
Production of recombinant
proteins

Methods and strategies



To begin…
Key steps in protein
biosynthesis

• Information on the coding
sequence of the protein is stored
in DNA

• This information is transferred to 
RNA TRANSCRIPTION

• RNA is decoded by the ribosome to 
produce the protein
TRANSLATION

These mechanisms and codes are 
CONSERVED throughout all
kingdoms of life



Recombinant proteins: what are they?

• A recombinant protein is a protein obtained
through the use of recombinant DNA technology

• Recombinant DNA technology: DNA sequences from 
different sources are joined to produce new DNA molecules



Recombinant proteins: why?

It becomes possible to produce 
virtually unlimited amounts of any

protein



Recombinant proteins: why?

1.     Academia: studies of structure-function relationships
- what does the protein look like? structure
- how does the protein work? function and mechanism

2. Biopharma: production of drugs (e.g. insulin and hormones, 
antibodies, clotting factors) or antigens for vaccines (e.g. the 
hepatitis B surface antigen HBsAg, spike)

3. Industry: production of proteins/enzymes for industrial 
applications (e.g. detergents, biodiesel)

Each of these applications has different
requirements as far as quality and quantity of the 
protein are concerned.



Recombinant proteins: how?

1. Synthesis/cloning of the target gene coding sequence
• PCR-mediated strategies: availability of DNA/RNA 

template is essential!
2. Cloning of the coding sequence in the expression

vector
• a plasmid with an inducible or constitutive

promoter
3. Trasformation of the host cell

• thermal shock, electroporation, liposomes
4. Selection of recombinant cells

• antibiotic resistance, selective advantage
5. Expression and purification of the protein

• intracellular or secreted



Cloning strategies if the coding sequence is known



Polymerase chain reaction (PCR)

Phases of a PCR:
• Denaturation
• Annealing
• Extension 

In the test tube:
• Template
• two primers
• dNTP
• Buffer + MgCl2
• Taq DNA polymerase



AatII Acc65I AccI AclI AfeI AflII AhdI AleI ApaI ApaLI AscI AseI AsiSI AvaI AvrII
BaeGI BaeI BamHI BanII BbsI BbvCI BciVI BclI BfaI BfuAI BglII BmtI BpmI Bpu10I BpuEI
BsaAI BsaBI BsaI BseRI BsiEI BsiWI BsmAI BsmBI BsmFI BsoBI BspMI BsrBI BsrDI BssSI
BstBI BstEII BstNI BstYI BstZ17I Bsu36I BtsI CspCI DraI DrdI EaeI EagI EciI Eco53kI
EcoNI EcoO109I EcoRI EcoRV FseI FspI HincII HindIII HpaI Hpy99I KasI KpnI MfeI MscI
NaeI NarI NcoI NgoMIV NheI NmeAIII NotI NsiI NspI PacI PaeR7I PciI PflFI PflMI PmeI
PmlI PpuMI PsiI PspGI PspOMI PspXI PstI PvuI PvuII RsrII SacI SacII SalI SbfI ScaI
SexAI SfcI SfiI SfoI SgrAI SmaI SmlI SnaBI SpeI SphI SspI StuI StyI SwaI TliI TspMI
Tth111I XbaI XcmI XhoI XmaI ZraI

>gi|49175990:3153377-3154540 Escherichia coli str. K-12 substr. MG1655 
chromosome, complete genome
ATGAACAACTTTAATCTGCACACCCCAACCCGCATTCTGTTTGGTAAAGGCGCAATCGCTGGTTTACGCG 
AACAAATTCCTCACGATGCTCGCGTATTGATTACCTACGGCGGCGGCAGCGTGAAAAAAACCGGCGTTCT 
CGATCAAGTTCTGGATGCCCTGAAAGGCATGGACGTGCTGGAATTTGGCGGTATTGAGCCAAACCCGGCT 
TATGAAACGCTGATGAACGCCGTGAAACTGGTTCGCGAACAGAAAGTGACTTTCCTGCTGGCGGTTGGCG 
GCGGTTCTGTACTGGACGGCACCAAATTTATCGCCGCAGCGGCTAACTATCCGGAAAATATCGATCCGTG 
GCACATTCTGCAAACGGGCGGTAAAGAGATTAAAAGCGCCATCCCGATGGGCTGTGTGCTGACGCTGCCA 
GCAACCGGTTCAGAATCCAACGCAGGCGCGGTGATCTCCCGTAAAACCACAGGCGACAAGCAGGCGTTCC 
ATTCTGCCCATGTTCAGCCGGTATTTGCCGTGCTCGATCCGGTTTATACCTACACCCTGCCGCCGCGTCA 
GGTGGCTAACGGCGTAGTGGACGCCTTTGTACACACCGTGGAACAGTATGTTACCAAACCGGTTGATGCC 
AAAATTCAGGACCGTTTCGCAGAAGGCATTTTGCTGACGCTAATCGAAGATGGTCCGAAAGCCCTGAAAG 
AGCCAGAAAACTACGATGTGCGCGCCAACGTCATGTGGGCGGCGACTCAGGCGCTGAACGGTTTGATTGG 
CGCTGGCGTACCGCAGGACTGGGCAACGCATATGCTGGGCCACGAACTGACTGCGATGCACGGTCTGGAT 
CACGCGCAAACACTGGCTATCGTCCTGCCTGCACTGTGGAATGAAAAACGCGATACCAAGCGCGCTAAGC 
TGCTGCAATATGCTGAACGCGTCTGGAACATCACTGAAGGTTCCGATGATGAGCGTATTGACGCCGCGAT 
TGCCGCAACCCGCAATTTCTTTGAGCAATTAGGCGTGCCGACCCACCTCTCCGACTACGGTCTGGACGGC 
AGCTCCATCCCGGCTTTGCTGAAAAAACTGGAAGAGCACGGCATGACCCAACTGGGCGAAAATCATGACA 
TTACGTTGGATGTCAGCCGCCGTATATACGAAGCCGCCCGCTAA

Sequence of the gene

Restriction analysis of the sequence

Enzymes that do NOT cut the sequence

Restriction-based cloning strategy by PCR if the 
coding sequence is known

1. restriction analysis of the gene 



BamHI EcoRI SacI SalI HindIII NotI XhoI
ATCGGAATTAATTCGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCAC

Multiple cloning site of the vector

Sequence of primers for cloning of the gene by PCR

BamHI Forward 5’-CAGGGATCCATGAACAACTTTAATCTGCAC-3’
HindIII Reverse 5’-CAGAAGCTTTTAGCGGGCGGCTTCGTATATAC-3’

Primers contain 5’ extensions that introduce restriction sites useful
for cloning in the vector

Restriction-based cloning strategy by PCR if the 
coding sequence is known

2. design of primers



Sequence of primers for cloning of the gene by PCR

BamHI Forward 5’-CAGGGATCCATGAACAACTTTAATCTGCAC-3’
HindIII Reverse 5’-CAGAAGCTTTTAGCGGGCGGCTTCGTATATAC-3’

PCR on genomic DNA or Reverse Transcriptase-PCR (RT-PCR) on mRNA

Digestion of the PCR product with restriction enzymes BamHI and HindIII

Ligation in the vector digested with BamHI and HindIII

Transformation of E. coli, selection of colonies, extraction of plasmid DNA 
and confirmation of the presence of the sequence of our gene

Restriction-based cloning strategy by PCR 
if the coding sequence is known



Cloning strategies if the coding sequence is
NOT known

Screening of cDNA or genomic DNA libraries
hybridization of the library with a gene-specific DNA probe, identification
and recovery of the plasmid/phage that contains the target sequence

RACE (Rapid Amplification of cDNA Ends)
mRNA is transcribed to cDNA by reverse transcriptase using a generic
primer (poli-T+adapter, 3’ RACE) or a gene-specific primer (5’ RACE). The 
cDNA is amplified with the adapter primer and a gene-specific primer.

Some information on the aminoacid or nucleotide target sequence is
required to design the gene-specific primer(s)
Information can be obtained directly on the protein (Edman
degradation or mass spectrometry) or by bioinformatic analyses
(sequence alignments and identification of conserved sequences)



mRNA
AAAAAAAA
TTTTTTTT-linker

AA
AA
AA

Trascrizione inversa 
con oligonucleotide 

poli-T-linker

cDNA a singolo filamento TTTTTTTT-linker

PCR con oligonucleotide 
gene-specifico e linker

linker
GSP

Estremità 3’ del cDNA

3’ RACE

If the gene-specific primer anneals at the starting ATG codon the 
full-length coding sequence can be obtained



mRNA
AAAAAAAA AA

AA
AA

Trascrizione inversa con 
oligonucleotide gene-

specifico

cDNA a singolo filamento GSP

PCR con oligonucleotide 
gene-specifico e linker

linker
GSP

Estremità 5’ del cDNA

5’ RACE

GSP

Estensione 
del cDNA

AAAAAAAA cDNA a singolo filamento GSP

PCR con oligonucleotide gene-
specifico e poli-T-linker

GSP
linker-TTTTTTTT

AAAAAAAA



How to design a primer starting from the amino acid 
sequence?

The genetic code is degenerated!



How to design a primer starting from the amino acid 
sequence?

The genetic code is degenerated!

Avoid amino acids encoded by six codons (Leu, Ser, Arg)
Exclude the third base of the last codon
Choose the least degenerated amino acid sequence

Met-Leu-Pro-Gln-Lys-Trp-Asp-Gly-Ser-Met-Asn-Gly-Arg
1     6     4    2    2     1      2    4     6      1     2     4     6

Pro-Gln-Lys-Trp-Asp-Gly
4     2    2     1      2    4
CCN-CAA/G-AAA/G-TGG-GAT/C-GGN 18 bases degeneration 128

17 bases degeneration 32

Met-Leu-Pro-Gln-Lys-Trp
1     6 4    2    2     1

ATG-TTA/G-CCN-CAA/G-AAA/G-TGG 18 bases degeneration 32 (96)



How to design a primer starting from the amino acid 
sequence?

Degeneration can be further reduced by:

1) Introduction of unusual bases
deoxyinosine (I) N→I I→A I→G

I→C
I→T 
ok no

es. Arg CGN
AGA/G 5’-IGN-3’

2) Exploitation of‘codon usage’
• Synonimous codons for a single amino acid are generally used with 

different frequencies in an organism/cell. By choosing the most used
codon for each amino acid in the target sequence it is possible to 
reduce the total degeneration of the primer; however, also the 
probability of perfect annealing is reduced.



Codon usage frequencies in
Saccharomyces cerevisiae



Designing the primer for cloning of Ftr1 from the 
yeast Pichia pastoris

Sequence alignment of Ftr1 from different yeasts to identify conserved
regions

FTR1_YEAST        MPNKVFNVAVFFVVFRECLEAVIVISVLLSFLKQAIGEHDR-----ALYRKLRIQVWVGV 55
FTR2_CANAL        -MVDVFNVQVFFVVFREALEAVIVVSVLLAFVKQSMGSSANG---PELKKKLYRQIWLGA 56
FTR1_CANAL        -MVDVFNVQIFFIVFRESLEAIIVVSVLLAFVKQSMGGSSD----PQLKKRLYRQIWLGA 55
YAK7_SCHPO        MAKDVFSVAIFFIVLRETLEASIIVSVLMSFISQTLMDKDGNVTDPKLKRKFMLQVWIGS 60

.**.* :**:*:** *** *::***::*:.*::           * :::  *:*:* 
FTR1_YEAST        LLGFIICLAIGAGFIGAYYSLQKDIFG-SAEDLWEGIFCMIATIMISMMGIPMLRMNKMQ 114
FTR2_CANAL        GLGVLICIIIGGAFIGTFYGLGKDIWG-KSEDLWEGIFCIIATVLITAMGIPMLRINKMK 115
FTR1_CANAL        GLGVLVCLY-GVLSIGASYGLGKDIFGVISEDLWEGIFCIIATVLITAMGIPMLRINKMK 114
YAK7_SCHPO        FTALFICLAIGGGFIGAFYALDKDIWS-GSEEIWEGVFSLIAVVLITVMGFAMLRVSHLQ 119

..::*:  *   **: *.* ***:.  :*::***:*.:**.::*: **:.***:.:::
FTR1_YEAST        SKWRVKIARSLVEIPHRKRDYFKIGFLSRRYAMFLLPFITVLREGLEAVVFVAGAGITTQ 174
FTR2_CANAL        EKWRVKLAQALIKSPENKKNRFKLGYLGKKYALFILPFITCLREGLEAVVFVGGVGITSP 175
FTR1_CANAL        EKWRVKLAQALIKSPTNKKDRFKLGYLGKKYALFILPFLQVLREGLEAVVFVGGVGLNSP 174
YAK7_SCHPO        EKWRKKLMKSIAN--RKAKG---ISNWGKKYSMFLLPFFTVLREGLEVVVFVGGVGLETP 174

.*** *: ::: :   . :.   :.  .::*::*:***:  ******.****.*.*: : 
FTR1_YEAST        GSHASAYPLPVVVGLICGGLVGYLLYYGASKSSLQIFLILSTSILYLISAGLFSRGAWYF 234
FTR2_CANAL        ---ASSFPIPVIVGIICGLAVGALLYYFGSNMSMQIFLIISTCILYLIAAGLFSRGVWFF 232
FTR1_CANAL        ---ATSFPIPVIVGLIAGIVVGALLYYFGSSMSMQIFLIISTCILYLIAAGLFSRGIWYF 231
YAK7_SCHPO        ---ATAFPLPVICGLIVGCLIGYFIYRGGNVMNLQWFLIASTCILYLISAGLMSKATFYF 231

*:::*:**: *:* *  :* ::*  ..  .:* *** **.*****:***:*:. ::*
FTR1_YEAST        ENYRFNLASGGDASEGGDGNGSYNIRKAVYHVNCCNPELDN--GWDIFNALLGWQNTGYL 292
FTR2_CANAL        ESYQYNKKTGGDAAENGSGPGTYDISKSVWHVNCCNPLTDN--GWDIFNAILGWQNSATY 290
FTR1_CANAL        ETNTYNKKTGGDASENGSGPGTYDISKSVWHVNCRNPETDN--GWDIFNAILGWQNSATY 289
YAK7_SCHPO        EMNKWNHQTGGDAGELGDGPGSYPFKSAVWHVNYGNPEMNSNGGYMIFNAILGWNNTGTY 291

*   :*  :****.* *.* *:* : .:*:***  **  :.  *: ****:***:*:.  
FTR1_YEAST        SSMLCYNIYWLVLIIVLSLMIFEERRGHLPFTKNLQLKHLNPGYWIKNKKKQELTEEQKR 352
FTR2_CANAL        GSVISYNVYWIFIISVLLLMVYEEKHGHLPLTKNLTLVQLNPMYHIKGKKKLELNKAEKE 350
FTR1_CANAL        GSVISYNIYWLFIICVLLLMVYEEKHGHLPFTKNLTLVQLNPMYHIKGKKKLELNKAEKD 349
YAK7_SCHPO        GSILSYIIYWLFVAFIMFLMWYKERRAARLLIAKLGDKVVDLEAASSHTPVQSSSSEDEF 351

.*::.* :**:.:  :: ** ::*::.   :  :*    ::     . .   . .. :: 
FTR1_YEAST        QLFAKMENINFNEDGEINVQENYELPEQTTSHSSSQNVATDKEVLHVKADSL 404
FTR2_CANAL        ELFTKLQKQKFGDVQEIDETSSNKLVETQENK-------------------- 382
FTR1_CANAL        ELFTKLQQQNFGQAAEVDETSSNKWMDSQENS-------------------- 381
YAK7_SCHPO        KINSPTDDKGDKAIDIVTEVRESSSPVEEHKDDKTVDVINEIRESH------ 397

:: :  :.        :    . .      . 



Designing the primer for cloning of Ftr1 from the 
yeast Pichia pastoris

Sequence: Leu-Arg-Glu-Gly-Leu-Glu-Ala-Val-Val
• conserved in all Ftr1 proteins
• the two Glu residues are essential for Ftr1 function

Sequence: Leu-Arg-Glu-Gly-Leu-Glu-Ala-Val-Val
Degeneration:        6     6     2    4     6    2    4     4    4
Codon usage Leu TTA 0.16   TTG 0.33

CTT 0.17   CTC 0.08 CTA 0.12   CTG 0.16
Arg AGA 0.47 AGG 0.16

CGT 0.16   CGC 0.05 CGA 0.11   CGG 0.05
Glu GAA 0.58  GAG 0.42
Gly GGT 0.43 GGC 0.14  GGA 0.32 GGG 0.10
Ala GCT 0.45  GCC 0.25  GCA 0.24  GCG 0.06
Val GTT 0.42  GTC 0.23  GTA 0.16  GTG 0.20

Primer: TT(AG) AGA GA(AG) GG(AT) (CT)T(AG) GA(AG) GC(ACT)
GT(AGCT) GT

Degeneration 768 instead of 221184



Cloning of Pichia pastoris Ftr1 cDNA

3’ RACE with Ftr1 primer and adaptor primer
(GACTCGAGTCGACATCG) on Pichia pastoris mRNA
retrotranscribed with poly-dT-adaptor
Result obtained: PCR product of about 900 bp

TTAAGAGAGGGTTTAGAGGCTGTAGTGTTCATAGGTGGTGTTGGCCTGGGATCTCCAGCTACATCTTTTCCCATCCCTG
TGATTGTTGGTCTTATTGCTGGTATTTCTGTCGGTGTGCTTTTGTACTATTCAGGATCAACTCTTTCTTTGCAAGTTTT
CTTATGTATATCGACGGCTATTTTGTACTTGATTGCTGCTGGGTTGTTTTCTAGGGCTATCTGGTTCTTTGAAACCTAC
AAATACAACCAAAAGACTGGAGGAGATGCTTCTGAAAATGGTTCGGGACCCGGTACTTATGACATTAAGACTTCTGTTT
GGCATGTGAACTGCTGTAACCCTGAAACTGATAATGGTTGGGATATTTTTAACGCGTTGTTGGGATGGCAAAACTCTGC
CACTTATGGCTCAGTCATAGGCTACAACATATACTGGCTGGCGGTAATGATCACTTTGTATTTACTCTGGTTCGAAGAA
AAGAATAACCACTTGCCATTTATGAAAAATCTGAAGTTGAGACAACTGAACCCATTATACTGGATGAAGGGTAAAAACA
AGAAGGAGGTCTCCAAGGAAGATCAGGAAAAATTATTTGAGCAATTGAAGAGTAAGGAGTTTGCCAATAAACTTGCGGA
GGAATAATTAGATTGACCTAGCTGAATCTTGTTAGCAACTGTATGCACACACACACACACACACACACACACATACAAG
GGCTAACAGAGGATGATACGTTTTTCAGTCACAAACACATACACATGCACATGTACCCTAACAAGAACAAGACATTTTG
CTTGAATTAGAACTCAGGACTGCAAAAGGTTTACCGCATACTACGTACGCACATACACCATCTAATACACACGTTTTGT
ATAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATCGATGTCGACTCGAGTC

Primer: TT(AG) AGA GA(AG) GG(AT) (CT)T(AG) GA(AG) GC(ACT) GT(AGCT) GT
PCR product:  TT  A    AGA GA  G    GG  T      T   T  A   GA  G    GC   T      GT   A      GT



Alignment of the deduced aminoacid sequence of 
Pichia pastoris Ftr1 with other Ftr1 permeases

PpaFTR1         LREGLEAVVFIGGVGLGSP---ATSFPIPVIVGLIAGISVGVLLYYSGSTLSLQVFLCI 
CaFTR2          LREGLEAVVFVGGVGITSP---ASSFPIPVIVGIICGLAVGALLYYFGSNMSMQIFLII 212
CaFTR1          LREGLEAVVFVGGVGLNSP---ATSFPIPVIVGLIAGIVVGALLYYFGSSMSMQIFLII 211
FTR1_YEAST      LREGLEAVVFVAGAGITTQGSHASAYPLPVVVGLICGGLVGYLLYYGASKSSLQIFLIL 214
YAK7_SCHPO      LREGLEVVVFVGGVGLETP---ATAFPLPVICGLIVGCLIGYFIYRGGNVMNLQWFLIA 211

******.***:.* *:      *:::*:.:: *:* *  .* ::*  ..  .:* **  
PpaFTR1         STAILYLIAAGLFSRAIWFFETYKYNQKTGGDASENGSGPGTYDIKTSVWHVNCCNPET 
CaFTR2          STCILYLIAAGLFSRGVWFFESYQYNKKTGGDAAENGSGPGTYDISKSVWHVNCCNPLT 271
CaFTR1          STCILYLIAAGLFSRGIWYFETNTYNKKTGGDASENGSGPGTYDISKSVWHVNCRNPET 270
FTR1_YEAST      STSILYLISAGLFSRGAWYFENYRFNLASGGDASEGGDGNGSYNIRKAVYHVNCCNPEL 273
YAK7_SCHPO      STCILYLISAGLMSKATFYFEMNKWNHQTGGDAGELGDGPGSYPFKSAVWHVNYGNPEM 270

**.*****:***:*:. ::**   :*  .****.* *.* *:* :  :*:***  **  
PpaFTR1         DN--GWDIFNALLGWQNSATYGSVIGYNIYWLAVMITLYLLWFEEKNNHLPFMKNLKLRQ 
CaFTR2          DN--GWDIFNAILGWQNSATYGSVISYNVYWIFIISVLLLMVYEEKHGHLPLTKNLTLVQ 329
CaFTR1          DN--GWDIFNAILGWQNSATYGSVISYNIYWLFIICVLLLMVYEEKHGHLPFTKNLTLVQ 328
FTR1_YEAST      DN--GWDIFNALLGWQNTGYLSSMLCYNIYWLVLIIVLSLMIFEERRGHLPFTKNLQLKH 331
YAK7_SCHPO      NSNGGYMIFNAILGWNNTGTYGSILSYIIYWLFVAFIMFLMWYKERRAARLLIAKLGDKV 330

:.  *: ****:*** *:.  .*:: *  **: :   : *:  :*:         *    
PpaFTR1         LNPLYWMKGKNKKEVSKEDQEKLFEQLKSKEF----------ANKLAEE-----------
CaFTR2          LNPMYHIKGKKKLELNKAEKEELFTKLQKQKFGDVQEIDETSSNKLVETQENK------- 382
CaFTR1          LNPMYHIKGKKKLELNKAEKDELFTKLQQQNFGQAAEVDETSSNKWMDSQENS------- 381
FTR1_YEAST      LNPGYWIKNKKKQELTEEQKRQLFAKMENINFNEDGEINVQENYELPEQTTSHSSSQNVA 391
YAK7_SCHPO      VDLEAASSHTPVQSSSSEDEFKINSPTDDKGDKAIDIVTEVRESSSPVEEHKDDKTVDVI 390

.        . .  ::    ..               .               
FTR1_YEAST      TDKEVLHVKADSL 404
YAK7_SCHPO      NEIRESH------ 397

To complete the coding sequence of Pichia pastoris Ftr1 this fragment
has been used to screen a cDNA library



Modification of the coding sequence.
PCR-based mutagenesis strategies

Site-specific mutagenesis
to evaluate the structural/functional role of specific amino 
acid residues: a low number of variants is produced on the 
basis of predefined hypotheses

Random mutagenesis (in vitro directed evolution)
to modify the properties of a protein (thermostability, 
substrate specificity): a very large number of variants is
produced that must be analyzed to identify the improved
ones è an efficient screening method is required
error-prone PCR
DNA shuffling
saturation mutagenesis



Site-specific
mutagenesis QuikChange: 

1. PCR to amplify the whole
plasmid with two
complementary mutagenic
primers

2. Digestion with DpnI to 
degrade the wild type
methylated template

3. Transformation of E. coli
4. Verification by DNA 

sequencing



Site-specific
mutagenesis: 
simultaneous introduction
of multiple mutations
Overlap extension PCR

Mutagenic primers are employed
with flanking primers to amplify
overlapping regions of the coding
sequence. These PCR products are 
used as template in a second
round of PCR that reassembles
the full coding sequence



In vitro directed evolution:
error-prone PCR

• PCR in conditions that increase the error
frequency of Taq polymerase:
– Addition of Mn2+ (reduces specificity of 

base pairing),
– Unbalanced concentration of 

deoxyribonucleotides (if one of the dNTP
becomes limiting, it could be replaced by 
a different dNTP), 

– Increase of Mg2+ (may stabilize uncorrect
base pairing), 

– Increase Taq concentration (increases
the probability of extension from 
uncorrect primer annealing)



In vitro 
directed
evolution:
DNA shuffling



In vitro directed evolution
Screening methods



In vitro directed evolution
Strategy



Expression vectors

Host-specific elements:
•Elements for transcriptional
regulation (promoter and 
terminator)
•Selection Marker
•Origin of replication (absent
in integrative vectors)

Elements for propagation in 
E. coli:
•Selection Marker
•Origin of replication



Expression vectors

Elements for modification of 
the coding sequence by 
addition of sequences for:

• Peptide or protein Tags
• Secretion or subcellular

localization signals

FUSION PROTEINS



Host organism

• Prokaryotes
- Bacteria (Escherichia coli, Bacillus sp.)

• Eukaryotes
- Yeast (Saccharomyces cerevisiae, Pichia
pastoris, Kluyveromyces lactis)
- Mammalian cells (CHO, BHK, HEK-293)
- Insect cells (Sf9)
- Transgenic plants and animals



Choice of expression system

• Features of the protein, including any post-
translational modifications necessary for 
folding and biological activity

• Production time
• Production cost
• Regulatory issues (FDA, EMA)
• Royalties 



The main post-translational
modifications of proteins

• Disulfide bridges
• Glycosylation
• Proteolytic processing
• g-carboxylation, b-hydroxylation
• Sulfation
• Phosphorylation
• Acetylation, methylation, ADP-ribosylation, 

amidation



Cysteine and disulfide bridges

The formation of 
disulfide bridges
takes place in the 
periplasm in bacteria
and in the 
endoplasmic reticulum
in eukaryotes

It requires oxidizing
conditions



Glycosylation of proteins.
Role of the glycocomponent

• Glycosylation may assist folding of the polypeptide chain by 
affecting secondary structure

• Oligosaccharide chains may contribute to protein stability by 
increasing solubility, shielding hydrophobic regions, protecting
from proteases or favoring intra-chain interactions

• Glycosylation may affect trafficking/sorting of a protein to its
final destination

• Oligosaccharide chains may participate to recognition/binding
to ligands or receptors or to the biological activity of a protein

• Sialic acid that is found at the terminus of oligosaccharide
chains increases the half-life of proteins in plasma

• Oligosaccharide chains may contribute to immunogenicity of 
heterologous proteins



Escherichia coli
• Rapid growth (ca 30 min doubling time)
• Low cost platform system
• Detailed understanding of transcriptional

and translational molecular mechanisms
• Availability of mutant strains
• Easy transformation (CaCl2, 

electroporation)
• Elevated expression levels from multicopy

plasmids with strong inducible (lac, tac) 
and constitutive (T7) promoters

• Antibiotic resistance selection
• Preferential intracellular expression
• Post-translational modifications?





E. coli: strong and inducible
promoters

• Lac promoter (inducible with IPTG, a galactose
analogue)

• Trp promoter (inducible in the absence of tryptophan)
• Tac promoter: regions -35 form trp promoter

-10 from lac promoter
• Phage T7 constitutive promoter (the strain MUST 

contain T7 RNA polymerase)



Yeast



Saccharomyces cerevisiae
• Rapid growth (ca 90 min doubling time)
• Low cost platform system
• Detailed understanding of transcriptional and translational

molecular mechanisms
• Availability of mutant strains (auxotrophies, proteases)
• Easy transformation (LiCl2, electroporation)
• Episomal or integrative plasmids with strong inducible (GAL1, 

PHO5) and constitutive (GAP, TPI, PGK) promoters
• Auxotrophic complementation selection
• Intracellular or extracellular expression (a-factor signal

sequence)
• Post-translational modifications?









Pichia pastoris and Kluyveromyces lactis

• High density growth
• P. pastoris and K. lactis are considered GRAS (Generally

Regarded As Safe)
• Protein export systems more efficient than S. cerevisiae
• Glycosylation more similar to mammals
• Inducible promoters

– P. pastoris AOX1 (methanol), FLD (methanol or methylamine), CUP1 (copper) 
– K. lactis LAC4 (galactose, lactose), PHO5 (phosphate)

• Constitutive promoters 
– P. pastoris GAP, YPT1
– K. lactis PGK

• More limited availability of strains and vectors



Methanol metabolism in P. pastoris



Genomic integration of the vector in P. 
pastoris by homologous recombination



Construction of mutant yeast strains
How can you inactivate a gene in yeast?

Inactivation of the gene PMR1 in K. lactis by insertion of a G418-
resistance



Construction of mutant yeast strains
Cassettes for selection marker regeneration after

gene inactivation



Mammalian cell lines
• Slow growth (ca 24 hours doubling time)
• Expensive and complex platform systems
• Episomal and integrative plasmids with strong inducible

(fitoestrogens, TetOn) or constitutive (CMV) promoters
• Transient or stable transfection (lipocomplexes, electroporation)
• Transduction with viral-derived vectors
• Selection by antibiotic resistance or selective advantage

(dihydrofolate reductase, glutamine synthase)
• Folding and post-translational modifications are generally correct



TetOn system

The bacterial repressor TetR
binds to specific DNA 
sequences in the absence of 
tetracycline.
The gene of interest is under 
control of a hybrid tetO-CMV 
promoter and it is inserted in 
a cell line that constitutively
expresses TetR.
In the presence of 
tetracycline or its analogue
doxycycline, TetR does not
bind to DNA and transcription
of the gene of interest is
allowed. 



Insect cells/baculovirus

• Sf9 insect cells infected
with recombinant
baculovirus

• Strong polyhedrin
promoter

• Slow growth (ca 24 
hours/duplication)

• Still quite complex and 
expensive system

• Folding and post-
translational modifications
are generally correct



Purification of recombinant proteins

• Conventional methods: ammonium sulfate fractionation, ion
exchange chromatography, gel-filtration or hydrophobic
interaction chromatography

• Affinity chromatography exploiting peptide or protein tags
fused to the protein (N- o C-terminal). Immobilization of 
antibodies against peptide tags or substrates of protein tags

Peptide tags: 6xHis, flag, c-myc, V5, HA
Protein tags: GST (glutathione-S-transferase), MBP (maltose 

binding protein), TRX (thioredoxin) 

Tag removal: cleavage sites for proteases in the linker
sequence between the protein and the tag



Peptide and protein tags

Peptide tags help purification and detection
Protein tags increase expression levels and solubility, help 
purification and detection



Affinity chromatography for purification of 
tagged recombinant proteins



pET system for production of His-tagged
proteins in E. coli

• T7 promoter
• Cloning site for addition of N- or C-terminal His-Tag
• Thrombin cleavage site for removal of N-terminal His-Tag
• The E. coli strain must contain T7 RNA polymerase



His-tag allows binding to a matrix with 
immobilized divalent metals: Ni2+ or Co2+



System for production 
of MBP fusion proteins in 

E. coli



How to increase expression levels of 
recombinant proteins?

• Increasing translation
– Ribosome binding sequences
– mRNA stability
– Codon usage

• Increasing folding
– Changing growth conditions (temperature, medium composition)
– Coexpression of folding machinery (molecular chaperones)
– Fusion proteins

• Increasing stability
– Secretion (requires N-terminal signal sequence)
– Fusion proteins
– Post-translational modifications



Molecular chaperones that assist 
protein folding in E. coli



Cysteine and disulfide bridges

The formation of 
disulfide bridges
takes place in the 
periplasm in bacteria
and in the 
endoplasmic reticulum
in eukaryotes

It requires oxidizing
conditions



Disulfide bridge formation in the 
periplasm of E. coli



Mechanism of
DsbA

Active site Cys30 Pro His Cys33

Higher stability in the reduced state
High reactivity in the oxidized state
Stabilization of the reduced state determines Cys30 with low

pKa, in the reduced state formation of:
- Electrostatic bond at the positive extremity of an a-helix
- Hydrogen bond with His32.

Oxidized DsbA has a flexible structure that allows binding of a 
great number of substrates

Reduced DsbA has a rigid structure that allows binding of 
DsbB only



Isomerase: DsbC /DsbG

NADPH
Thioredoxin reductase
Thioredoxin
DsbDa-DsbDb- DsbDg
DsbC/DsbG
Reshuffling of incorrect
disulfides



Folding and secretion mechanisms in E. coli



Folding and secretion mechanisms in 
eukaryotic cells

• Endoplasmic Reticulum
– Removal of the signal peptide
– First steps of glycosylation
– Formation of disulfide bridges and folding

• Golgi Network
– Maturation of oligosaccharides

• Secretion Vesicles
– Transport to the plasma membrane and 

secretion



Secretion pathway
in yeast



Formation of disulfide bridges in 
the endoplasmic reticulum
PDI: protein disulfide isomerase
Ero1: sulfhydryl-oxidase



Glycosylation of proteins.
Role of the glycocomponent

• Glycosylation may assist folding of the polypeptide chain by 
affecting secondary structure

• Oligosaccharide chains may contribute to protein stability by 
increasing solubility, shielding hydrophobic regions, protecting
from proteases or favoring intra-chain interactions

• Glycosylation may affect trafficking/sorting of a protein to its
final destination

• Oligosaccharide chains may participate to recognition/binding
to ligands or receptors or to the biological activity of a protein

• Sialic acid that is found at the terminus of oligosaccharide
chains increases the half-life of proteins in plasma

• Oligosaccharide chains may contribute to immunogenicity of 
heterologous proteins



Protein N-glycosylation at N-X-T/S sequence motifs



Humanization of 
glycosylation in 
the yeast Pichia
pastoris

N-linked glycosylation pathways
in humans and yeast. 
Representative N-linked
glycosylation pathways in 
humans and P. pastoris (a).
An alternative humanized N-
linked glycosylation pathway in 
P. pastoris (b). Mns; a 1,2-
mannosidase, MnsII; 
mannosidase II, GnTI; b 1,2-
Nacetylglucosaminyltransferase
I, GnTII; b 1,2-N-
acetylglucosaminyltransferase 
II, GalT; b 1,4-
galactosyltransferase, SiaT; a
2,6-sialyltransferase, MnT;
mannosyltransferase. For 
simplicity the two GlcNAc
residues present at the 
reducing end of all glycans have
been omitted.



Strategies to create hybrid glycosyltransferases



Glycoengineering steps required for 
sialic acid transfer in the yeast Golgi. 
Endogenous UDP-GlcNAc, present in 
the yeast cytoplasm, is converted
to CMP-sialic acid by UDP-N-
acetylglucosamine-2-epimerase/N-
acetylmannosamine kinase (GNE), N-
acetylneuraminate-9-phosphate 
synthase (SPS), sialylate-9-P 
phosphatase (SPP) and CMP-sialic acid 
synthase (CSS). Subsequently, the 
product is translocated into the Golgi 
by the CMP-sialic acid transporter
(CST) and sialic acid is transferred
onto the acceptor glycan by 
sialyltransferase (ST). Enzymes are 
indicated by blue text and metabolic
intermediates by black text. For 
simplicity the two GlcNAc residues
present at the reducing end of all
glycans have been omitted.

Synthesis and incorporation
of sialic acid in glycoproteins

in yeast


