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Discovery of antimicrobial peptides 
(AMP) is to a large extent based on 

screening of fractions of natural samples 
in bacterial growth inhibition assays. 
However, the use of bacteria is not lim-
ited to screening for antimicrobial sub-
stances. In later steps, bioengineered 
“bugs” can be applied to both production 
and characterization of AMPs. Here we 
describe the idea to use genetically modi-
fied Escherichia coli strains for both these 
purposes. This approach allowed us to 
investigate SpStrongylocins 1 and 2 from 
the purple sea urchin Strongylocentrotus 
purpuratus only based on sequence infor-
mation from a cDNA library and with-
out previous direct isolation or chemical 
synthesis of these peptides. The recom-
binant peptides are proved active against 
all bacterial strains tested. An assay based 
on a recombinant E. coli sensor strain 
expressing insect luciferase, revealed that 
SpStrongylocins are not interfering with 
membrane integrity and are therefore 
likely to have intracellular targets.

Antimicrobial peptides (AMPs), often 
referred to as host defence peptides,1,2 are 
identified from a variety of phyla from 
plants and invertebrates to vertebrates. 
According to the Antimicrobial Peptide 
Database, more than 1,500 AMPs have 
been discovered to date (http://aps.unmc.
edu/AP/main.php).3 The peptides show an 
enormous variety of sequence and struc-
ture, but certain features are common. 
Most naturally occurring AMPs carry a 
net positive charge, are amphipathic and 
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are usually composed of less than 100 resi-
dues. They often display a wide range of 
activity, including antibacterial, antifun-
gal, antiviral and even antitumor activi-
ties,4 thereby making them interesting 
within the context of drug discovery and 
development.

AMP discovery is to a large extent 
based on screening of fractions of natu-
ral samples in bacterial growth inhibi-
tion assays. When it comes to production 
and characterization of newly discovered 
AMPs, however, there exists a variety of 
different approaches. In our article “Two 
recombinant peptides, SpStrongylocins 
1 and 2, from Strongylocentrotus purpu-
ratus, show antimicrobial activity against 
Gram-positive and Gram-negative bacte-
ria”5 we chose to make use of recombinant 
Escherichia coli strains to both produce and 
characterize the AMPs SpStrongylocins 
1 and 2. The original peptide strongylo-
cin was discovered in the green sea urchin  
S. droebachiensis.6 Due to limiting amounts 
of peptide, only the primary amino acid 
sequence and MIC values for a set of 
four bacterial strains were determined. 
The homologous peptide from the closely 
related species, S. purpuratus were at that 
time only available as clones from a cDNA 
library.5 The general idea was to produce 
and characterize this peptide without prior 
direct isolation or chemical synthesis.

AMP Production

Due to the small amount of pure peptide 
directly recovered from isolates, further 
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the duplicated IgG-binding domains of 
protein A,29 thioredoxin A,26 the green 
fluorescent protein,41,42 bovine prochymo-
sin25 or the truncated protein PurF frag-
ment F4.43 The following AMPs have been 
produced using the methods described 
above: LL-37,28 lactoferricin,39 human 
neutrophil peptide 1 (HNP-1), cecropin-
melittin hybrid,29 bombinin, indolicidin, 
melittin, tachyplesin I,43 sarcotoxin IA,41 
designated P2,25 human β-defensin 5 
(HBD5) and 6.26

In our study we tried several different 
N-terminal affinity purification tags, in 
order to express and purify SpStrongylocins. 
Production of His-tagged (in pET21b 
including an enterokinase site), S-, His-
tagged (in pET30-EK/LIC including a 
thrombin and an enterokinase site) and 
Strep-tagged (modified from pET30-EK/
LIC with SpStrongylocins insert without 
cutting sites) SpStrongylocins were not 
successful when expressed in E. coli BL21 
(DE3). However, for the combined S- and 
His-,we harvested 1 to 1.5 milligram pep-
tide per litre of culture medium when the E. 
coli BL21 (DE3) strain C43 was employed 
as expression host.5 On the other hand, the 
Strep-tagged peptide was not expressed in 
detectable amounts under these conditions 
(His-tagged expression was not tested in 
BL21(DE3) C43). The overexpression of 
SpStrongylocins most likely benefits from 
mutations in C43(DE3) which might 
affect the activity of the T7 RNA poly-
merase, and reduce the amount of poly-
merase produced.32 The mutations may 
also improve the stability of the expression 
plasmid.33 Since the attempts to express 
the SpStrongylocins with a Strep-tag did 
not result in any detectable production 
of the peptide, although the same strains 
and conditions were used for produc-
tion, we conclude that both the usage of 
a negatively charged tag partly neutraliz-
ing the positive charge of the recombinant 
expressed construct, and the fitting expres-
sion strain are a prerequisite for effective 
peptide production.

Bugging Bacteria

The success of bacteria is to a large 
extent based on their fast transcriptional 
responses to changes in their environment. 
This provides an opportunity to “listen” 

probably also with respect to future pro-
duction of similar AMPs.

There are many eukaryotic host sys-
tems available for protein production in 
general, such as the yeasts Pichia pastoris,7-9 
Saccharomyces cerevisiae10 and Yarrowia 
lipolytica,11 the baculovirus expression sys-
tem in insect cells,12-14 plants and human 
cells.15-18 Although eukaryotic hosts usu-
ally improve the production of proteins, 
especially those that require post-transla-
tional modifications, these strategies are 
time-consuming and costly processes. 
The bacterium E. coli on the other hand is 
one of the most commonly used hosts for 
production of proteins. It can grow rapidly 
and a large scale production can easily be 
establish, while using cheaper substrates 
than the other expression hosts19 and 
might therefore be a good choice for AMP 
production.

Production of recombinant AMPs 
benefits from experiences in recombinant 
expression of proteins. Production of pro-
teins, whether for biochemical analysis, 
therapeutics or structural studies, requires 
the success of three individual factors: 
expression, solubility and purification.20 
Host organisms such as S. cerevisiae,21 
insect cells,22 mammalian cells23 and even 
plants24 have been used to express peptides. 
However, E. coli still remains a popular 
choice as host organism for recombinant 
AMP production if no refolding or post-
translation modification is required to 
restore its biological activity.25-31

The toxicity of AMPs to microorgan-
isms requires that the host is able to toler-
ate the toxic peptides or that the toxicity 
of the recombinant peptides is masked. 
In order to successfully express toxic 
proteins, Miroux and Walker described 
two new mutant strains of E. coli BL21 
(DE3)32 which are frequently used to over-
come the toxicity associated with overex-
pressing recombinant proteins.33-38 In 
addition, strategies to cover the toxicity of 
AMPs have been employed, including the 
introduction of an anionic preproregion to 
neutralize the cationic charge of AMPs31,39 
or tandem repeats of an acidic peptide-
antimicrobial peptide fusion.40 Other 
approaches use different fusion carrier pro-
teins such as glutathione G-transferase,28,29 
Pseudomonas aeruginosa outer membrane 
protein, Staphylococcus aureus protein A, 

studies always depend on a strategy to 
recover more of the material of inter-
est. This is necessary to exploit their 
mode of action and their pharmaceutical 
potential. As it turned out, it also is one 
of the bigger challenges when studying 
more complex AMPs. In general, there 
are three different approaches that can 
be employed: direct isolation of peptides 
from natural sources, chemical synthesis 
or recombinant expression of peptides in 
transgenic organisms.

Although most AMPs are produced 
in their host organisms, the direct recov-
ery of AMPs from host species is neither 
economically nor practically feasible and 
might even result in environmental issues. 
This applies especially for peptides isolated 
from species that occur in low numbers. 
In addition, peptide expression in the orig-
inal host can be extremely low or affected 
by unknown environmental factors result-
ing in problems when scaling up. In an 
attempt to extract more of the original 
strongylocins isolated from the green sea 
urchin S. droebachiensis, we extracted the 
hemolymph of 500 animals compared to 
66 for the original discovery.6 However, we 
were not able to extract the strongylocins 
in considerable amounts. The urchins had 
been harvested at a different sampling site 
at a different season, and this seemed to 
strongly influence the outcome since the 
extraction conditions as such remained 
identical. Though it is known that expres-
sion of a number of AMPs can be induced 
upon pathogenic challenge,2 the health 
status of sampled wild animals is not pre-
dictable. Therefore, it is very likely that 
conditions at the sampling site in general 
strongly influence discovery rates of AMPs 
and other bioactive compounds, and that 
many potentially interesting molecules 
have slipped discovery.

Chemical synthesis of short amino 
acid sequences is economically viable. 
However, synthesis of sequences with 
more than ten amino acids in length is 
expensive. If the sequence of a peptide con-
tains one or more disulfide bridges, this is 
likely to result in difficulties during syn-
thesis, and therefore production costs will 
increase substantially. We concluded that 
the recombinant expression system would 
be the most cost-efficient method for 
large-scale production of SpStrongylocins 
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kind of experiment it is not the optimal 
choice due to a “lag time” between sam-
ple addition and actual start of measure-
ment, which is caused by plate handling 
and shaking inside the machine. For fast 
membrane acting AMPs like PolymyxinB, 
this results in loss of the light emission 
peak, since the measurement starts only 
after peak light emission has been reached  
(Fig. 1). The use of an optional dispenser 
unit would most likely resolve this prob-
lem. Even though we were able to suc-
cessfully employ the method and are now 
using it as a standard procedure to quickly 
determine if compounds with unknown 
antimicrobial activity interfere with mem-
brane integrity. For the future we are plan-
ning to include more bacterial whole-cell 
assays based on reporter gene fusions with 
luciferases and fluorescent proteins. Time 
will show if the combination of recombi-
nant technology within both AMP pro-
duction and characterization will become 
a success or not.

membrane activity based on recombinant 
bacteria. Therefore, assays involving arti-
ficial model membranes were not taken 
into consideration and only cell based 
assays probing the uptake of substances 
which do not penetrate intact bacterial 
membranes, were considered. Among the 
different methods we decided to use the 
method developed by Virta et al.50 because 
it was straight forward and compatible 
with the equipment already available to 
our workgroup. Briefly, this assay is based 
on a constitutively expressed insect lucifer-
ase which produces light only in presence 
of its substrate D-luciferin. At neutral pH 
externally added D-luciferin crosses the 
E. coli membranes very inefficiently until 
the membrane integrity is disturbed. This 
results in light peaks when pore-forming or 
membranolytic substances are added. We 
used the Envision Multilabel Plate Reader 
(PerkinElmer life and analytical sciences, 
Turku, Finland) which is designed for 
HTS measurements. However, for this 

to the bacteria’s reaction to an antibac-
terial challenge from novel compounds 
and thereby deduce the probable mode 
of action. This can be done e.g., by trac-
ing the overall changes in the transcrip-
tional pattern as a response to AMPs in 
transcriptomic studies.44,45 Though whole-
transcriptome studies give a deeper insight 
into the transcriptional changes resulting 
from AMP treatment, they are time con-
suming and very likely to be hampered by 
a large extent of mechanism independent 
responses. Direct monitoring of relevant 
stress response genes by reporter fusions, 
on the other hand, as for the SOS response 
in E. coli,46 though mostly used for con-
ventional antibiotic detection, might 
give fast insight into the potential mode 
of action of novel antimicrobial peptides 
targeting DNA replication. Finally it is 
also possible to use genetically manipu-
lated bacteria which amplify detection of 
specific effects on central cell functions, 
like protein expression, DNA replication 
and membrane integrity.47-49 This can be 
done by directly coupling reporter-gene 
expression or reporter-enzyme activation 
to cellular events. As for example protein 
expression by monitoring the expression 
from an inducible promoter as suggested 
in Galuzzi et al.47 or membrane integrity 
by monitoring enzyme activity in response 
to conditional uptake of substrate.50

When dealing with AMPs there are 
supposedly two main modes of action 
which need to be distinguished. Peptides 
can affect cell viability either by directly 
interfering with bacterial membrane 
integrity or by binding to specific intra-
cellular targets after transfer across the 
bacterial membrane(s).51 It is only logi-
cal to elucidate first if a peptide interferes 
with membrane integrity before trying 
to identify potential intracellular targets. 
In later steps either membrane activity or 
the intracellular target can then be stud-
ied in detail. In our study,5 we decided to 
use membrane assays as a proof of concept 
for using “bioengineered bugs” as work-
horses throughout peptide production 
and characterization. As described above 
we expressed the peptides recombinantly 
instead of chemically synthesizing them, 
and we also wanted to characterize their 

Figure 1. Polymyxin B induces peak emission within the lag time of the luminescence reader. 
Perforation of the plasma membrane causes an influx of externally added D-luciferin into lucif-
erase expressing E. coli cells and results in light emission measured as counts per second (cps). 
Light emission kinetics of E. coli cells treated with AMPs or water (solid line) at t = 0 is plotted 
as a function of time for 5 min starting 20 s after peptide addition. The lag time is due to plate 
handling and shaking inside the multi-plate-reader. This results in loss of peak activity for Poly-
myxin B (dotted line). Peak emission for Cecropin P1 (dashed line) at similar concentrations can 
be recorded. No peak in light emission is caused by the non-membrane active recombinant 
SpStrongylocin 1 (dash-dotted line). All AMPs were added at a final concentration of 5 µM.
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