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E. COLI EXPRESSION AND FUSION PROTEINS

• Elements of an expression system 

• Vectors, expression strains

• What affects the expression level and quality

• Fusion proteins of all kinds

Marko Hyvönen (mh256@cam.ac.uk)
Sanger Building, lab 3.58

http://hyvonen.bioc.cam.ac.uk/
@HyvonenGroup
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E.coli tends to be the first choice when expressing heterologous proteins or their fragments, be 
it for antigens, ligand hunting, or structural studies. E. coli offers several advantages, and is 
often the only bacterial expression system people try. More complex systems like yeast, insect 
cells or mammalian cells are usually tried only after E. coli has failed to yield a protein of 
desired quality. 
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WHY EXPRESS IN E. COLI ?

• Well established system 

• Easy to manipulate

• Large variety of vectors, strains, methods

• Low-tech, safe and inexpensive to grow

• Suitable for variety of labellings

• isotopes for NMR (13C, 15N, 2H) 

• non-natural amino acids (Se-Met & Se-Cys for 

crystallography)

• radioactive (35S, 14C, 3H)
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But no system is without its flaws. Bacteria lack most of the post-translational modification 
eukaryotic cells have, and naturally any protein we express will not be modified. So if these are 
necessary for the protein you are expressing, E. coli might not be the organism of choice. In 
some cases you can get the modification by co-expressing the corresponding enzyme (kinase, 
lipid transferase etc), but this can be difficult in practice. Also, post-translational modifications 
can be heterogeneous even if the protein is produced in the same organism it originates from, 
and preparing  without any modifications has its advantages. For structural biologist something 
like glycosylation can be a problem as large glycans are flexible and can prevent crystallisation 
of the protein.   
High level overexpression causes very often problems with aggregation of proteins and this 
can be very difficult to overcome. Reasons for this are multiple, and are often a combination of 
different factors, such as lack of correct chaperones, high speed of expression (vs. rate of 
folding) and lack of obligatory interacting partners. But more on this later.  
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AND WHY NOT ?

• Eukaryotic post-translational modifications are missing

• glycosylation, disulfide bridges, lipidation, proteolytic 

processing etc. 

• (could be a blessing too...)

• Often problems with solubility of proteins

• Eukaryotic chaperones missing

• Too high level and speed of expression compared to  the 

rate of folding of the protein of interest

• Proteins expressed in isolation, without their natural 

binding partners



© Marko Hyvönen (mh256@cam.ac.uk)

2017

Slide 7

Research TechniquesE. coli Expression and Fusion proteins

Picture above shows diagram of a typical expression vector with an expression cassette  
containing all the elements needed for regulated, high level expression of a protein in E. coli.:
• Expression cassette with all the elements for high level expression and cloning of your gene
• Antibiotic selection marker
- Origin of replication 
- Other genes (such as lac repressor) that control the expression system. 

The image has been created using PlasMapper plasmid drawing program. Great program if you 
want to identify different parts of the plasmid as it does a decent job in doing this, with a database 
of control elements that it looks for. It is available at  http://wishart.biology.ualberta.ca/PlasMapper
as server, but there is also a standalone version of it to download.
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ANATOMY OF AN EXPRESSION VECTOR

Other genes 

(lac repressor )

Expression 

cassette

Selection marker/

Origin of

replication
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Picture above shows  a zoomed in view of the expression cassette, which contains
- A strong promoter
- A ribosome binding site (RBS)
- A multiple cloning site (or polylinker) to facilitate cloning of target gene in to the plasmid
- A transcription terminator
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ANATOMY OF AN EXPRESSION VECTOR

Transcription terminator (TF)

Promoter (T7)

Multiple cloning site (MCS)
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Promoters used in E. coli expression vectors can be divided into three categories depending on 
their origin and mode of function. Examples of all of these can be found in commercial vectors 
today. 

lac

Regulated by galactose or its analogues, such as  non-hydrolysable isopropyl b-

thiogalactopyranoside (IPTG). 

trp

Repressed by Trp, and  induction is done by causing a Trp deficiency with indole-2-

acrylic acid 

tac

Synthetic promoters created by fusion of trp and lac promoters

Regulation from lac system, ie. induced by IPTG

araB

Induced with L-arabinose

Well repressed and easily tuneable promoter

l
L
,l

R
, T5

These are viral promoters that are similar to E. coli’s own promoters and recognised by 

the host itself. The l promoters are hardly used any more, but T5 is found in pQE

vectors from Qiagen. 

T7 promoters are the most commonly used today, and more of these in the next slides. 
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PROMOTERS

• E. coli natives

• lac, trp, tac, trc, ara

• Viral, but recognised by E. coli

• l
L
, l

R
, T5

• T7, T7lac

• requires its own RNA polymerase



© Marko Hyvönen (mh256@cam.ac.uk)

2017

Slide 10

Research TechniquesE. coli Expression and Fusion proteins

But the system of choice to me is the T7 system which is based on the powerful promoter of 
gene 1 of T7 phage and the fast and processive RNA polymerase of the same phage. 
Originally developed by William Studier in the late 80s it has become the most popular 
expression system today. Novagen, part of Merck Millipore, sells the pET system 
commercially, and they have tens of different vectors with different fusions etc. See 
www.novagen.com

References:

Studier FW, Rosenberg AH, Dunn JJ, Dubendorff JW. (1990)  Use of T7 RNA polymerase to 
direct expression of cloned genes. Methods Enzymol. 185:60-89.

Rosenberg AH, Lade BN, Chui DS, Lin SW, Dunn JJ, Studier FW. (1987) Vectors for selective 
expression of cloned DNAs by T7 RNA polymerase. Gene. 56:125-35.
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T7 SYSTEM

• Promoter of the gene1 of the  bacteriophage T7

• Recognised only by the T7 RNA polymerase 

(T7RP)

• Faster and more processive enzyme – longer 

transcripts 

• Commercialised in the pET series of vectors from 

Novagen - tens of variants

• T7RP can be inhibited by T7 lysozyme (pLysS/E 

plasmids)

• Usually combined with lacO regulator and lacI gene 

to provide tighter regulation of expression (T7lac 

promoter)

• Needs to be combined with a T7 transcription 

terminator (TF) T7RP + T7 lysozyme

T7RP + promoter
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This is by no means a comprehensive list of vectors available, but those that I think are used 
most frequently and that are commercially available. Check the websites and recent catalogues 
by these companies for further details. Just a few notes here:

●Some of the pGEX vectors have very long linkers after the thrombin site and beginning of the 
target gene. These linkers can have recognition sequences for kinases, other targeting or 
detection sequences, but unless really needed, choose a version without them.   pGEX-6P is 
perhaps the most commonly used nowadays. 

● original pQE vectors did not contain a copy of the repressor (lacI) gene in the expression 
plasmid, and hence a separate plasmid (pREP4 ?) carrying this needs to be used in order to 
minimise the basal expression. Later versions (pQE80 series) fixed this and should be used if at 
all possible. 

● pMAL vectors come in two main variations. The pMAL-p series contains the natural signal 
sequence for MBP and should be used only is secretion to extracellular space is desired. The 
pMAL-c  series is for cytoplasmic expression and is the more commonly used variant. 
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COMMON COMMERCIAL VECTOR FAMILIES

• pET from Novagen

• T7 promoter, lots of variants, pBR322 based 

• pGEX from Amersham (Pharmacia)

• original GST fusions, trc promoter

• pQE from QIAGEN 

• T5 promoter, the original His-tag vectors

• pBAD from Invitrogen

• ara promoter, a few useful fusions

• pMAL from NEB

• maltose binding protein fusions, also for secretion
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POP VECTORS

pOP vectors are a new set of expression plasmids developed in my lab to incorporate all the 

features we like to see in a vector, and make them fully compatible with each others, ie you can 

transfer your insert easily between them as the cloning sites are identical. 

These vectors have T7 promoter with lac operator for regulation of expression and copy of lac 

repressor gene, lacI, in the plasmid. 

These vectors contain both N- and C-terminal tags, and they are designed in a modular fashion 

to facilitate introduction of new features. For example, all large fusions (MBP, GST, TrxA) are 

cloned between SpeI and AvrI sites, and this it is easy to change that part to create a new 

fusion construct.

The polylinkers are as good as identical between all the vectors in the this series and the frame 

in which the restriction sites are results in short, hydrophilic linkers.

These are high copy number plasmids, resulting in easier cloning (more DNA per miniprep) 

and usually in higher expression level compared to similar vectors with lower copy number.  
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BL21(DE3) is the original expression strain developed by William Studier et al. for the T7 
system. It remains as the strain of choice in many cases, and many of the variants listed in 
the next slides are are based on this strain. It is relatively wild strain, and grows fast and 
as such is well suited for expression work. Some doubt existed over its safety and ability to 
colonise human (and other animals) gut, but this seems to have been settled after a 
specially commissioned study found it to be similar in its pathogenesity to commonly used, 
safe cloning strains like DH5a. 
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EXPRESSION STRAINS: BL21(DE3)

• Workhorse of the T7 system

• Carries lysogenic l phage (DE3) which contains a copy of 

the T7 RNA polymerase under the control of lacUV5 

promoter

• Relatively wild strain, and grows fast (good !)

• A safe strain to work with, ie. unlikely to be pathogenic 

• Numerous derivatives for special applications

• defective in OmpT (outer membrane protease) and, as a B 

strain, of lon protease
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MORE EXPRESSION STRAINS

Strain Properties

Rosetta2(DE3) Extra copies of rare Arg, Pro, Gly, Leu and Ile tRNA genes

BL21(DE3)RIL/RP As above, but with Arg/Ile/Leu, or Arg/Pro tRNAs

Tuner(DE3) Lac permease deletion to allow fine-tuning of induction level

BL21(DE3)Star Mutated RNaseE for RNA stabilisation

BL21-AI, BL21-SI Arabinose (AI)  or salt (SI) inducible T7 RNA polymerases

Lemo (DE3) Salt-inducible T7 RNA polymerase

C41(DE3), C43(DE3) Possibly higher expressing, and more tolerant to membrane 

protein overexpression

B834(DE3) Parent strain of BL21(DE3), methionine auxotroph

BL21(DE3)TrxB trxB deletion strain to facilitate disulfide exchange 

OrigamiB(DE3) trxB/gor deletion for even more oxidising environment
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THE TARGET

>BTK_HUMAN

MAAVILESIFLKRSQQKKKTSPLNFKKRLFLLTVHKLSYYEYDFERGRRGSKKGSIDVEK 

ITCVETVVPEKNPPPERQIPRRGEESSEMEQISIIERFPYPFQVVYDEGPLYVFSPTEEL 

RKRWIHQLKNVIRYNSDLVQKYHPCFWIDGQYLCCSQTAKNAMGCQILENRNGSLKPGSS 

HRKTKKPLPPTPEEDQILKKPLPPEPAAAPVSTSELKKVVALYDYMPMNANDLQLRKGDE 

YFILEESNLPWWRARDKNGQEGYIPSNYVTEAEDSIEMYEWYSKHMTRSQAEQLLKQEGK 

EGGFIVRDSSKAGKYTVSVFAKSTGDPQGVIRHYVVCSTPQSQYYLAEKHLFSTIPELIN 

YHQHNSAGLISRLKYPVSQQNKNAPSTAGLGYGSWEIDPKDLTFLKELGTGQFGVVKYGK 

WRGQYDVAIKMIKEGSMSEDEFIEEAKVMMNLSHEKLVQLYGVCTKQRPIFIITEYMANG 

CLLNYLREMRHRFQTQQLLEMCKDVCEAMEYLESKQFLHRDLAARNCLVNDQGVVKVSDF 

GLSRYVLDDEYTSSVGSKFPVRWSPPEVLMYSKFSSKSDIWAFGVLMWEIYSLGKMPYER 

FTNSETAEHIAQGLRLYRPHLASEKVYTIMYSCWHEKADERPTFKILLSNILDVMDEES 

This is a FASTA formatted file – the simplest sequence file format. 
All it needs is a line starting “>” and next lines are the sequence. And you can 
have multiple sequences in one file. 
And it is normally a plain text file not Word file. (get a program Notepad++),

This is what we start with: a sequence. We are interested in this protein for whatever reason and 

want to produce it large quantities. We can derive a lot of information from this sequence, using 

databases and servers  out there to analyse it. The more you know about it, the better equipped you 

are to design the most sensible constructs of it. 
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ANALYSING THE TARGET

• You need to know EVERYTHING about your protein:

• Read the literature & information in databases (eg. Uniprot) 

• Search for homologs

• Analyse for sequence features:

• TM segments, Signal sequences

• Predict secondary structure

• Search for homologous structures, and analyse these

• Analyse for structural domains 

• Look for unstructured regions 

• Are there predicted post-translations modifications 
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One of the most crucial decisions you need to make is to choose where to cut the N- and the C-
termini (unless you are expressing the full-length protein). Analyse the sequence for known 
domains: 

SMART server at smart.embl-heidelberg.de
pfam server at pfam.xfam.org 

and make a secondary structure prediction 
JPRED at www.compbio.dundee.ac.uk/jpred/ 

Do not start or end your construct  in the middle of a well defined domain, as this will most 
certainly result in failure to form stable structure and the protein will end in insoluble inclusion 
bodies. Also, try not to cut the sequence in the middle of a well predicted secondary structure 
element. It is not unheard of that an individual domain has longer secondary structure elements 
at either end of the domain, and secondary structure analysis can provide hints to this effect. You 
can also analyse your sequence for the presence of characteristically unstructured regions that 
might be linkers between the domains.

It is very difficult even for an experienced person to get this right, and to maximise the chance of 
success, you might want to design several constructs with different N- and C-termini. 
Combinatorial design will allow you to maximise the chances by making all the possible 
constructs using the limited set of primers. At the extreme, one could envisage a setup where 
12+8 primers will be combined to create 96 different constructs, all of which could be tested for 
solubility, activity etc. using 96 format technologies, robotics etc. 
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MIND YOUR ENDS*

• If you express a part of a protein, do avoid

• cutting in the middle of a domain

• cutting in the middle of a well predicted secondary 

structure element

• long unstructured tails

• Small difference in the length can make a huge difference in 

the expression outcome

• try several slightly different constructs

• several combinations of adjacent domains

*© Dr Luca Pellegrini
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UNIPROT
WWW.UNIPROT.ORG

Uniprot is  a great source for protein sequences. It is very highly annotated and contains links to 

many other databases with additional information.  If you have several hits (as you always do) to 

your search, pick the one with a “gold” label as these are the most carefully annotated ones. 
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HOMOLOGS: BLAST
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HOMOLOGS: BLAST

Start with smaller 
databases like 
Uniprot
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HOMOLOGS: BLAST

You might want to 
eliminate very similar 
sequences
-> there is little 
information in highly 
homologues 
alignment
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HOMOLOGS: BLAST

Use PSI-BLAST to 
find distant 
homologues



© Marko Hyvönen (mh256@cam.ac.uk)

2017

Slide 24

Research TechniquesE. coli Expression and Fusion proteins

E.coli expression and fusion proteins Marko HyvönenBiochemistry Postgraduate course 2017

COLLECT A REPRESENTATIVE SET OF

HOMOLOGS

• Make sure they are similar in length

• Collect a set of reasonably divergent sequences

• Download all the selected sequences

• Align them 

• With ClustalX or Muscle (many webservers available)

• Look at the alignments carefully and for a long time:

• What is conserved? Are the some fully conserved sites

• Are there gaps in some sequences?

• Are the N- and C-termini the same length
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LOWER SIMILARITY CAN TELL MORE
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LOOK FOR STRUCTURAL DOMAINS
PFAM.XFAM.ORG, SMART.EMBL-HEIDELBERG.DE

Pfam results SMART results

BLAST CDD results
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OTHER FEATURES

• Signal peptides: 

• www.cbs.dtu.dk/services/SignalP/

• Transmembrane seqments:

• www.cbs.dtu.dk/services/TMHMM/

• Natively unstructured sequences: 

• www.disprot.org/predictors.php 
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This is an example of expression construct design where expressing an individual domain (the 
PH domain), as determined by multiple sequence alignment analysis,  resulted in mostly 
insoluble protein and it was not possible to purify the partly soluble fraction. Only after inclusion 
of the adjacent small domain and few extra residues in the N-terminus, a fully soluble protein was 
expressed, the protein purified and crystallised. Subsequent structure determination revealed a 
close association between the two domains, and provided us with the explanation to the 
expression behaviour, although it was not quite clear why also the 6 amino-terminal residues 
were required for expression of fully soluble protein. And even then the expression was done at 
15°C to promote the solubility.  
Figure on the right is the final structure solved using construct 1-170 and shows the typical PH 
domain fold with seven stranded b-barrel and C-terminal a-helix, followed by Btk motif which 
adheres to the side of the domain and coordinates a zinc atom with its conserved cysteine and 
histidine residues. 

References:

Hyvonen M, Saraste M (1997) Structure of the PH domain and Btk motif from Bruton's tyrosine 
kinase: molecular explanations for X-linked agammaglobulinaemia.
EMBO J. 16:3396-404.
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DESIGNING A CONSTRUCT: EXAMPLE 1
BTK PH-BM DOMAINS

1  7                                                   137              170
| |                                                      |                    |

PH domain BM

94

67

43

30

21

14

MW

1-137
T      S

7-137
T      S

1-170
T      S

7-170
T      S
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This is another expression construct design problem, where the canonical WW domain sequence 
was not stable, and got degraded during purification. Only a construct with a long N-terminal 
sequence was working; again, structure determination of the domain revealed that an isoleucine
in the N-terminal stretch interacted with the domain stabilising it.

References: 

Macias MJ, Hyvonen M, Baraldi E, Schultz J, Sudol M, Saraste M, Oschkinat H.(1996) Structure 
of the WW domain of a kinase-associated protein complexed with a proline-rich peptide. Nature. 
382:646-9.

E.coli expression and fusion proteins Marko HyvönenBiochemistry Postgraduate course 2017

DESIGNING A CONSTRUCT: EXAMPLE 2
YAP WW DOMAIN

1      GSM DDVPLPAGW...WQDPRKAMLSQ          degraded

2 GSM SFEIPDDVPLPAGW...WQDPRKAMLSQMNVTAPTS folded

3            GS PAGW...WQDPRKAMLSQMNVT    degraded

4         GS VPLPAGW...WQDPRKAMLSQMNVT    degraded

5         GS VPLPAGW...WQDPRKAMLSQMNVTAPTS  unfolded
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Many of the checks above should have been done before you get as far as testing for 
expression. Careful sequence analysis, and verification of the correct sequence of the 
insert will allow you to choose the appropriate strain for expression and to draw correct 
conclusions from the test quickly. But not all factors influencing expression behaviour of a 
protein, and it might be worthwhile to try as many different things as possible in parallel. 
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LOW OR NO EXPRESSION

• Are you sure the insert is correct and in frame ?

• Have you checked for rare codons ?

• Use a strain such as Rosetta(DE3) or Rosetta2(DE3)

• Is the protein being degraded ?

• Western blot if antibodies available

• Do you have correct expression controls ?

• same strain with the same plasmid but without an insert
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To check for codon usage, you can either use some of the several sequence analysis packages to 
calculate the codon usage in your gene, or like I tend to do, go through the sequence by eye and 
highlight the rare codons, arginine codons AGA/AGG in particular. Highlighting the codons in the 
sequence will also allow you to see if there are clusters of rare codons that are likely to cause more 
problems. See a later slide for a link to a website with codon usage tables of various species. 
If your protein contains fewer than 2 in 100 of the rare Arg codons, they are unlikely to affect the 
expression yield significantly. If there are tandem pairs of these codons, your are more likely to see 
an effect even if the total number is under 2% of all codons. 
In addition to lowering the expression yield of the target protein, some of the these tRNAs can get 
substituted with low (but detectable) frequency by other tRNAs once their availability becomes a 
limiting factor in translation process. This will create microheterogeneity in your final protein 
preparation, and this in turn can have a negative effect on subsequent application, such as  
crystallisation experiments. 

This graph show the frequency of the six triplets that encode for arginine in human (purple) and E. 

coli (gray) genes. As can be seen, AGG and AGA codons are the most frequently used in human 

genes, where as in E. coli they are the rarest. These two codons are encoded by a single tRNA in E. 

coli (product of argY gene). This is a low abundance tRNA in normal E. coli cells and overexpression 

of genes with high frequency of AGA/AGG codons deplete the cells of the corresponding tRNA 

slowing translation down. 

To analyse your own insert, several web based servers exist with allow to analyse the codon useage

and highlight rare codons in your gene in relation to the expression host you are intending to use. 

Codon usage tables can be found at http://www.kazusa.or.jp/codon/

References:
Kane JF. (1995) Effects of rare codon clusters on high-level expression of heterologous proteins in 
Escherichia coli. Curr Opin Biotechnol. 1995 Oct;6(5):494-500. Review.
Del Tito BJ Jr, Ward JM, Hodgson J, Gershater CJ, Edwards H, Wysocki LA, Watson FA, Sathe G, 
Kane JF (1995) Effects of a minor isoleucyl tRNA on heterologous protein translation in Escherichia 
coli. J Bacteriol. 177:7086-91.
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CODON USAGE PROBLEM

• A highly used codon in a human gene might be rare in E.coli

• Rare codons can cause severe reduction in expression level

• Bacteria run out of the corresponding tRNAs

• It can also lead to mutations during translation

• Most common problem is with arginine codons AGA/AGG
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HOW TO OVERCOME CODON USAGE PROBLEM?

• Expression in a host which carries extra copies of the 

limiting tRNA genes.

• Rosetta(DE3) and Rosetta2(DE3), BL21(DE3)RIL, 

BL21(E3)CodonPlus, BL21(DE3)pUBS520

• Mutate the offending residues

• Practical only for a few residues

• Synthetic gene with optimised codons

• The whole coding region synthesised and the codons 

optimised for a particular expression host

• Can be done as a DIY job, but several companies do it as a 

service and some even sell them “off the shelf”

• Getting cheaper – less £100 per construct in some cases



© Marko Hyvönen (mh256@cam.ac.uk)

2017

Slide 33

Research TechniquesE. coli Expression and Fusion proteins

In this example, a protein with a high content of rare arginine codons (AGA/AGG) is being 
expressed in BL21(DE3) either with or without an additional plasmid encoding for the 
corresponding tRNA (argY gene). As the concentration of this tRNA is the limiting factor when 
overexpressing proteins like this, extra copies of the argY gene will generate more tRNA and 
overcome the problem. 
Similar systems to the pUBS520 vector used in the example above are nowadays available 
commercially from Invitrogen and Novagen. The pRARE2 plasmid used in Rosetta2(DE3) strain 
supplements the cells with extra copies of rare tRNAs for Arg, Pro, Leu, Ile and Gly. 
As gene synthesis is becoming easier and more affordable, one generate fully synthetic version 
of a gene, optimised to match the codon usage of the expression host. 
You can also create synthetic clones yourself using overlapping oligonucletides and nested 
PCR (see DNAworks server for designing oligos: https://hpcwebapps.cit.nih.gov/dnaworks/), or 
purchase it from one of the many companies who offer this as a service.  
Given the ease by which this still often overlooked problem of differential codon usage can be 
solved, there is no reason why not to take the necessary precautions and not let your research 
be limited by it. 

More references:

Goldman E, Rosenberg AH, Zubay G, Studier FW. (1995) Consecutive low-usage leucine
codons block translation only when near the 5' end of a message in Escherichia coli. J Mol Biol. 
245:467-73. 

Brinkmann U, Mattes RE, Buckel P.(1989) High-level expression of recombinant genes in 
Escherichia coli is dependent on the availability of the dnaY gene product.Gene. 85:109-14.

Calderone TL, Stevens RD, Oas TG. (196) High-level misincorporation of lysine for arginine at 
AGA codons in a fusion protein expressed in Escherichia coli.
J Mol Biol. 262:407-12.
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133 
ATGGCCGCAGTGATTCTGGAGAGCATCTTTCTGAAGCGATCCC
AA 177
1 M  A  A V  I  L  E  S  I  F  L  K  R  S  Q   15

178 
CAGAAAAAGAAAACATCACCTCTAAACTTCAAGAAGCGCCTGT
TT 222
16 Q  K  K K T  S  P  L  N  F  K  K R  L  F   30

223 
CTCTTGACCGTGCACAAACTCTCCTACTATGAGTATGACTTTGA
A 267
31 L  L T  V  H  K  L  S  Y  Y E  Y  D  F  E   45

268 
CGTGGGAGAAGAGGCAGTAAGAAGGGTTCAATAGATGTTGAG
AAG 312
46 R  G  R  R G  S  K  K G  S  I  D  V  E  K   60

313 
ATCACTTGTGTTGAAACAGTGGTTCCTGAAAAAAATCCTCCTC
CA 357
61 I  T  C  V  E  T  V  V P  E  K  N  P  P P 75

358 
GAAAGACAGATTCCGAGAAGAGGTGAAGAGTCCAGTGAAATG
GAG 402
76 E  R  Q  I  P  R  R G  E  E S  S E  M  E   90

403 
CAAATTTCAATCATTGAAAGGTTCCCTTATCCCTTCCAGGTTGT
A 447
91 Q  I  S  I  I E  R  F  P  Y  P  F  Q  V  V 105

448 

OVERCOMING RARE ARG CODON PROBLEM

• 170 N-terminal residues of 

Bruton’s tyrosine kinase (Btk)  

• 7 AGA/AGGs = 4% of total 

codons

• 2 tandem pairs

• Expression in BL21(DE3) with 

or without a plasmid  carrying 

extra copies of the rare tRNA 

gene

– pUBS520 plasmid

– Rosetta, BL21(DE3)RIL 

strains

Graphical Codon Usage Analyser
http://gcua.schoedl.de/sequentialex.html 

MW      -IPTG    BL21(DE3) +pUBS520
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EFFECT OF N-TERMINAL CODON-OPTIMISATION

M  G  L  E  C  D  G  R  T
ATGGGCCTGGAGTGCGATGGCCGGACC
|||   || || |||||||| || ||
ATGAATCTAGAATGCGATGGACGAACA
M  N L  E  C  D  G  R  T

Optimised sequence

Original sequence

MW  Ori  Opt 

In this example we have modified the very N-terminus of the expressed protein to improve its 

expression levels. This is the final construct after a few less successful trials and we had to mutate 

not only the DNA sequence silently, but to replace the second amino acid from glycine to 

asparagine. As can be seen, the expression level is a lot higher for the modified gene. 

Summary of the most common codons in E. coli genes overall and at the start of the gene: 

Overall After ATG

Ala 3.00 (GCG) 3.55 (GCA)

Arg 1.99 (CGT) 1.96 (CGT)

Asn 2.14 (AAC) 4.43 (AAT)

Asp 3.28 (GAT) 2.09 (GAT)

Cys 0.61 (TGC) 0.21 (TGT)

Gln 2.84 (CAG) 2.68 (CAA)

Glu 3.90 (GAA) 3.22 (GAA)

Gly 2.70 (GGC) 0.79 (GGA)

His 1.26 (CAT) 0.92 (CAT)

Ile 2.98 (ATT) 2.76 (ATT)

Leu 4.82 (CTG) 1.46 (TTA)

Lys 3.53 (AAA) 9.82 (AAA)

Met 2.64 (ATG) 2.88 (ATG)

Phe 2.22 (TTT) 2.22 (TTT)

Pro 2.08 (CCG) 1.21 (CCT)

Ser 1.51 (AGC) 4.43 (AGT)

Thr 2.19 (ACC) 2.51 (ACA)

Trp 1.39 (TGG) 0.25 (TGG)

Tyr 1.75 (TAT) 0.75 (TAT)

Val 2.43 (GTG) 0.92 (GTT)

“After ATG” column shows the most common codons for each residue when they are following ATG 

initiation codon. It is very clear that adenosine containing codons are enriched close to 5’ end. AAA 

(Lys) found in almost 10% of the E. coli genes just after ATG, when the same codon is used only in 

3.5% of all codons.  



© Marko Hyvönen (mh256@cam.ac.uk)

2017

Slide 35

Research TechniquesE. coli Expression and Fusion proteins

When making an expression test, just like in any other experiment, it is vital to have correct 
controls. 

The above gel is highlighting a few of the proteins people commonly mistake for their own 
overexpressed protein. Apart from the lane with GST (lets call it the positive control), induced by 
IPTG, the other highlighted proteins are either antibiotic resistance proteins (bla and cat) or 
lysozyme that is sometimes used for cell lysis. 

These are also some of the more common examples proteins people purify by mistake (well, 
thinking it is their overexpressed protein) and submit for N-terminal sequencing or mass spec 
analysis. 

The best control is the same expression vector without an insert in the same strain as your 
construct in. Treat these cells exactly the same as your own construct, inducing it like the main 
contruct. Using a vector with a well expressing protein, such as popular fusion proteins MBP or 
GST,  as positive control is not a bad idea either. But make sure the positive control is not of 
similar molecular weight as your protein of interest, otherwise you might struggle to identify poorly 
expressed target protein. 

An urban legend tells of a biochemist who provided a crystallographer with a purified prep of their 
pet protein which crystallised very readily. The work progressed quickly with good quality crystals, 
but in the end the structure turned out to be of hen egg white lysozyme that had been used to lyse
the cells. No wonder it crystallised so easily :-)   (Lysozyme is the standard protein used by 
crystallographers to use for teaching crystallisation or testing equipment)

So, when expressing a protein for the first (or for the nth) time, make sure to run correct negative 
controls in the gel!  
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EXPRESSION TESTING: 

WHERE IS MY PROTEIN ?

66 -

45 -

36 -

MW

29 -
24 -

20.1 -

14.2 -

GST

b-lactamase

chloramphenicol acyl 

transferace (Cat)

lysozyme

a Do not forget the correct controls!!!!!
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References:

Schein, C.H and Noteborn, M. H. M. (1988) Formation of soluble recombinant proteins in 
Escherichia coli is favoured by lower growth temperature. Bio/technology 6:291-294

Mitraki, A. and King, J. (1989) Protein folding intermediates and inclusion body formation 
Bio/technology 7:690-697
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INSOLUBILITY

• Very common and frustrating problem with E. coli

• Formation of inclusion bodies (IBs) can occur even with 

natural E. coli proteins (such as b-galactosidase)

• Their formation is a combination of many effects, namely

• high speed and level of expression

• Best to try lowered expression temperature 

• down to 15°C, possibly combined with partial induction

• But....

• protein IBs are protected from proteases 

• and relatively pure

• Can you refold it?
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For a detailed protocol, see my methods website at 
http://hyvonen.bioc.cam.ac.uk/resources/methods 
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TESTING FOR SOLUBILITY

MW S

1 

P S

2 

P S

3

P S

4 

P S

5

P S

6 

P

Cells need to be properly lysed:

• in small scale we use BugBuster with lysozyme and DNase

to ensure complete lysis. 

• Do not forget those all important controls !



© Marko Hyvönen (mh256@cam.ac.uk)

2017

Slide 38

Research TechniquesE. coli Expression and Fusion proteins

One of  the reasons for inclusion body formation is the very high expression level achieved with 
modern expression vectors in comparison to the rate of folding. By slowing down the rate of  
expression, we can try to give the proteins more time fold and thereby avoid aggregation with other 
unfolded or partially folded molecules.
There are two principal ways of achieving this. The first one to try is reduced expression 
temperature, which not only slows the rate of transcription and translation,  but the rate of all 
processes in the cell too. It also causes cells to induce stress factors, such as chaperones that help 
with folding. Typical reduced temperatures to use, apart from “standard” 37°C, are 30°C, 24°C and 
15°C. As things slow down with reduced temperature, expression times need to be adjusted too. 
From a typical 3 hour induction at highest temperature, I would increase the induction time to 4 
hours at 24°C and to overnight at 15°C. 

Other option ( that could be tried in parallel and in combination with reduced temperature) is to 
reduce the amount of inducing agent. The  gel above shows an example of inducer titration in 
Tuner(DE3) cells (more on this in the next slide)  both for IPTG induced T7lac promoter and  L-
arabinose induced pBAD promoter. The expressed gene in both cases is exactly the same maltose 
binding protein (MBP). 

The T7 promoter can be regulated over a relatively narrow window, ranging from maximal induction 
at 400 mM IPTG to between 40 and 100 mM IPTG. This  is due to lactose permease protein, 
product of the lacY gene, which actively transports lactose (and its analogues) from the periplasmic
space into the cytoplasm. As a result, variation of the in the inducing agent (IPTG) concentration 
inside the cells does not follow the concentration of inducer in the growth medium, and hence the 
T7 system is virtually an on/off system with very little room for fine-tuning the expression level. 

Solution to overcome this has been to create a strain devoid of lacY gene so that  IPTG is not 
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REGULATING THE EXPRESSION LEVEL BY

PARTIAL INDUCTION

1 :1

66 -

45 -

36 -

MW

29 -
24 -

20.1 -

14.2 -

1 :2
1 :4

1 :10
1 :20

1 :40
1 :80

1 :1
1 :4

1 :10
1 :20

1 :40
1 :80

1 :160

MBP in T7 vector

(IPTG induction)

MBP in pBAD vector

(arabinose induction)

Tuner(DE3)

strain
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transported actively into the cells, but rather diffuses in passively. This strain is called Tuner(DE3),
and it allows for a more liner control of the induction and offers wider window of useful inducer 
concentration.

As you can be seen int the gel above, T7 based vector drives much high level of expression and 
the arabinose induced  pBAD vector expresses clearly less protein at highest inducer concentration 
of 0.2 % (ca. 13 mM). But even though the T7 vector expression test was done in the Tuner(DE3) 
cells, the expression from the arabinose controlled pBAD vector can be regulated much more finely
over a 200-fold  concentration range.   
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Many structural genomics programmes use autoinduction as the primary means of expressing 
proteins. Several modifications to the original protocol by Studier (see ref below) can be found 
on the web. There are several variants of autoinduction media, but they are usually based on 
tryptone/yeast extract based media and include additional carbon sources of glucose, glycerol 
and lactose and phosphate buffering system. The other difference to the more traditional media 
is that it is  buffered to minimise acidification of the medium when cells are grown for a long 
time and metabolites start accumulating.

Studier FW. (2005) Protein production by auto-induction in high density shaking cultures. 
Protein Expr Purif. 41:207-34. 
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AUTOINDUCTION WITH T7 SYSTEM

• Using a combination of glycerol, glucose and lactose to 

reach high cell density and automatic induction of expression

• Simply grow the cells in specially formulated medium (see 

reference in the notes, or buy the media from Novagen) 

• Once the glycose (which represses the T7lac and lacUV5 

promoters) runs out of the medium, the bacteria will start taking 

up lactose (Tuner(DE3) cells will not work for this!)

• Lactose induces expression of the target genes slowly, which 

might also reduce aggregation problems by giving the proteins 

more time to fold correctly 

• Cells can reach very high culture density, up to OD600 of 20.

• Developed with pET vectors (low/medium copy number) and 

might need optimisation with other T7 vectors.  
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MAKING MORE THAN ONE PROTEIN

• More and more people are working with larger protein-protein 
complexes

• Often proteins are happiest when in their natural environment, 
like in that larger complex – why not so in E. coli as well?

• Several vectors exist that are designed for co-expression of 
multiple proteins in E. coli

• Expression from different promoters in the same plasmids

• Expression from different plasmids

• Expression from multicistronic construct (one transcript, 
multiple translation initiations)

• Expression individually and mixing at the point of cell lysis can 
be successful as well

Most, if not all, proteins interact with multiple partners in the cell, both transiently and permanently. 

Reductionist approach tends to look at proteins in isolation while they might not be intended to be on 

their own ever. And this could be a cause of many of the problems we face when expressing 

proteins one at a time.

As a solution to this, more and more often proteins are produced as a multi-protein complex with 

their natural partners. This can be achieved in many ways, most commonly by cloning inserts to 

different vectors with their own (antibiotic) selection markers and which are co-transfected to E. coli 

and expression is carried out as per usual.  Co-expression can help to stabilise proteins which are 

prone to proteolysis, allow folding of otherwise insoluble proteins and simply boost the expression of 

otherwise undetectable proteins (possibly again by increasing the stability of the protein).  

Proteins, or at least one protein from the complex are fused to an with affinity tag which allows 

purification of the complex quickly and selectively. Manipulating the expression system the 

expression levels of the components can be matched, so that stoichiometric quantities of proteins 

are made.

Expression of proteins in isolation and mixing before cell lysis can also help with the subsequent 

protein handling and purification, but this relies on the components being solubly expressed in 

isolation, as for example aggregation and inclusion body formation cannot be reversed by this 

approach. Useful approach nevertheless, as purification properties of the complex can be better than 

for individual proteins and the overall stability of the components might be higher too. 
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NOVAGEN DUET VECTORS

• Two promoters and multiple cloning sites in each vector

• Different origins of replication and antibiotic resistances

• Possibility to express up to 8 proteins at the same time

Vector Replicon Antibiotic selection             .

pACYCDuet-1 P15A chloramphenicol 

pCDFDuet-1 CloDF13 streptomycin/spectinomycin

pCOLADuet-1 ColA kanamycin

pETDuet-1 ColE1 ampicillin

pRSFDuet-1 RSF1030 kanamycin

The Duet vectors from Novagen are a very flexible set of vectors for co-expression of up to eight 

proteins in the same cell. All the vectors of the series contain two T7lac promoters  and extensive 

polylinkers and have different antibiotic selection markers and different origins of replication (ori, 

replicon) allowing them to be propagated stably in the same cell. They can be mixed with any other 

expression vectors for co-expression, provided their replicons and antibiotic resistance markers are 

compatible. Also, it is probably not worthwhile to try non-T7 expression vectors with Duet vectors as 

the latter’s T7 promoters will simply be transcribed at far higher rate. Also, several expression hosts 

contain already antibiotic resistance markers (chloramphencol in Rosetta(DE3) and kanamycin in 

Origami(DE3), for example) and some combinations of vectors are not possible using this strains. 

Novagen website and catalogue is a good source of information on these vectors and has tables 

indicating possible host strain and vector combinations.  
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PROTEIN ENGINEERING

• Problems expressing your protein? Try:

• Same protein from different species

• Very small differences can make all the difference

• Fuse interacting partners together

• Protein-peptide complexes

• RAD51-BRC4 complex

• Complexes of defined size

• Hexameric RecA complex 

• Introduce stabilising mutations

• b-Adenergic receptor with T4 lysozyme as in insertion

• Mutating interfering residues

• Surface cysteines can cause undesired aggregation

One way to tackle the problem of poorly expressed or unstable proteins is to use a variant of some 
kind. One very easy option is to simply try a protein from a different species. Even a very small 
difference between orthologous proteins can have surprisingly big effect on the outcome of your 
experiment. We have for example had great success in making a particular growth factor using 
Xenopus variant of it, while the human protein with only four amino acid difference is nearly 
impossible to make. Nowadays you can get many of the known cDNAs from both commercial and 
not-for-profit organisations at reasonable cost. Archeabacterial proteins are also often good models 
for eukaryotic counterparts. Pyrococcus furiosus and Sulpholobus solfatarius for example are 
thermophilic bacteria and their proteins similarly thermostable. These can be much easier to 
produce and purify than human proteins.  

As more and more sequence data becomes available, there is more possibilities to identify sensible 
surrogates to faciliate research. For higher eukaryotic proteins Ensembl genome database is a great 
source of such data, and ortholog alignments are easily available for downloading. Note of caution 
though: as these data are translated from high throughput genome sequencing data, there are errors 
and you should be critical with your analyses  

There are an increasing number of examples in the literature how challenging proteins have been 
expressed as highly engineered variants.

The structure of Rad51 in complex with BRC4 repeat from BRCA2 protein was solved in this 
Department by Dr Luca Pellegrini by using a covalent fusion where the BR4 repeat (ca 40 aa) was 
fused via flexible 12 amino acid linker to the C-terminal domain of Rad51. The resulting protein was 
more homogenious than a complex formed from isolated compontents and readily crystallisable 
(Pellegrini et al. Nature (200 2) Nature. 2002 420:287-93). 

The structure of DNA bound RecA protein from E. coli (Chen et al. (2008) Nature 453:489-) was 
done by expressing five or six recA molecules fused to each other. RecA forms long filaments of 
undefined length which makes structural analysis very difficult. Engineering several proteins together 
and mutating the proteins at both ends to disrupt further oligomerisation, RecA could be isolated in 
homogenious form. 

One of the first structures of b-adrenergic receptor was determined using an engineered protein a 
lysozyme enzyme was fused to an intracellular loop to stabilise the transmembrane helices 
(Cheresov et al. (2007 Science 318:1258-6).

Surface properties can also cause problems with proteins, although perhaps not noticeable at 
expression stage alone. Intracellular proteins should most of the time have reduced cysteines, but 
when purified to homogeneity one notices often how surface cysteines react with each other and 
cause proteins to form multimeric structures that are not functional and/or heterogenous. Mutation of 
these cysteines can sometimes be facilitate production of  proteins in homogenous form suitable for 
structural studies. 
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Fusion proteins not only have the benefit of enhancing the expression level (especially 

when in the N-terminal half of the protein) as they are chosen partly with this 

characteristic in mind, but also for their ability to facilitate the purification of the protein 

using well characterised protocols and affinity matrices. And while the fusion is often 

removed using site specific proteases, the intact fusion protein can be used in 

subsequent assays with the fusion protein providing a useful handle for detection. It can 

be purified with the aforementioned affinity methods and antibodies are commercially 

available against many of the common fusion partners. (A word of caution is 

appropriate at this stage tough, and that has to do with choosing the correct antibody 

for particular fusion. For example anti-His-tag antibodies come in great variety, but 

some of them require residues outside the hexa-histidine core. So check carefully the 

specificity of the antibody before buying.)  

E.coli expression and fusion proteins Marko HyvönenBiochemistry Postgraduate course 2017

BUT IS THERE A SOLUTION IF ALL THIS FAILS?

Fusion proteins can 

• boost the expression level

• facilitate purification

• increase solubility

• allow immobilisation

• enable detection 

GST MBP Thioredoxin

GB1

Sumo
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There are several ways to create the fusion protein. The most common way is to have the 
fusion partner in the N-terminus, as this ensures good transcription and translational start 
(fusion partners are chosen for their high level expression and they tend to pull any gene 
fused to them to similar expression levels). But there is nothing wrong as such in creating 
C-terminal fusions. Some proteins might be more less tolerant to fusions in the N-terminus 
and in such case a C-terminal fusion might be tolerated better.  
In addition to larger fusion proteins, short fusion peptides are also used. This is a very 
common mechanism to allow immunological detection of transiently expressed proteins in 
mammalian cells, using myc, FLAG and HA tags for example. But as will be described later, 
hexa-histidine is the most common of the peptide fusions. 
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FUSION PROTEINS

Fusion protein/domain          My protein

Fusion peptide   My protein
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The list above is by no means exhaustive, I doubt anyone has managed to list all tried fusion 
partners. Those listed are, however, the most commonly used (and perhaps as such most 
successful) fusion partners around, and it is unlikely you will be using any others.  

Glutathione S-transferase (GST) is perhaps the most widely used fusion protein around. It was 
also one of the first commercially available systems. GE Healtcare sells the original pGEX
vectors, which nowadays come in several variations with different protease cleavage sites, 
addition fusion peptides et, but GST vectors are now available in other vector series too. . 
While the GST can promote expression at very high levels, and offers a very efficient and 
specific purification using glutathione-Sepharose, it has its drawbacks too. 
Firstly it is not very good a promoting solubility, and this might be somewhat related to its 
tendency to form disulfide linked aggregates. Secondly, GST is a dimer, and as such its use in 
pull-downs and other interaction assays should be treated with caution. Dimeric fusion protein 
can show increased affinity in solid state assays (like Biacore) thanks to increased avidity. This 
can result both in artificially high affinities and unspecific binding to proteins. 

Maltose binding protein (MBP) fusion system is unique in offering both secreted and 
intracellularly expressed versions. The periplasmic pMAL vectors by New England Biolabs are 
listed as the p-series and cytoplasmic as  the c-series. They come with couple of different 
protease cleavage sites in different versions.    
The greatest advantage of MBP is the very high level of expression and its ability to improve 
solubility of the fused proteins. It does allow affinity purification with amylose column, but the 
capacity of the column is not very high and large scale purification of the protein is not always 
very quantitative. 
As a downside, it is one of the largest fusion proteins, and thus makes up proportionally large 
part of the produced protein. Fusing a small domain to the MBP will result in relatively modest 
yield of protein after proteolytic cleavage. 
Secretion (which we have not discussed at all) can be difficult in E.coli and in my opinion using 
the full-length MBP as a secretion fusion is the best choice for this. It does promote high level 
expression and secretion and does not seem to suffer from the same problems as systems rely 
only on fusing a signal peptide directly to the protein of interest. Whether the protein will be 
soluble and correctly folded once in the periplasmic space is a whole different question. 

Thioredoxin A (TrxA) of E.coli is one of the more recent additions to the list of fusion proteins. It 
is also one of the smaller proteins used for this and hense one should recover (hopefully) 
relatively more of the protein of interest after protease digestion. 
The particular application of thioredoxin is promoted for is expression of disulfide linked protein 
in the cytoplasm of E.coli, especially in the redox altered strains BL21(DE3)TrxB and 
Origami(DE3). It is naturally a disulfide exchange factor in the bacteria, it is likely this property 
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COMMON FUSION PARTNERS

• Glutathione S-transferase (GST) from S.japonicum

• Good for purification

• Maltose binding protein (MBP) from E.coli

• Good for solubilisation

• Thioredoxin from (Trx) E.coli

• Helps with disulfide formation

• GB1 domain from protein G

• Sumo, small ubiquitin-like domain

• His-tag, (His)
6
, hexa-His 

• Small, soluble, good for purification

• Chitin binding domain, NusA, S-tag, FLAG-tag, CBP, ZZ, 

Avi-tag, streptavidin, Strep-tag II, GB1 domain,...

PDB:1MDQ

PDB:2TRX
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allows it to act as chaperone for recombinant proteins too. 
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This an example of how testing different expression constructs and conditions can 
yield a soluble protein. The protein in question is the second of the four CHRD 
domains in a BMP inhibitor chordin. It is just over 100 amino acids and in the lanes 
marked “no fusion” it is expressed on its own in T7-based vector (pBAT4). We would 
expect a protein around the 14.2 kDa marker, but comparing to the control lane with 
uninduced lysate, no expression is visible. When expressed as GST or MBP fusion, a 
high level of expression can be seen, but at 37°C  all of the protein appears to be 
insoluble. Expression of the construct at 15°C still yields no soluble protein for the 
GST fusion, but the MBP fusion is fully soluble.   
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FUSION AS A SOLUBILITY ENHANCER:

EXPRESSION OF CHRD2 DOMAIN

Chordin

-IPTG

66 -

45 -

36 -

MW

29 -
24 -

20.1 -

14.2 -

no fusion

S      P

15°C37°C

GST

S      P

MBP

S      P

no fusion

S      P

GST

S      P

MBP

S      P
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EFFECT OF E.COLI STRAIN:

EXPRESSION OF TRXA-AR2B

-IPTGMW

BL21(DE3)

S        P

15°C37°C

BL21(DE3)trxB

S       P

Origami(DE3)

S       P

BL21(DE3)

S      P

BL21(DE3)trxB

S         P

Origami(DE3)

S       P

trxA-AR2B

This is an example of expressing heavily disulfide linked protein as a thioredoxin fusion in 

different E.coli strains and at two different temperature. This is a protein which is completely 

insoluble when expressed without a thioredoxin fusion. 

As can be seen, the protein is insoluble in BL21(DE3) at both temperatures. In BL21(DE3)trxB

strain the protein is insoluble at 37°C, but partially soluble at 15°C. In OrigamiB(DE3) which has 

the most oxidising conditions inside the cells shows nicely soluble protein both at 37°C and at 

15°C. 
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His-tag has, since its invention, become perhaps the most widely used fusion peptide. It is 
one of the smallest fusions used, and even as little as two adjacent histidines can be used for 
affinity purification, but typical fusion contains six histidines. Thanks to the small size, it 
seldom affects the function of the protein and it is not always necessary to remove it from the 
protein, even for crystallography. 

References:

Hochuli, E., Bannwarth, W., Dobeli, H., Gentz, R., and Stüber, D. (1988) Genetic approach to 
facilitate purification of recombinant proteins with a novel metal chelate adsorbent. 
Bio/Technology 6, 1321–1325.
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HIS-TAG

• Developed at Hoffmann-La-Roche in the late '80s

• Based on affinity of adjacent histidines on immobilised metal 

ions

• Independent on position, as long as accessible

• N-terminal, C-terminal, in the middle

• Typically 6-10 histidines used, but even two are already 

useful

• Removal not always necessary, as seldom affects the 

function of the protein
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N

COO-

COO-

N

COO-

COO-

COO-

N

COO-

COO-

COO-

Chelating (IDA) Sepharose (GE LifeSciences)

• Has only three chelating groups for metal 

• Hence His-tagged proteins can cause metal to leak 

from the column

• Seems OK with Zn2

Talon (Invitrogen)

• uses Co2+ as the immobilised metal ion

• Four groups bind the metal from the matrix 

leaving two for histidines

• Less metal leakage 

Ni2+-NTA agarose (QIAGEN)

• The “original” His-tag matrix

• Four groups bind the metal from the matrix leaving 

two for histidines

• less leakage of metal

WHICH MATRIX AND ION TO USE ?

There are three different Sepharose (cross linked agarose) based matrices suitable for purification of 
His-tagged proteins. They differ in the chemistry used to immobilise the metal ions, and this 
determines what kind of metal ion to use. 
Ni2+-NTA agarose was developed at Hoffman-La-Roche as part of the His-tag technology to allow 
purification of proteins rich in histidines without leaking the metal ion from the column. It coordinates 
the metal ion with four groups leaving two coordination sites free for the protein ligand. It is 
commercially available from Qiagen both as standard Sepharose 4B based, as well as more rigid 
“superflow” version which allows shorter runs at increased flow-rates. NTA group has also been 
coupled to magnetic beads, Biacore sensor chips  and other solid supports widening the applications 
further.  

WARNING: Be aware when using the nickel solutions. They are toxic,  potentially carcinogenic and 
harmful to the environment, so all waste has to be collected separately and disposed off through 
chemical waste companies – not down the drain !  
The Talon matrix is more similar to NTA matrix, but is with supplied cobalt ion. As I personally have 
little experience with it, I cannot comment too much, but rumour is that replacing the cobalt ion when 
regenerating the column between runs is not easy.  
Chelating Sepharose is the original metal ion matrix from Pharmacia,  and differs from the two other 
materials in that it coordinates the metal ion by three groups instead of four. This apparently leads to 
leakage of nickel and copper ions from the matrix during purification of His-tagged proteins, but zinc 
is apparently more stably bound. Unfortunately zinc is colourless, so it loses points in comparison to 
turquoise Ni2+-NTA agarose and pink Talon matrix.   
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STREP-TAG II

Gel by Stefanie Jonas

• Developed and sold by IBA

• Octa-peptide “W S H P Q F E K” 

• Can be fused N- or C-terminally

• Easily incorporated using PCR

• Binds modified streptavidin, Streptactin

• Highly specific purification in one step 

• Elution with desthio-biotin

• Very mild conditions

• Column material on the expensive side

The structure in the picture is Rhizobium PMH enzyme which was expressed in E. coli as 

StrepTag’d fusion and purified in a single step from lysate. The work was done by Dr Stefanie 

Jonas, at that time a PhD student in this department with Florian Hollfelder. 
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AVI-TAG

• 15 amino acid tag that can be placed in N- or C-terminus

• Recognised by E.coli biotin-transferase enzyme BirA which 

adds a single biotin to it with 85-95% efficiency

• Defined site of biotinylation, unlike with chemical biotinylation

which can be less accurate. 

• Biotinylation can be done in vivo, by co-expressing BirA, or in 

vitro using purified BirA enzyme. 

• Biotinylated protein will bind to streptavidin like any other 

biotin containing  protein: detection by streptavidin 

conjugates, immbilisation (Biacore), use in pulldowns....

Avi-tag: GLNDIFEAQKIEWHE

See www.avidity.com for more details. 
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As mentioned a few times already, the target protein is often released from the fusion using a site-
specific protease. Which protease to use depends on the expression vector. Most vector families 
contain variants with different protease cleavage sites, but one can also introduce one easily by 
PCR.
As the proteases typically recognise specifically the protein sequence immediately upstream of the 
cleavage site, you are best off when the fusion is in the N-terminus, as that leaves the shortest “tail” 
to your protein.  But even then the proteases tend to have some restrictions to the properties of the 
residues C-terminal to the cleavage site and thus in practice expect to have at least two extra 
residues in the N-terminus (you'd be surprised how many sequence entries for PDB coordinates 
start with GlySer, originally a leftover from thrombin cleavage in pGEX vectors, and nowadays from 
cleavage with TEV protease) 
Thrombin used to be the most commonly used protease, but it is not the most specific, and often 
the target protein gets clipped too. When using thrombin, don't be fooled by the price of the 
product, and make sure you are not paying extra by buying a human enzyme. Not only is it more 
expensive (for obvious reasons as it purified from serum), but it also carries a risk (albeit minimal) 
of HIV or hepatitis or other nasty contaminations. We have had some problems digesting samples 
directly from metal ion columns. But have overcome these by dialysing the sample during 
digestion. If using with GST fusions, elution buffer with 50-100 mM Tris, 10 mM glutathione pH 8 is 
ideal for thrombin.
More and more people swear by TEV and PreScision/3C proteases, and we use them as well, very 
successfully. Not only are they more specific than thrombin, but they are also available as 
recombinant His- or GST-tagged protein  - a feature that makes it easy to remove once the reaction 
is complete. They are both cysteine protease, and to retain their activity  you need to keep the 
active side reduced. Add DTT to the reaction buffer as long as your protein is Ok with it and ideally 
also EDTA to chelate metal ions that also inhibit these enzymes.  
Sumo protease is specific for Sumo fusions only. It is unique in that it recognises the folded protein 
and cuts at a specific site in the C-terminus of the Sumo protein. 
Factor Xa and enterokinase sites is still found in several vectors, but I would avoid using these: not 
very effective and expensive. 

References:
Chang JY. (1985) Thrombin specificity. Requirement for apolar amino acids adjacent to the 
thrombin cleavage site of polypeptide substrate. Eur J Biochem.151:217-24.

Parks TD, Leuther KK, Howard ED, Johnston SA, Dougherty WG. (1994) Release of proteins and 
peptides from fusion proteins using a recombinant plant virus proteinase. Anal Biochem. 216:413-
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PROTEASES FOR RELEASING THE FUSION

Thrombin

• L V P R    G S   

• relatively inexpensive, but problems with specificity

TEV (tobacco etch mosaic virus) protease

• E X X Y X Q   G/S

• recombinant with a His-tag from Gibco

• Clones available for in-house production

PreScission/rhinovirus 3C protease

• L E V L F Q   G P

• GST fused enzyme from GE LifeSciences

Sumo protease

• Detects Sumo fusion itself and cleaves at the linker to target
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This is an example of digestion of MBP fusion protein with various concentrations of thrombin 
and at two different temperatures. As can be seen, full cleavage is only achieved using 2 units 
of thrombin at room temperature. A quick test like this can be done with minimal sample 
overnight and as result one can choose the optimal concentration  of protease for the large 
scale digestion. 
Good expression vectors have a linker between the fusion protein and the protease cleavage 
site to ensure good accessibility for the protease, and hence the cleavage is mainly affected by 
the protein of interest C-terminal to the cleavage site.  Most of the time the few extra residues 
one has before a structured domain are enough not to affect the cleavage. But if the construct 
is very minimal, you might have difficulties cleaving your fusion efficiently and completely 
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EXAMPLE OF A THROMBIN TITRATION

MBP-CHRD

CHRD

MBP

Room Temp  o/n +4°C o/n

2 U 1 U .5 U .2 U .1 U 2 U 1 U .5 U .2 U .1 U      (units of thrombin)0

66 -

45 -

36 -

MW

29 -
24 -

20.1 -

14.2 -
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Advantages of double tagging are clear, as they will allow purification by not one, but two affinity 
methods. And should one of the tags (like thioredoxin) not have a convenient affinity 
methodology available, you can always add a His-tag to it. 
Using tags at both N- and C-termini will allow purification of full length proteins in cases were the 
protein is degraded during of expression and purification. Do make sure to run the two columns 
in such order that eluted material from first column can be applied directly to the second one 
without the need to exchange the buffer. 
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DOUBLE AFFINITY TAGS

His6 GST/MBP/Trx/etc              My protein

His-GST: double affinity purification

His-MBP: double affinity purification

His-Trx: Trx to solubilise the protein, His-tag for purifications

N-terminal and C-terminal tags to pull down full-length proteins
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This is an example of use of double tags as implemented in the pGAT and  pOP series of vector 
we us. The first step with a GST fusion is a glutathione-agarose which in my opinion is more 
specific than Ni-NTA agarose. Eluted and relatively pure fusion protein is digested with thrombin to 
release the target protein. Digested sample is applied to Ni-NTA column and flow-through contains 
only the cleaved protein, possible contaminants and the protease (which one has hopefully 
inactivated with a specific inhibitor). All we need is a nice polishing step, such as size exclusion 
chromatography,  to get the protein ready for experimentation. 
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USE OF DOUBLE AFFINITY TAG

His6             GST                               Protein of interest
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It is important to remember that even though fusions can have tremendously positive effect on 
your protein expression, they can also offer false hope in some cases. As these are highly 
soluble, stable and easily purified proteins, they can in some cases keep not so stable, poorly 
folded target proteins in solution and allow them to be purified with the dedicated affinity 
methods. And only when the fusion is released by proteolysis, will the true behaviour of the 
target protein become apparent.

It is important to run at least on conventional chromatography column that relies on the 
properties of the folded (or not) protein after the proteolysis. A nice sharp peak from gel filtration 
or ion exchange is a good (although not definite) indication of well behaving, monodisperse
protein prep.
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ARE FUSIONS ONLY GOOD FOR YOU ?

• Fusions can offer several advantages for expression work, 

but have also some disadvantages

• Purification depends only on the fusion partner, not your protein

• Yield of your protein can be very small after proteolytic release 

and further separation

• Solubility of the fusion protein might mislead you into thinking 

that all is well with your protein

• Do not forget conventional purification techniques and 

expressing proteins without fusions. 
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SPEEDY UNTAGGED PURIFICATION

•

Spin and lyse
cells 
1h

Ion exchange 
chromatography

1 h

Concentrate peak 
fractions

1 h 

Size Exclusion 
chromatography

2 h 
Lunch!

Pure, homogenous protein, no need for removing tags,  
need to worry of removing uncleaved proteins, etc....  
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Pay attention to construct design

Test expression strainsTry Different Fusions

Check codon useage


