression of recombinant proteins can be achieved by p15A ori which is present 188 

in pACYC and pBAD series of plasmids and pSC101 plasmids respectively(pACYC and pBAD 189 

series of plasmids,10–12 copies per cell; (Chang and Cohen, 1978; Guzman et al., 1995) 190 

(pSC101 <5 copies per cell; (Venkova-Canova et al., 2006) . Alternatively, Duet vectors 191 

(Novagen) streamlines co-expression of two genes in the single plasmid. The Duet plasmids 192 

carries two multiple cloning sites, each preceded by a T7 promoter, a lac operator and a 193 

ribosome binding site.  194 

 195 

02: Organism selection: 196 

Expression systems are mainly used in research, medicine, life sciences and biotechnological 197 

processes. They are genetic constructs that are referred to as host and designed to make proteins, 198 

or RNA, either inside or outside a cell. 199 

 200 

An expression vector must have features such as the system must be easy to culture and 201 

maintain, grow rapidly, and produce large amounts of protein. Many different host systems may 202 

be used for expression for example bacteria(Terpe, 2006), yeast(Cereghino and Cregg, 2000; 203 

Gellissen, 2000), unicellular algae(Fischer et al., 2004) and filamentous fungi(Punt et al., 204 

2002).— each expression system has distinct strengths and weaknesses(Demain and Vaishnav, 205 

2009; Adrio and Demain, 2010). Forexample, a prokaryotic expression system may not be used 206 

for the eukaryotic proteins in which post-translation modifications such as protein glycosylation 207 

are required(Sahdev et al., 2008). 208 

The initiation of a whole process depends on the host cell machinery making the selection of an 209 

appropriate host a vital step. For large scale production of enzyme, Escherichia coli expression 210 

system is the easiest and quickest method. In this review, we will precisely focus on Escherichia 211 

coli. In the past, many reviews have covered other expression systems in detail (many articles 212 

citations). 213 

E. coli has highly developed genetic system and has many advantages as the expression host. (i) 214 

It has unequaled fast growth kinetics. Its generation time is about 20 minutes under optimized 215 

conditions (Sezonov et al., 2007). (ii) As E.coli is known as work horse organism for its simple 216 

and easy physiology makes easy to get high cell density cultures and produce large quantities of 217 

proteins (iii) low cost culture methods(iv) Foreign DNA is fast and easy to transform. 218 

Transformation of plasmid in E. coli can be achieved in as few as 5min(Pope and Kent, 1996).(v) 219 

flexible system – can carry plasmids with multiple promoters, tags and restriction sites. 220 
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03: Fermentation conditions 221 

 222 

Just like protein engineering, techniques for protein expression are also very important 223 

for enhanced protein production. Fermentation conditions are one of the important factors 224 

required for the optimum protein production in E. coli in labs(Patnaik et al., 2008). The 225 

considerable fermentation conditions include culture systems, nutrient composition, temperature, 226 

pH and duration of the experiment. Continuous culture system, batch culture system and fed 227 

batch culture system (Kleist et al., 2003) are the three types of the high-cell-density culture 228 

systems for the maximum production of recombinant proteins (100 g dry cell weight/liter). These 229 

culture systems may have substantial metabolic effects on protein production and on cells as 230 

well, whole experiment must be monitored carefully then. For example, temperature and 231 

composition of the culture system are the important variables for the translation of different 232 

mRNAs (reference 284 and references therein).  233 

 234 

 It has been suggested that for the maximum release of periplasmic proteins into the 235 

medium, avoiding considerable cell lysis, addition of glycine in the growth medium is a very 236 

good option. In a same way, addition of sorbitol and glycyl betaine in the growth medium can 237 

enhance the solubility and activity of a protein by>400-fold(Terpe, 2006). Major challenges 238 

faced in the production of recombinant protein at high cell density culture batches includean 239 

inadequate supply of oxygen and high levels of carbon dioxide(Kumar and Shimizu, 2011), the 240 

ultimate reasons for the decreased growth rates and acetate saturation(Aristidou et al., 1995) 241 

causing increased output of heat and decline in the mixing efficacy.  242 

 243 

04: CODON USAGE 244 

‘Synonymous codon bias’ is seen in Genes of both prokaryotes and eukaryotes(Yang et al., 245 

2013).  Some of the observations based on the methodicalstudy of codon usage patterns in E. coli 246 

are enlisted here (124). (i) In all degenerate codon families there is a preference for one or two 247 

codons. (ii) Some of the codons are common amongst different genes regardless of the profusion 248 

of the proteins; for instance, commonly used codon for proline is CCG. (iii) Frequency of codon 249 

bias system is in direct relation with the expression rates of genes, genes with higher expression 250 

rates exhibit a greater degree of codon bias vice versa(Stenström et al., 2001). (iv)The rate of 251 

similar codon usage might reveal the profusion of their related tRNAs (Baca and Hol, 2000).  252 

 253 

From these interpretations we can say that in E. coli, less efficient genes are the ones with 254 

increased rare codons and thus by replacing rare codons with their synonymous common ones 255 

can enhance protein production(Burgess-Brown et al., 2008). For example in the expression of 256 

several mammalian genes tRNA Arg (AGG/AGA) is considered as a limiting factor(Calderone et 257 

al., 1996) , because these are the rarely used codons in E. coli. Likewise, Goldman et al. testified 258 

about the strong translational blocking of mRNA in presence of leucine and arginine, when there 259 

was a continuous stretch of rare codons close to the 59 end of the mRNA. 260 

 261 

So far, though, it’s been a tough job to design some general and definite “rules” to predict a 262 

relation of the content of rare codons in a specific gene with its efficacy of expression in E.coli. 263 

For the final documentation of accurate results, a long series of variables are monitored closely 264 

e.g; occurrence of rare codons, position of their relative tRNA(Kleber-Janke and Becker, 2000), 265 
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secondary structure of the mRNA, and some other effects. From all this discussion it would not 266 

be wrong to say that quantity and quality of a protein is directly affected by its codon 267 

context(Chaney and Clark, 2015).  268 

 269 

Conclusion  270 

 271 

Protein engineering, sub discipline of genetic engineering has played the key role in improving 272 

commercial enzymes and finding their new applications. Here we have highlighted some of the 273 

recent and promising tools and strategies which are being applied nowadays for bioengineering. 274 

Directed evolution and In vitro site-directed mutagenesis are considered as invaluable techniques 275 

for studying protein structure-function relationships and gene expression, and for carrying out 276 

protein modifications. Other techniques of protein engineering which are reported before chiefly 277 

include terminal fusion and truncation. In order to decide which sites are responsible for the 278 

improvement in their catalytic performance, gene sequences of parental proteins are compared 279 

with that of positive mutants. Then site-directed mutagenesis is performed for the further 280 

amplification in performance. But a plus point of directed evolution over site directed 281 

mutagenesis is that there is no need to understand the mechanism of the desired activity or how 282 

mutations would affect it.
 
Truncation and terminal fusion not only improves the properties of 283 

industrial enzymes but also makes the process very cost effective with improved thermostability, 284 

increased catalytic efficiency and enhanced solubility.  These Chimeric and truncated proteins 285 

are also used to study disease development in humans, different toxins and antibodies, and their 286 

effects in the body. After protein engineering, our next target was to improve the expression of 287 

recombinant proteins. We have discussed here a complete list of expression systems which are 288 

evolving continuously with the emergence of new vectors, various hosts, culture parameters of 289 

recombinant host strain and codon optimization. For optimized cloning of desired protein, pET 290 

vector series is considered as an efficient prokaryotic expression vector. While for the efficient 291 

expression of cloned protein, E. coli is considered as the easiest vector to handle.  In E. coli, 292 

expression and solubility of recombinant proteins can also be increased by replacing the rare 293 

codons with high-usage codons and by optimizing the culture condition of recombinant E. coli. 294 

We hope that this review demonstrates the real progress, being made in modifying the 295 

commercially important enzymes. 296 

 297 
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