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Combinatorial Mutagenesis and Selection of Improved Signal
Sequences and Their Application for High-Level Production of
Translocated Heterologous Proteins in Escherichia coli
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We previously designed the consensus signal peptide (CSP) and demonstrated that it can be used to strongly stimulate heterolo-
gous protein production in Escherichia coli. A comparative study using CSP and two bacterial signal sequences, pelB and ompA,
showed that the effect of signal sequences on both expression level and translocation efficiency can be highly protein specific. We
report here the generation of CSP mutant libraries by a combinatorial mutagenesis approach. Degenerated CSP oligonucleotides
were cloned in frame with the 5’ end of the bla gene, encoding the mature periplasmic 3-lactamase released from its native signal
sequence. This novel design allows for a direct selection of improved signal sequences that positively affect the expression level
and/or translocation efficiency of B-lactamase, based on the ampicillin tolerance level of the E. coli host cells. By using this strat-

egy, 61 different CSP mutants with up to 8-fold-increased ampicillin tolerance level and up to 5.5-fold-increased 3-lactamase
expression level were isolated and characterized genetically. A subset of the CSP mutants was then tested with the alternative
reporter gene phoA, encoding periplasmic alkaline phosphatase (AP), resulting in an up to 8-fold-increased production level of
active AP protein in E. coli. Moreover, it was demonstrated that the CSP mutants can improve the production of the medically
important human interferon a2b under high-cell-density cultivations. Our results show that there is a clear potential for im-
proving bacterial signal sequences by using combinatorial mutagenesis, and bioinformatics analyses indicated that the beneficial

mutations could not be rationally predicted.

Signal sequences target proteins to their site of function, and
this has been exploited for the production of a number of
recombinant proteins in Escherichia coli (1-4). The periplasmic
accumulation of a recombinant protein is known to provide sev-
eral advantages, including a simplified downstream purification
scheme, enhanced biological activity, correct folding, higher
product stability and solubility, and the authentic N termini of the
mature proteins (5). Inclusion bodies also form in the periplasm
(6), and in general there seem to be no strict correlation between
the conformational quality of a protein and its solubility state (7).
Several proteins have been shown to retain biological activity
within periplasmic inclusion bodies (7-10), which could be de-
scribed as dynamic reservoirs consisting of both active and inac-
tive protein with a variety of conformations (11).

There seems to be a rather flexible consensus, both at the DNA
level and at the protein level, for signal sequences targeted to the
Sec translocation pathway in E. coli (for reviews, see references 12,
13, and 14) and the choice of signal sequence to ensure effective
secretion should therefore be individually tested for each new pro-
tein (15-17). Typically, signal sequences are composed of a short,
positively charged amino-terminal domain with 1 to 3 basic
amino acid residues, followed by a hydrophobic core of 7 to 15
hydrophobic and neutral amino acids (13, 18). A more polar seg-
ment is found immediately preceding the cleavage site, which in-
cludes small amino acids at positions —3 and —1, forming a so-
called Ala-X-Ala box that is recognized and cleaved by signal
peptidase I (13, 18).

Recent studies have shown that signal sequences may play a
more intricate role in protein expression than previously antici-
pated. A whole-genome study of the E. coli open reading frames
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revealed that the highest frequencies of rare codons are found in
the signal sequences of secretory proteins (19). An analysis of the
amino acid distribution in the E. coli secretory proteins pointed
out a bias for the AAA codon (encoding lysine) at the +2 position
(20), possibly due to its high rate of translation initiation. The
purpose of rare codons in signal sequences is unclear; however,
their exchange for more frequent codons has been shown to re-
duce the mature protein yield of the B-lactamase and the maltose-
binding protein (21, 22). In accordance with these reports is a
study of the adaptation between the transcript sequence and the
tRNA pool, where it was suggested that the order of frequent and
rare codons is important and can be utilized by evolution to design
the best possible schedule for the ribosomal flow on the transcripts
(23). We previously designed the consensus signal peptide (CSP),
based on sequence alignments of available bacterial signal se-
quences, and CSP was demonstrated to function efficiently for
translocation of two different heterologous proteins produced in
E. coli (17, 24). A functional comparison of CSP with the two
frequently used bacterial signal sequences pelB and ompA showed
that the choice of signal sequence for effective expression and
translocation can be highly protein specific and apparently unpre-
dictable in E. coli.
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Directed evolution using random mutagenesis, followed by
screening and selection, was originally invented to improve en-
zymes (25, 26). Among the many techniques used to create ran-
dom mutant libraries the most commonly used are error-prone
PCR (for a review, see reference 27), DNA shuffling (28), and
chemical mutagenesis (29, 30). We have previously applied a com-
binatorial mutagenesis approach involving the use of degenerated
oligonucleotides to improve the bacterial expression system Pr-
xyIS (31-33). By using synthetic oligonucleotide mixtures, the
mutagenesis can be focused to specific genetic regions (20 to 100
bp in length), a method that allows for multiple point mutations
to be introduced simultaneously. A different approach was ap-
plied by Caspers et al. (16) on the amyE signal peptide. By using
saturation mutagenesis on the sequence encoding the N domain
(amino acids 2 to 7) of amyE, they were able to increase the pro-
duction yield of their reporter cutinase ~3-fold (16). We report
here the application of combinatorial mutagenesis and the selec-
tion of CSP to develop new and improved signal sequences useful
for high expression and translocation of heterologous proteins in
E. coli. Libraries were constructed by using degenerated oligonu-
cleotide mixtures encoding CSP sequence variants to substitute
for the native signal sequence of the periplasmic (3-lactamase. By
screening these libraries with respect to increased ampicillin tol-
erance of the E. coli host, a number of improved CSP mutants
could be easily selected. The results demonstrate that signal se-
quences can be improved and optimized for efficient production
and translocation of heterologous proteins in E. coli, and the ge-
netic tools and technology developed here should be directly use-
ful to improve any bacterial signal sequence.

MATERIALS AND METHODS

Biological materials, DNA manipulations, and growth conditions. The
bacterial strains and plasmids used in the present study are listed in Table
1. E. coli strains were generally grown at 37°C in lysogeny broth (LB) (10 g
of tryptone, 5 g of yeast extract, and 5 g of NaCl liter ') or on LA (LB with
15 g of agar liter ') supplemented with ampicillin (0.2 g liter " [unless
stated differently]) or kanamycin (0.05 g liter ') when appropriate. For
expression experiments, recombinant cells were grown at 30°C, and in-
duction of the Pm-xylS system was done by adding m-toluic acid as indi-
cated. Standard recombinant DNA procedures were performed as de-
scribed by Sambrook and Russell (34), and transformations were done
according to the RbCl method (New England BioLabs). Plasmids were
isolated by using a Qiagen midi kit (Qiagen) or a Wizard Plus SV miniprep
kit (Promega). DNA was extracted from agarose gel slabs or PCR mixtures
by the QIAquick gel extraction or PCR purification kit (Qiagen). PCRs
were run using an Expand high-fidelity PCR system kit (Roche). Custom
PCR primers were supplied by Eurofins MWG operon, while spiked oli-
gonucleotide mixes were supplied by Medprobe AS. Site-specific mu-
tagenesis was done by using a QuikChange site-directed mutagenesis kit
(Stratagene). DNA sequencing was performed by Eurofins MWG operon.

Vector constructions. (i) Vectors with the bla reporter gene. The
plasmid pCSP1bla, used for construction of mutant libraries (Fig. 1A), is
based on the vector pIB11 (32) in which the endogenous secretion signal
sequence of the bla gene was replaced by the CSP signal sequence from
pGM29CSP (17). A series of plasmids were made as intermediates of the
final vectors pCSP1bla and pNSP1bla (expressing the bla gene without
any signal sequence). Plasmid pTMB4 is a pIB11 derivative in which the
endogenous Ncol restriction site in xylS has been removed. It was con-
structed by replacing the 0.6-kb BglII-BseRI fragment by the correspond-
ing fragment from pTA13 (31). The Pm-CSP-bla expression cassette was
then generated in pTMB4 through several intermediates. Plasmid pTMB5
was created by exchanging the 1.1-kb Pm-bla-encoding Xbal-Kpnl frag-
ment in pTMB4 by the 2.1-kb Pm-CSP-gm-csf-cmyc-his, fusion fragment
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from pGM29CSP. The 1.4-kb Xbal-Sbfl fragment from pGM29CSP,
containing the Pm-CSP-gm-csf-cmyc-his, fusion, was inserted into
pLITMUS28 (New England BioLabs), creating pTMB6. Plasmid pTMB7 was
generated by subcloning the mature part of the bla gene, PCR amplified
from pLITMUS28 (primer pair, 5'-ATCCATGGCTCACCCAGAAACGC
TG-3" and 5'-CTCAAGCTTACCAATGCTTAATCAGTGAGGCAC--3")
into the Ncol-HindIII sites of pTMB6, in frame with the CSP sequence,
replacing a 0.5-kb fragment (fusion coding for GM-CSF-cMyc-Hisy). Fi-
nally, pCSP1bla was made by replacing the 1.4-kb Xbal-Sbfl Pm-CSP-gm-
csf-cmyc-his, fusion fragment of pTMBS5 by the 1.8-kb Pm-CSP-bla frag-
ment from pTMB7. pCSP1S1bla to pCSP1S61bla and pCSP1Silbla to
pCSP1Sil5bla are pCSP1bla derivatives in which the CSP encoding se-
quence (Ndel-Ncol) was replaced by annealed, synthetic oligonucleotides
corresponding to the various mutant CSP sequences. The pBSP1bla vec-
tor was made from pCSP1bla, by replacing the NdeI-Ncol fragment con-
taining the CSP sequence, with annealed oligonucleotides corresponding
the native bla signal sequence (5'-TATGAGTATTCAACATTTCCGTGT
CGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTCG
C-3" and 5'-CATGGCGAAAACAGGAAGGCAAAATGCCGCAAAAAA
GGGAATAAGGGCGACACGGAAATGTTGAATACTCA-3"). pTMB14
was constructed by removing the Ndel-Ncol-encoding CSP fragment in
pCSP1bla. The DNA ends were filled by Klenow polymerase before the
plasmid was circularized. The 3.2-kb BglII-EcoRI fragment from
pTMB14 was inserted into pLITMUS28, generating pTMB15, and the 2
bp in the transition between Pm and bla in pTMB15 were replaced by an
Ndel site via site-directed mutagenesis using the primers 5'- CAATAAT
AATGGAGTCATGAACATATGGCTCACCCAGAAAC-3' and 5'-GTTT
CTGGGTGAGCCATATGTTCATGACTCCATTATTATTG-3’, generat-
ing pTMBI16. Finally, pNSP1bla was constructed by replacing the 3.2-kb
BglII-EcoRI fragment in pCSP1bla with the pTMB16 counterpart. All
expression vectors constructed were verified by DNA sequencing and es-
tablished in E. coli DH5a..

(ii) Vectors with the phoA reporter gene and with the codon-opti-
mized ifn-a2bg gene. The Ncol-BstAPI fragment in pCSP1bla, encoding
the bla gene, was substituted by the phoA gene, giving rise to pCSP1phoA.
The enhanced phoA gene used described by Mandecki et al. (35) was PCR
amplified from pHOGscFv141-AP-His (unpublished data, kindly pro-
vided by Affitech AS, Oslo) with the primers 5'-TTTCCATGGCACGGG
CACCAGAAATGCCTGTTC-3" and 5'-TTTGCACAATGTGCTTATTT
CAGCCCCAGAGCGGCTTTC-3". In the vectors pCSP1S2phoA,
pCSP1S38phoA, pCSP1548phoA, pCSP1S60phoA, and pCSP1S61phoA,
the CSP encoding sequence (NdeI-Ncol) was replaced by annealed, syn-
thetic oligonucleotides corresponding to the various mutant CSP se-
quences. The pASP1phoA control plasmid was constructed by exchanging
the Ndel-Ncol fragment encoding the CSP signal sequence in
pCSP1phoA by oligonucleotides corresponding to the endogenous phoA
signal sequence (36): 5'-TATGAAACAAAGCACTATTGCACTGGCAC
TCTTACCGTTACTGTTTACCCCTGTGACAAAAGC-3" and 5'-CATG
GCTTTTGTCACAGGGGTAAACAGTAACGGTAAGAGTGCCAGTGC
AATAGTGCTTTGTTTCA-3'. This resulted in a construct with two
additional amino acids in the fusion site (due to the Ncol site used for
cloning). A vector with the CSP sequence fused in frame with the gene
encoding the codon-optimized IFN-a2b was constructed by indirectly
replacing the pelB signal sequence in pIFN30SpelB (17) by the CSP signal
sequence from pGM29CSP generating pCSP2ifn (Fig. 1B). These plas-
mids have the same vector backbone and only differ with respect to the
choice of signal sequence and target gene. For technical reasons, pCSP2ifn
was cloned by replacing the Ncol-Notl fragment containing the gm-csf
gene in pGM29CSP with the ifn-a2bg gene from pIFN30SpelB and not by
interchanging the short signal sequence encoding fragments (Ndel-NcoI)
directly. Once established, selected CSP mutant signal sequences were
introduced as annealed, synthetic oligonucleotides, replacing the corre-
sponding NdeI-Ncol fragment containing the CSP sequence, generating
the pCSP2S2ifn and pCSP2S61ifn plasmids. All plasmids were verified by
DNA sequencing and established in E. coli DH5a. The IFN-a2b-express-
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Improved E. coli Signal Sequences

TABLE 1 Bacterial strains and plasmids

Strain or plasmid(s) Description® Reference or source
E. coli
DH5a N~ $80dlacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17(ry~ my ) supE44 thi-1 gyrA relAl  Bethesda Research
Laboratories
RV308 K-12 derivative used for industrial protein production; lacI® su AlacX74 gal 1S 11::OP308 ATCC 31608
Plasmids
pIBI11 RK2-based expression vector containing the Prm-xylS promoter system and bla with is native 32
signal sequence as a reporter gene for Pm; Km'; 8.1 kb
pGM29CSP RK2-based vector expressing the CSP-GM-CSF-c-myc-His, fusion protein from the Pm-xylS 17
promoter system; Ap’; 8.8 kb
pTA13 RK2-based expression vector containing the Pm-xylS promoter system and bla as a reporter gene 31
for Pm; Km"; 8.1 kb
pLITMUS28 General cloning vector; Ap"; 2.8 kb New England
Biolabs
pHOGscFv141-AP-His A pBluescript II SK(+) derivative expressing the scFv141-AP-His, fusion protein from the P, Affitech AS
promoter; Ap*; 5.1 kb (unpublished
data)
pIEN30SpelB RK2-based vector expressing the codon-optimized pelB-IFN-a2b-c-myc-His, fusion protein 17
from the Pm/xylS promoter system; Ap"; 8.9 kb
pTMB4 Derivative of pIB11 in which a 0.6-kb BglII-BseRI fragment in the xyIS gene was replaced by the This study
corresponding fragment from pTA13, removing an endogenic Ncol site; Km'; 8.1 kb
pTMB5 Derivative of pTMB4 in which the 1.1-kb Xbal-KpnlI fragment was replaced by a 2.1-kb fragment  This study
from pGM29CSP; Km'; 9.2 kb
pTMB6 Derivative of pLITMUS28 in which a 1.4-kb Xbal-SbfI fragment from pGM29CSP was inserted; ~ This study
Ap*; 4.2kb.
pTMB7 Derivative of pTMB6 in which a 0.8kb PCR-fragment containing the bla gene generated from This study
pLITMUS28 (see the text) was subcloned into the Ncol-HindIII sites, replacing a 0.5-kb
fragment; Ap'; 4.5 kb
pCSP1bla RK2-based expression vector containing the Pm-xylS promoter system and bla with the CSP This study
signal sequence as a reporter gene for Pm; Km'; 9.5 kb
pCSP1S1bla—pCSP1S61bla Derivatives of pCSP1bla in which the Ndel-Ncol fragment encoding CSP was replaced by This study
oligonucleotides encoding the S1-S61 mutant sequences; Km*; 9.5 kb
pCSP1Silbla—pCSP1Sil5bla Derivatives of pCSP1bla in which the Ndel-Ncol fragment encoding CSP was replaced by This study
oligonucleotides encoding the Si1-Sil5 mutant sequences; Km®; 9.5 kb
pBSP1bla Derivative of pCSP1bla in which the Ndel-Ncol fragment encoding CSP was replaced by This study
oligonucleotides encoding the native 3-lactamase signal peptide; Km'; 9.5 kb
pTMBI14 Derivative of pCSP1bla where the NdeI-Ncol CSP fragment was removed, the DNA ends filled This study
by Klenow polymerase and the plasmid circularized; Km'; 9.4 kb
pTMBI15 Derivative of pLITMUS28 in which a 3.2-kb BglII-EcoRI fragment from pTMB14 was inserted; This study
Ap'; 5.9 kb
pTMBI16 Derivative of pTMBI15 where 2 bp in the transition between Pm and bla was removed by site- This study
directed mutagenesis, generating an Ndel site; Ap"; 5.9 kb
pNSP1bla Derivative of pCSP1bla encoding the bla gene without its native signal sequence; Km'; 9.4 kb This study
pCSP1phoA Derivative of pCSP1bla in which the Ncol-BstAPI fragment encoding the bla reporter gene was This study
replaced by a PCR fragment encoding the mature phoA gene (see the text); Km'; 10.0 kb
pCSP1S2phoA—pCSP1S61phoA  Derivatives of pCSP1phoA in which the NdeI-Ncol fragment encoding CSP was replaced by This study
oligonucleotides encoding the S2, $38, S48, S60, and S61mutant sequences; Km®; 10.0 kb
pASP1phoA Derivative of pCSP1phoA in which the Ndel-Ncol fragment encoding CSP was replaced by This study
oligonucleotides encoding the native phoA signal sequence; Km'; 10.0 kb
pCSP2ifn RK2-based vector expressing CSP-IFNa-2b-c-myc-His, fusion protein from the Pm-xylS This study
promoter system; trfAcop271; Ap"; 8.9 kb
pCSP2S2ifn—pCSP2S61ifn Derivatives of pCSP2ifn in which the NdeI-Ncol fragment encoding CSP was replaced by This study

oligonucleotides encoding the S2 and S61 mutant sequences; Ap"; 8.9 kb

“ Ap*, ampicillin resistance; Km®, kanamycin resistance.

ing vectors were, in addition to DH5a, also established in the E. coli pro-
duction host strain RV308 to be used for production analysis in high-cell-
density cultivations.

Combinatorial mutagenesis for the construction of signal sequence
mutant libraries. To introduce mutations in the CSP coding sequence, a
strategy involving degenerated, synthetic oligonucleotides, similar to the
protocol previously described for the Pm promoter and the untranslated
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region, was used (32, 33). Synthetic oligonucleotides were designed to
constitute a double-stranded DNA fragment with the CSP sequence and
Ndel and Ncol compatible ends when annealed for subsequent easy clon-
ing into the pCSP1bla vector. Eight different nucleotide mixtures, indi-
cated in the oligonucleotide sequences by the numbers 1 to 8, were used to
synthesize degenerated oligonucleotide mixtures (MedProbe AS). The
probability of keeping the original base in each position was set to 79%
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CATATGAAAAAAAAATTATTGGCGTTAGCCTTGTTAGCGTTATTGTTTAACGGCGCGCAGGCCATGG

Ndel

b

Ncol BstAPI

' '

xylS rrnBT1T2 Pm CSP tLPP
B BstAPI
Ndel Ncol Notl l
xylS Pm  CSP ifna2b c-myc His; tLPP

FIG 1 Schematic representation of the expression related features of the pCSP1bla screening vector (A) and the pCSP2ifn protein expression vector (B). In these
vectors, the signal peptide and target genes are easily exchanged using the Ndel/Ncol and Ncol/BstAPI (removing the c-myc-His, tag) or the Ncol/Notl
(preserving the c-myc-His, tag) restriction sites, respectively. Pm, positively regulated promoter; xyIS, gene encoding the Pm activator; bla, ampicillin resistance
gene encoding (B-lactamase; tLPP, transcriptional terminator; rrnBT1T2, bidirectional transcriptional terminator; ifna2b, codon optimized gene encoding the
human cytokine IFN-a2b. The DNA sequence corresponding to the CSP region is displayed at the top with the unique Ndel and Ncol restriction sites in bold.
The vector backbones of pCSP1bla and pCSP2ifn are generally conserved but differ with respect to the selection marker (kan in pCSP1bla and bla in pCSP2ifn),
and pCSP2ifn harbors the cop271C mutant of the #7fA replication gene, leading to a 3- to 4-fold-increased plasmid copy number (50).

(80% for some bases in the silent library), and the other accepted bases
were introduced at equal frequencies. The mixtures used were as follows:
L79%A+7%C+7%G+7%T;2,7%A+79%C+7%G+ 7%T;
3,7% A+ 7% C+79% G+ 7%T;4, 7% A+ 7% C+ 7%G + 79% T;
5,80% A + 20% G; 6, 80% C + 20% T; 7, 20% A + 80% G; and 8, 20%
C + 80% T. A completely randomized CSP library was generated by replacing
the original CSP sequence by an oligonucleotide mixture defined by
5'-TATG1111111114414433234413224434413234414434441123323232
133C-3', while a silent CSP library (Si library) was generated from the
oligonucleotide mixture defined by 5'-TATGAA5AA5AA58T18T3GC38
T1GC28T38T1GC38T18T3TT8AA6GG2GC3CA7GC-3". The noncod-
ing strands in both libraries were kept complementary to the original CSP
sequence (5'-CATGGCCTGCGCGCCGTTAAACAATAACGCTAACAA
GGCTAACGCCAATAATTTTTTTTTCA-3"). Wild-type and mutated
oligonucleotides were mixed (100 M each) and phosphorylated using
polynucleotide kinase. NaCl was added to a final concentration of 200
mM, and the phosphorylated oligonucleotides were annealed by gradual
cooling from 95 to 20°C for 20 min in a thermocycler. Dilutions of the
resulting DNA fragments were ligated into the Ndel-Ncol-digested plas-
mid pCSP1bla, which had been dephosphorylated by calf intestinal phos-
phatase and purified by using a QIAquick PCR purification kit. The li-
gated plasmids were transferred into E. coli DH5a using kanamycin as
selection. Approximately 137,000 transformants containing random CSP
mutants were mixed to constitute the CSP library, while the Silibrary was
a mixture of ~150,000 transformants.

Selection of CSP mutant libraries in E. coli cells based on increased
ampicillin tolerance level. Mutant strains with increased expression
and/or translocation of B-lactamase were selected essentially as described
for the Pm high-level expression mutants by Winther-Larsen et al. (37). In
brief, 9 ml of LB with kanamycin (0.05 g liter ') was inoculated with 90 pl
of library cell mixture and grown at 37°C for ~4 h. Then, 1077 to 10™%
dilutions were plated onto LA containing m-toluic acid (50 to 500 wM)
and ampicillin (0.2 to 12 gliter ') or LA containing kanamycin only. The
plates were incubated at 30°C for 2 days. The ampicillin concentration
levels tolerated by the candidates identified in the screen were then deter-
mined as follow. Individual colonies were inoculated into 100 .l of LB
containing kanamycin in 96-well microtiter plates (Nunc), followed by
incubation at 30°C overnight. The strain harboring pCSP1bla was in-
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cluded as a wild-type control in a few wells. The cells were diluted twice by
a96-pinreplicator into microtiter plates with 100 pl of LB in each well and
subsequently spotted onto LA with m-toluic acid (0 to 100 uM) and
various ampicillin concentrations (0 to 10 g liter '). The plates were in-
cubated at 30°C and inspected for growth after 1 and 2 days. The DNA
sequence of the signal sequence region was determined for selected can-
didates, and all of the mutants were reproduced by annealing synthetic
oligonucleotides with the different mutant signal sequences and ligating
them into the NdeIl-Ncol sites of pCSP1bla. Finally, the mutants were
again verified by DNA sequencing.

Preparation of crude extracts for enzyme assays and protein analy-
ses. Recombinant E. coli cells were diluted 100-fold from an overnight
culture and grown in selective medium at 37°C. At an optical density at
600 nm (ODy,) of 0.1, the cells were induced by 0.1 mM m-toluic acid.
The cells were further grown at 30°C for 5 h. Aliquots of cells were har-
vested by centrifugation (5,000 X g, 10 min, 4°C) and washed once in an
assay buffer or 0.9% NaCl, and then the pellets were either kept at —20°C
or further processed without storage. Cell extracts for enzyme assays were
obtained by resuspending the cell pellets in specific assay buffer, and the
cells were lysed by sonication (Branson Sonifier; DSM tip, 3 min on ice,
duty cycle, 30%; output control, 2.5). Cell debris was removed by centrif-
ugation at 10,000 X g for 45 min at 4°C.

The B-lactamase assay was performed as previously described (37).
Alkaline phosphatase activities were measured by determining the pro-
duction of p-nitrophenol from p-nitrophenyl phosphate, which was mon-
itored spectrophotometrically at 405 nm. Total volumes of 160 pl in 96-
well plates were used, and the assay mixture consisted of 100 mM Tris (pH
9.5),5mM MgCl,, 0.1% Tween 20, and 2.7 mM p-nitrophenyl phosphate.
Enzymatic assays were performed using enzyme amounts in the linear
range. All enzyme assays were carried out in triplicates, and all enzyme
activity analyses were repeated at least twice with enzyme extracts ob-
tained from independently grown cultures.

SDS-PAGE and Western blotting was performed essentially as de-
scribed elsewhere (24), using the primary antibodies Mouse Anti-Tetra-
His IgG1 BSA-free (Qiagen, catalog no. 34670) diluted 1:7,500 (for His-
tagged proteins) or mouse monoclonal 3-lactamase antibody (Abcam)
diluted 1:5,000 (for B-lactamase), and the secondary antibody rabbit anti-
mouse IgG conjugated to horseradish peroxidase (Dako, catalog no.
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PO260) diluted 1:1,500. Signals were developed by using 3,3",5,5'-tetra-
methylbenzidine. For B-lactamase, the same cell-free protein extracts as in
the enzymatic activity assays were applied, while total cell extracts were
used in high-cell-density cultivation (HCDC) analyses (see below). Before
loading, the HCDC cells were resuspended in SDS-PAGE running buffer
and lysed by sonication (Branson sonifier, DSM tip, four X 90s, with 30-s
cooling periods, 30% duty control, and output control at 3.0). Protein
concentrations were determined in samples diluted 50- to 200-fold in
water by using a Bio-Rad DC protein assay (Bio-Rad Laboratories) as
described by the manufacturer, using bovine serum albumin as the refer-
ence protein.

In silico analysis of mutant signal sequences. A selection of available
bioinformatic tools was applied to analyze the subset of 12 CSP mutants in
a bla context. The 20 amino acids of the signal peptide (CSP or its mutant
variant), together with the first 30 amino acids of the B-lactamase protein,
were submitted to the SignalP 4.0 server (http://www.cbs.dtu.dk/services
/SignalP/ [38]), which predicts the presence and location of signal peptide
cleavage sites in amino acid sequences. The net charge of the N domain
was found by counting the number of charged amino acids within the first
five residues of each signal peptide sequence, with amino acids D and E
defined as —1, R and K defined as +1, and any other amino acid defined
as 0. The net hydrophobicity was calculated as the sum of hydrophobici-
ties for the amino acids in the hydrophobic core (residues 6 to 17), based
on the normalized consensus hydrophobicity scale (47). Translation ini-
tiation rates were predicted for the mRNA region —32/+99 (base +1 is
the adenine of the translation initiation codon) of the original CSP se-
quence and the subset of 12 CSP mutant variants using the reverse engi-
neering tool of the RBS calculator website (https://salis.psu.edu/software
/doReverseRBS [39]), with input settings selected for the model organism
E. coli K-12 substrain DH10B. The CSP wild-type mRNA sequence was
(the translation initiation codon is underlined): 5'-AACAGAAACAATA
ATAATGGAGTCATGAACATATGAAAAAAAAATTATTGGCGTTAG
CCTTGTTAGCGTTATTGTTTAACGGCGCGCAGGCCATGGCTCAC
CCAGAAACGCTGGTGAAAGTAAAAGATGCT-3'. The direct output
of the RBS calculator is a list of start codons in the mRNA transcript, and
their predicted translation initiation rates on a relative scale from <1 to
100,000+. In the present study, the values ranged from 522.82 (546) to
9316.36 (S7), and the best score was generally associated with the position
32 start codon, which correlates to the true translation initiation site. To
simplify data comparison, relative translation initiation rates were calcu-
lated, and the arbitrary number was set to 1 for the CSP sequence result.
For all of the sequences investigated, the calculations were reported to not
be at equilibrium, meaning that the mRNA was predicted to contain long-
range nucleotide base pairings that are unlikely to form within the rele-
vant time scale. Extending the coding region sequence beyond the length
described here did not have any effect on the predictions of the translation
initiation rate. The same RNA sequences were submitted to the RNAfold
web server of the Vienna RNA package (http://rna.tbi.univie.ac.at/cgi-bin
/RNAfold.cgi [40]) for calculations of the minimum free energy (kcal
mol ") of the secondary structure of single-stranded RNA.

HCDC. HCDC of E. coli RV308 cells harboring pIFN30SpelB,
pCSP2ifn, pCSP2S2ifn, or pCSP2S61ifn were performed by automatically
controlled fed-batch cultivation in DASGIP_1L fermentors. The defined
preculture medium and the main culture medium used were composed as
described elsewhere (41), whereas feeding solution 1 (FS1) was slightly
modified and contained glucose (500 g kg~ * solution) and MgSO,-7H,O
(15.8 gkg™ " solution). All media were supplemented with ampicillin (0.1
g liter™"). Inducer solution (0.5 M) was prepared by dissolving m-toluic
acid in ethanol.

The fermentation precultures were prepared as described previously
(24). From these cultures, cells were used to inoculate 0.35 liter of pre-
warmed main culture medium in the fermentor to an initial ODg,, of
0.05. All fermentations were performed at 30°C, and the pH was main-
tained at 6.8 by the addition of 12.5% (vol/vol) NH;. Antifoam (Adecanol
LG-109; Asahi Denka Kogyo, Japan) was added from the start (50 wl
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liter ') and thereafter when needed. The airflow rate was 0.5 liter per liter
of medium per min. The dissolved oxygen was maintained at 20% satu-
ration by automatic adjustments of the stirrer speed (up to 1,200 rpm)
and gradual oxygen enrichment at a maximum stirring rate (up to 50%).
Inducer (m-toluic acid, 1 mM) was added to the fermentors when the cell
growth reached an ODy, of 100.

The fermentations were divided into three different phases as follows.
(i) In the batch phase, glucose (25 g liter ') was included in the freshly
inoculated main culture medium, and cell growth continued until all of
the sugar had been consumed. (ii) In the exponential feeding phase,
growth was controlled to a specific growth rate () of 0.25 h™! by feeding
with FS1. The feed rate of FS1 was initially set to 18.7 g liter ' h™" and
thereafter was increased gradually to 45 gliter " h ™. (iii) In the induction
phase, bacterial growth was controlled by automatic adjustments of the
airflow oxygen concentration at a constant feed rate of FS1 of 45 g liter "
h™! so that the dissolved oxygen and stirring speed were maintained at
20% saturation and 1,200 rpm, respectively. Throughout the fermenta-
tions, pH, dissolved oxygen, feeding rate, airflow, and the molar fraction
of CO, in the exhausted gas were monitored and recorded.

RESULTS AND DISCUSSION

Construction of the pCSP1bla vector, which can be used as an
effective selection tool for improved signal sequences. We pre-
viously demonstrated that the bla gene, encoding periplasmic
B-lactamase, can be used as a valuable reporter in E. coli enabling
direct selection based on the ampicillin tolerance levels of recombi-
nant cells in response to different bla expression levels (31-33). In
pCSP1bla the native endogenous signal sequence of the bla gene is
replaced by CSP in such a way that this new sequence can easily be
replaced by any CSP variant in a one-step cloning procedure (Fig. 1).
Accordingly, pCSP1bla should allow for direct selection of CSP mu-
tants conferring an increased expression level of the bla gene and/or
increased translocation efficiency of the 3-lactamase protein. As con-
trols, we constructed the analogous vectors pBSP1bla (containing the
bla gene with its native signal sequence) and pNSP1bla (containing
the bla gene without a signal sequence).

E. coli DH5a (pCSP1bla) was able to grow on solid media with
ampicillin concentrations up to 1.0 g liter ' under induced con-
ditions (Fig. 2), while the corresponding control strains contain-
ing pBSP1bla or pNSP1bla were able to grow in the presence of
ampicillin concentrations up to 0.2 g liter ' and 5 mg liter ',
respectively. Thus, substitution of the native signal secretion se-
quence with CSP in itself leads to a 5-fold-higher ampicillin toler-
ance of the host, and the results also confirmed that the bla gene
needs a signal sequence to be efficiently produced and translo-
cated to the periplasm, in agreement with previous reports
(42-44).

CSP variants selected from a completely randomized CSP
mutant library give rise to up to 8-fold-increased ampicillin tol-
erance level of the host cells. A completely randomized CSP li-
brary was constructed in pCSP1bla, using degenerated oligonu-
cleotides, and all nucleotides between the Ndel and Ncol
restriction sites were allowed to vary. The resulting library from
~137,000 colonies, growing on LA-Km plates, was screened for
mutants able to grow in the presence of elevated ampicillin con-
centrations (6 to 12 g liter ') under Pm-XylS-induced conditions
(20 to 500 wM m-toluic acid). Candidates with 6- to 8-fold-in-
creased ampicillin tolerance compared to the pCSP1bla-carrying
cells were easily identified and, in order to make sure that the
phenotypes were actually caused by mutations in pCSP1bla, plas-
mid DNA was isolated from promising candidates and retrans-
ferred into DH5a cells and functionally confirmed. In this way, a
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FIG 2 DNA and amino acid sequences of the original CSP and selected mutant variants. The corresponding ampicillin tolerance levels were obtained from
spotting E. coli DH5a-strains harboring pCSP1bla and its derivatives with the 5 best silent CSP mutants and the 12 best random CSP mutants onto LA containing
either ampicillin and m-toluic acid (20 wM, induced) or ampicillin only (uninduced). Ampicillin tolerance of DH5a (pNSP1bla) is included as a control (no

« »

signal sequence [NoSP]). Periods (.) indicate that the base or amino acid is the same as in the unmodified CSP sequence, while “~” indicates gaps in the sequence
(in pNSP1bla). “+” behind the ampicillin concentration given indicates that poor growth was observed at even higher concentrations, while a “~” shows that the

growth was reduced at the concentration indicated.

total of 61 different CSP mutants causing up to 8-fold-increased
ampicillin tolerance levels of the cells were isolated. DNA se-
quencing revealed that the average number of point mutations
was 8, and they were typically randomly distributed throughout
the CSP coding region. Among these, the 12 most promising CSP
mutants were selected based on their overall characteristics using dif-
ferent combinations of inducer and ampicillin concentrations (data
not shown), and the plasmids were then resynthesized to ensure that
the observed phenotypes are solely caused by the identified CSP mu-
tations. The DNA and amino acid sequences, as well as the ampicillin
tolerance profiles of these mutants, are summarized in Fig. 2.

An alternative codon optimization strategy of CSP resulted
in an only 2-fold-increased ampicillin tolerance level of the host
cells. Recent studies have highlighted the role of local mRNA fold-
ing (45) and a codon ramp (23) for optimizing heterologous gene
expression. Consequently, the introduction of alternative codons
at the 5’ coding sequence of a recombinant gene may potentially
have a great influence on its expression level. Therefore, we next
chose to generate an alternative library in pCSP1bla (designated
the Si library) that contained only silent mutations in the CSP
coding sequence and thus should not affect the function of CSP in
translocation. The resulting recombinant cells were tested for am-
picillin tolerance on solid medium under Pm-XylS-induced con-
ditions (20 M m-toluic acid) such as for the CSP random library.
The Si library contained ~150,000 clones, and 14 promising can-
didates were isolated that could tolerate an up to ~2-fold-higher
ampicillin concentration (1.9 g liter ') compared to those con-
taining the original CSP sequence (see Fig. 2 for the five best Si
mutants). Based on these results, it seemed clear that silent muta-
tions in CSP can, to a certain degree, contribute to increased ex-
pression levels of the reporter gene. However, these improve-
ments were moderate compared to when completely randomizing
CSP (see above), and we therefore chose not to characterize these
Si mutants any further.

The production level of active [3-lactamase protein is up to
5.5-fold higher in the CSP mutants compared to when using the
original CSP. To investigate whether the observed improved am-

564 aem.asm.org

picillin tolerance levels were truly accompanied by a concomitant
increase in the B-lactamase production levels in the cells, the
B-lactamase activities were measured spectrophotometrically in
cell extracts from the 12 best CSP mutants. The strains DH5«
(pCSP1bla) and DH5a (pNSP1bla) were included as controls.
The results showed that the mutants displayed high and different
B-lactamase activity profiles (Fig. 3a). For most of them, the 3-lac-
tamase activity and host ampicillin tolerance level correlated well,
but mutant S61 displayed the same B-lactamase activity as when
the original CSP sequence was used. One possible way of explain-
ing this would be to assume that this mutant affects the transloca-
tion rate without affecting the total expression level of the B-lac-
tamase, which would also have to imply that such a change affects
the host tolerance to ampicillin under the conditions tested. It has
previously been reported that increasing the hydrophobicity of
the signal peptide can lead to reduced processing and the release of
soluble B-lactamase in E. coli (46). Although we cannot rule out
that this could be the case for S61, it seems unlikely since this
particular mutant (like S38) contains only a single point mutation,
leading to an alanine-to-valine substitution (Table 2), which only
results in an insignificant increase in the net hydrophobicity com-
pared to CSP. The net hydrophobicity of mutant S61 is also con-
siderably lower than for the mutants S54 and S48 (see below),
which were among the mutants displaying the highest (3-lacta-
mase activities in the assay. We also analyzed the extracts for sol-
uble protein by Western blots to unravel any potential variation
between the 3-lactamase production level and the corresponding
enzymatic activity (Fig. 3b). The results showed that several of the
CSP mutants caused an at least 8-fold-increased 3-lactamase pro-
duction level compared to CSP, and there was generally a good
correlation between the enzyme amount and the corresponding
activity level. The data also confirmed that CSP mutant S61 gives
rise to a similar amount of B-lactamase produced as the original
CSP sequence, in agreement with the corresponding activity data.
For some CSP mutants (e.g., $43 and $46), we noticed the appear-
ance of faint bands presumably representing uncleaved cytoplas-
mic products (see also below). However, it cannot be ruled out
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FIG 3 B-Lactamase production in E. coli DH5a strains harboring the plasmids pNSP1bla (no signal peptide [noSP]), pCSP1bla (CSP), and the 12 different
plasmids pCSP1S2bla-pCSP1S61bla (CSP mutants S2 to S61). Gene expression was induced by 0.1 mM m-toluic acid. (a) Specific B-lactamase activities
measured from cell extracts. 1 U = the amount of enzyme that catalyzes the transformation of 1 wmol of substrate min~'. The results are the averages of two
biological replicas performed in triplicates, and the standard errors are indicated. (b) Western blot detection of soluble 3-lactamase in the same extracts as in
panel a. The same total protein amount was applied in all wells. The sizes of the mature and the uncleaved B-lactamase proteins are approximately 29 and 32 kDa,
respectively. The two boxes show independent blots; vertical lines within the boxes indicate that one or more samples have been removed from the data set. The
M column represents the migration of ladder proteins of sizes 25, 37, and 50 kDa, respectively.

that they could be inner membrane-bound precursors that were
released into the soluble fraction due to cell lysis. Whether these
are active proteins remained unknown.

Bioinformatics analyses of the improved CSP mutants indi-
cate that they could not be rationally predicted. We next ana-
lyzed our 12 selected CSP mutants by using available bioinformat-
ics methods (see Materials and Methods) and the results are
summarized in Table 2. With the exception of S7, CSP and the
remaining CSP mutants were predicted by the SignalP 4.0 server
(38) to be signal sequences that are cleaved off between amino
acids 20 and 21 (AQA-MA; CSP, S38, and S61) or between amino
acids 22 and 23 (AMA-HP; S2, [S7], S15, S46 to S49, S54, and S60).
The net charge of the N domain varied among the signal se-
quences, with a maximum of +3 (seen for several mutants and the
original CSP) and a minimum of 0 (S7). The net hydrophobicity
of the hydrophobic core also showed a high variation within the
data set and was in particularly low for S60 (4.18) and S49 (5.97)
and high for the mutants S54 (9.91), S48 (9.59), S61 (9.13), and
$38 (9.11) and the original CSP (9.11). The translational initiation
rates for the —32/+99 mRNA region, predicted by the RBS calcu-
lator (39), and the minimum free energy scores of the mRNA
secondary structures determined by the RNAfold web server (40)
emphasize that our collection of signal sequences varies consider-
ably. In general, there seems to be no apparent correlation be-
tween the predicted translation rates and the minimum free en-
ergy scores of these signal sequences, and these data should imply
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that rational methods would not be a feasible strategy to generate
improved CSP mutants.

CSP mutants can also be used for efficient expression and
translocation of the alternative model protein AP. It was of in-
terest to investigate whether the CSP mutants could also be useful
for efficient expression and translocation of alternative heterolo-
gous proteins in E. coli. As a first model in these studies, we used
alkaline phosphatase (AP), encoded by the phoA gene, partly be-
cause AP must be translocated to the periplasm to be active (48,
49). The pCSP1phoA plasmid was constructed containing the
phoA gene under the control of Pm-XylS, and with the phoA native
signal sequence replaced by CSP. As a control, we constructed
pASP1phoA in which phoA is expressed with its native secretion
signal sequence. E. coli DH5a (pCSP1phoA) and E. coli DH5a
(pASP1phoA) cells were grown in shake flask cultures, harvested,
and assayed for AP activity, and the results clearly showed that
CSP could substitute for the native phoA signal sequence by lead-
ing to a similar production level of active AP protein (Fig. 4). Next,
the CSP region of plasmid pCSP1phoA was replaced by a subset of
the 12 CSP variants, S2, S38, S48, S60, and S61, yielding plasmids
pCSP1S2phoA, pCSP1S38phoA, pCSP1S48phoA, pCSP1S60phoA,
and pCSP1S61phoA, respectively. All plasmids were established in
E. coli DH5a, and the resulting recombinant strains were sub-
jected to AP production analyses as described above. The mutants
S2, S38, and S48 displayed 5- to 8-fold-increased AP activities
compared to CSP, which were in good agreement with the analo-
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TABLE 2 Bioinformatics analysis of selected CSP random mutants: predicted signal sequence properties and translational attributes

Net charge Net Relative Minimum free
of N hydrophobicity translation rate energy (kcal

Mutant Amino acid sequence® D score” Cleavage site” domain® of H domain? prediction (AU)® mol ™'Y

CSP mkkkllalallallfngagam 0.875 AQA-MA +3 9.11 1.00 -29.84

S2 .yrnk.v...c...l..p... 0.804 AMA-HP +2 8.67 0.53 -31.40

S7 .ge..cq...i....... e.. 0.520 AMA-HP* 0 7.19 2.57 -28.80

S15 .rs...s.gv.li.a..gk 0.682 AMA-HP +2 8.38 1.09 —28.60

S38 . 0.877 AQA-MA +3 9.11 1.00 —29.84

543 ..s..fllemive oLl 0.678 AMA-HP +2 7.92 0.99 —24.24

546 L. rS..S.. . .8 . 0.671 AMA-HP +2 6.95 0.14 —26.50

S47 ortfldl. .. S..S..... 0.689 AMA-HP +2 6.95 0.58 -27.20

548 R S v v....eh.. 0.725 AMA-HP +3 9.59 0.33 -27.94

549 Lore..uicsirvsly. oL 0.707 AMA-HP +3 5.97 0.33 —28.64

S54 or ffvelilgfgi. .. 0.615 AMA-HP +3 9.91 1.64 —25.80

S60 .gg..ssr...pv.lys.... 0.666 AMA-HP +1 4.18 0.87 -26.10

s6l1 ... 2 0.884 AQA-MA +3 9.13 1.00 -29.74

“ Periods (.) indicate that the amino acid is identical to the one in CSP at this position.

b Calculated by SignalP 4.0 (38). S7 did not meet the cutoff criteria. *, the reported cleavage site gave the best score.

¢ Calculated for the first five residues, with amino acids D and E defined as —1, R and K defined as +1 and any other amino acid as 0.

4 Calculated as the sum of hydrophobicity for the hydrophobic region (residues 6 to 17), based on the normalized consensus hydrophobicity scale (47).

¢ Calculated by the RBS calculator v1.1, reverse engineering mode (39). AU, arbitrary unit(s).

fMinimum free energy predicted by RNAfold (40) for the optimal secondary structure of the region surrounding the translation initiation site. The analyzed sequence included 32
bp of the nontranslated region, the signal sequence, and 36 bp of the mature bla coding sequence.

gous data obtained when B-lactamase was used as the reporter
protein (see Fig. 3). The CSP mutants S60 and S61 generated AP
activities in the same range as when the original CSP was used (Fig.
4). For S61, this correlated well with the analogous -lactamase
production results (Fig. 3), while it was not the case for S60, which
caused an ~5-fold-increased B-lactamase production level com-
pared to CSP. This may indicate some context dependency be-
tween the mutant CSP signal sequence and the recombinant gene
with respect to efficient expression and concomitant product
translocation, in agreement with previous results (17). Mutant

Relative AP activity
sy

3
2
1 I
R
0
AP CSP S2 S38 S48 S60 S61

FIG 4 Relative AP activity of E. coli DH5« strains harboring relevant expres-
sion constructs. All values are relative to the CSP result, which was arbitrarily
set to 1. AP, endogenous AP signal sequence (pASP1phoA construct); CSP,
original sequence (pCSP1phoA construct), while S2, S38, S48, S60, and S61
indicate the variant CSP sequences in pCSP1S2phoA, pCSP1S38phoA,
pCSP1S48phoA, pCSP1S60phoA, and pCSP1S61phoA, respectively. Cultures
were induced by 0.1 mM m-toluic acid. All results are the averages of two
biological replicas with at least three samples, and the standard errors are
indicated.
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$38 contains only one amino acid substitution (Lys to Arg) com-
pared to the original CSP (Fig. 2), and this particular substitution
is also present in CSP mutants S2 and S48. CSP mutants S60 and
S61 do not harbor this substitution, which presumably has a pos-
itive effect on the production of active 3-lactamase and AP pro-
teins under the conditions tested. Summarized, these results dem-
onstrated that CSP mutants can also be highly useful for the
effective production of alternative translocated proteins in E. coli.

CSP mutants S2 and S61 can be used for efficient recombi-
nant production of the human cytokine IFN-a2b under high-
cell-density cultivation conditions. We previously demonstrated
that recombinant production under HCDC of the human cyto-
kine a2b (IFN-a2b), encoded by a synthetic and codon-opti-
mized gene (ifn-a2bg), was dramatically stimulated when fused to
the pelB signal sequence, yielding ~0.6 g liter ' (17). Most of the
product was insoluble protein, and in the absence of a pelB signal,
no detectable IFN-a2b protein was produced. It was here of inter-
est to test whether CSP mutants could be useful for the efficient
production of IFN-a2b under HCDC, and both the original CSP
and its mutants S2 and S61 were used to substitute for pelB in
plasmid pIFN30SpelB (17), yielding plasmids pCSP2ifn (Fig. 1B),
pCSP28S2ifn, and pCSP2S61ifn, respectively. S2 was chosen based
on the general good production results obtained with both Bla and
PhoA (see above), while S61 was chosen based on the assumption
that it might specifically confer efficient protein translocation (see
above). The plasmids were transferred into the production host E.
coli RV308, and the resulting recombinant strains were analyzed
for IFN-a2b production under HCDC by Western blotting. Initial
analyses of crude extracts showed that the IFN-a2b protein was
mainly detected in the insoluble fraction (data not shown) in
agreement with previous observations (34), and total cell extracts
were therefore used here to compare the total production levels in
the different strains. Based on visual inspection of the Western
blot (Fig. 5), it appeared that CSP gave production levels approx-
imately similar to those with pelB, while CSP mutants S2 and S61
caused at least 2-fold-higher IFN-a2b production levels. We no-
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FIG 5 Western blot analysis of E. coli RV308 strains (pIFN30SpelB, pCSP2ifn, pCSP2S2ifn, or pCSP2S61ifn) producing IFN-a2b fusion proteins with different
secretion signal peptides in high-cell-density cultivations. Cell samples were withdrawn from each culture 6.3 h after induction. The cells were lysed by sonication,
and the total crude cell extracts were subjected to analysis. Dilution series of decreasing total protein amount were loaded for each sample and are shown relative
to the highest total protein concentration loaded (set arbitrarily to 1). Signal peptide—IFN-a2b—cMyc—His, is 24.4 kDa, while the protein complex in which a

signal peptide has been cleaved off is 22.4 kDa.

ticed that the protein products appeared in two slightly different
sizes among the strains, presumably reflecting the cleavage status
of the different signal peptides. The proteins expressed with pelB
and mutant S2 seemed dominantly to yield an uncleaved version
of the protein, while the original CSP gave a mixture of cleaved
and uncleaved product. When mutant S61, on the other hand, was
used, the protein product was predominantly cleaved off, and the
biological reasons for these discrepancies remained unknown.
These results indicated that IFN-a2b formed inclusion bodies also
when being translocated to the periplasm. In any case, since all
IFN-a2b protein produced by any recombinant strain tested here
remained as insoluble protein, we chose to not investigate this any
further. Summarized, these results show that CSP mutants have a
potential for increasing the expression of difficult-to-express pro-
teins, such as IFN-a2b, which even in a codon-optimized variant
seems to be highly dependent on a signal sequence to be recom-
binantly expressed in E. coli (17).

Concluding remarks. We presented here an approach en-
abling the effective selection of improved signal sequences from
large randomized mutant libraries by directly scoring for in-
creased antibiotic tolerance levels of the E. coli host cells. Our
previously designed signal sequence CSP was used as a model, and
we show that this method enables selection of CSP mutants caus-
ing increased expression level and improved translocation of pre-
sumably any recombinant protein in E. coli. Our results support
and extend previous reports demonstrating that signal sequences
can be highly useful in promoting high-level recombinant pro-
duction of heterologous proteins that are generally difficult to
express in E. coli. Bioinformatics analyses of the CSP mutants in-
dicated that they could not have been predicted by rational meth-
ods, further emphasizing the advantage of this combinatorial mu-
tagenesis and selection approach for the generation of superior
signal sequences useful for recombinant expression in bacteria.
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