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molecules, chemical and biological methods of-

fer an opportunity for developing potentially
useful therapeutics (1-3). Libraries of small synthetic
molecules can be rich in chemical diversity but often ne-
cessitate laborious screening assays. On the other
hand, very complex biosynthetic compounds can be
produced by living organisms and the genotype-
phenotype linkage makes these systems amenable to
high-throughput selective approaches.

In this context, the biosynthesis of “non-natural”
natural products is a very active area of research. One
of the most impressive success stories is the genetic en-
gineering of polyketide and nonribosomal polypeptide
synthases (PKS and NRPS), which has already led to the
biosynthesis of several hundreds of new compounds
(4-6). However, since these compounds are biosynthe-
sized by specific and complex multienzymatic systems,
high-throughput combinatorial approaches cannot be
easily developed. In this regard, the SICLOPPS technol-
ogy is an interesting alternative since it allows the bio-
synthesis of backbone cyclic peptides from ribosomally
synthesized precursors (7, 8). SICLOPPS is based on
intein fragmentation and arrangement of the two frag-
ments Inty (the N-terminal part) and Intc (the C-terminal
part) in the permutated order Intc-target sequence-Inty.
In this arrangement, the autocatalytic splicing reaction
results in cyclization of the target sequence (9). The
SICLOPPS technology has been used to produce cyclic
peptides libraries of up to 108 members and has proven
large flexibility toward peptide length and composition
(10). Cyclic peptides libraries have been combined with
different strategies for the genetic selection of active

B y providing large and diverse libraries of small
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ABSTRACT Split-inteins can be used to generate backbone cyclized peptide as
a source of new bioactive molecules. In this work we show that cysteine-mediated
splicing can be performed in the oxidative environment of the periplasm of
Escherichia coli. Cyclization of the TEM-1 B-lactamase and of small randomized
peptides was demonstrated using an artificially permuted version of the DnaB
mini-intein from Synechocystis sp. PCC6803 strain fused to a signal sequence.
For small peptides, a signal sequence that promotes cotranslational translocation
had to be used. Efficient backbone cyclization was observed for more than 50% of
combinatorial peptides featuring a fully randomized sequence inserted between a
serine and glycine that are necessary for fast splicing. Furthermore, by coexpress-
ing a mutant of the plIV outer membrane pore protein of fd bacteriophage, we
showed that peptides can diffuse in the extracellular medium. These results open
new routes for searching compounds acting on new targets such as exported and
membrane proteins or pathogen microorganisms.
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Figure 1. Constructs for protein and peptide cyclizations in the periplasm of E. coli.
The target sequence for cyclization is cloned in frame between genes encoding the
two fragments of the Ssp DnaB split intein (DnaBlc and DnaBly) in a permuted order
and behind the arabinose controlled pBAD promoter. The pPBla construct illus-
trates the intein-TEM-1 B-lactamase precursor. Splicing will occur in the linker re-
gion connecting the N- and C-termini of the enzyme and is made possible by
imposing a serine (+1) and a glycine (—1) at the splicing junctions. The pPL6-8
constructs for the cyclization of hexa-, hepta-, and octa-peptides libraries in the
periplasm of E. coli. The randomized codons encoding four, five, or six amino acids
are cloned between the fixed codons of the serine and glycine residues. The degen-

were shown to efficiently pro-
duce backbone cyclic peptides
in the periplasm. Finally, by ex-
pressing a phage pore protein in
the outer membrane of E. coli,
we showed that cyclic peptides
could diffuse in the extracellular
medium. These new possibili-
ties of producing libraries of
cyclic peptides either in the
periplasm or outside the bacte-
ria opens a wide potential of de-
velopment of selection-based
strategies for identifying com-
pounds that would act on ex-
ported or membrane proteins or
would interfere with competing
organisms.

eracy of the codons is NNB (B = C, T, or G).

compounds. Using a bacterial reverse two-hybrid sys-
tem (RTHS), a strategy for selecting cyclic peptides that
modulate protein—protein interactions has been devel-
oped (11, 12). This strategy has been validated for the
disruption of the ATIC homodimer (13) and for the inhi-
bition of the Gag-TSG101 interaction that prevent the
HIV budding event (14). In combination with, respec-
tively, a fluorescent reporter substrate or an in vivo se-
lectable transposase activity, cyclic peptide inhibitors
of, respectively, the ClpXP protease (15) and the
EcoDam DNA methyltransferase (16) were identified in
Escherichia coli. Libraries of random cyclic peptides
were also produced in mammalian cells with retroviral
technology and a genetic screen has been set up to test
their functionality (17).

With the aim of expanding the scope of applications
of cyclic peptide libraries, we have evaluated the possi-
bility to perform split intein-mediated polypeptide cy-
clization in the periplasm of Escherichia coli and further
secrete the peptides in the extracellular medium. First,
we demonstrated that a wide variety of intein-
polypeptide precursors can be translocated in the
periplasm prior to splicing. Second, we showed that
minimal sequence determinants in the polypeptide pre-
cursors are sufficient for cyclization to occur prior to in-
tein inactivation by oxidation of its essential cysteine in
the periplasm. Various libraries of randomized precur-
sors were created, and a large proportion of the clones
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RESULTS AND DISCUSSION

Intein Splicing in the Periplasm. We initially decided
to work with an artificially permuted mini-intein derived
from the DnaB intein of Synechocystis sp. PCC6803
strain (called Ssp DnaB) because it appears to be well
appropriate for producing high levels of cyclized target
proteins (18). The TEM-1 B-lactamase (Bla) was chosen
as the model periplasmic protein since its activity and
stability in the cyclic form has been already demon-
strated in the cytoplasm (19) and because its localiza-
tion in the periplasm can be easily demonstrated by am-
picillin resistance phenotype.

On the basis of the work of Liu et al. (20), the cen-
trally located endonuclease domain of the Ssp DnaB in-
tein was deleted to create a mini-intein of 154 aa split
into two parts, a 106 aa N-terminal fragment (DnaBly)
and a 48 aa C-terminal fragment (DnaBlJ). The two frag-
ments were arranged in the order DnaBlc-DnaBly and
cloned into an expression vector behind the arabinose-
controlled pBAD promoter (Figure 1). To avoid a poten-
tial problem of oxidation in the periplasmic space, the
nonessential Cys50 of the DnaBly gene was mutated to
alanine. The gene encoding Bla was then introduced be-
tween the two fragments by fixing a serine and a gly-
cine codon as the first extein residue at the N-splicing
junction and the last extein residue at the C-splicing
junction (position +1 and —1 in Figure 1). Indeed, the
serine is an essential residue involved in the splicing re-
action (21) and the glycine was reported to be impor-
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tant for efficient splicing of the Ssp DnaB mini-intein
(22, 23). Sequences encoding five additional amino ac-
ids were also added on both sides of the Bla sequence
providing a linker sequence of 12 residues that will con-
nect the original N- and C-termini of the protein as in
the previously reported cytoplasmic construct (19). Fi-
nally, a sequence encoding the signal peptide of Bla
was fused at the 5’ side of the ORF (Figure 1, pPBla
vector). In this construct, the splicing reaction must
occur after export for the enzyme to be localized in the
periplasm. An ORF without the signal sequence was also
built and used as a negative control (pCBla vector).

In contrast to the pCBla transformants, bacteria trans-
formed by the pPBla vector were fully resistant to high
ampicillin concentration (100 pug mL™?), therefore indi-
cating a periplasmic localization. Moreover, SDS—PAGE
analysis of the cytoplasmic and periplasmic extracts de-
rived from induced cells for both constructions clearly
confirmed the signal peptide dependent localization of
Bla (Figure 2, panel a, compare lanes 3 vs 7 and lanes 9
vs 5). The band correponding to Bla migrated at around
30-kDa indicating that the intein has been spliced out
(MW = 29849.9 Da for the circularized enzyme). Two
other bands corresponding to the intein fragments
DnaBly and DnaBl¢ (11985 and 5544 Da) are also ob-
served at about 12 and 5.5 kDa only under conditions
of induction. Mass spectrometry analysis confirmed that
those bands were indeed intein fragments. Importantly,
no other byproducts possibly coming from inefficient or
partial splicing reaction were detected. To prove the cy-
clization of Bla, the enzyme was purified from the
periplasmic extract and analyzed by mass spectrometry
after trypsin digestion. A 2107.2 Da peptide correspond-
ing to the expected sequence resulting from the conden-
sation of the N- and C-termini was clearly observed
while intein peptides and junction peptides coming
from either unspliced or cleaved products were not
(Supplementary Figure 1, panel a).

Interestingly, with the pPBla periplasmic construct,
the B-lactamase appears completely absent from the
cytoplasm upon induction (Figure 2, panel a, compare
lanes 6 vs 7). Since the signal peptide is fused to the
intein, this indicates that there is no splicing prior to
exportation.

Cyclic Peptides in the Periplasm. On the basis of
this demonstration of intein functionality in the
periplasm, the cyclic peptide libraries (pPL6-8) were
similarly constructed by introducing, in place of the Bla
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Figure 2. SDS—-PAGE analysis of cytoplasmic and periplasmic extracts. a) E. coli
TOP10 transformed with the vectors designed for the expression of cyclic
B-lactamase in the cytoplasm (pCBla) or periplasm (pPBla) and under inducing
(arabinose) or non-inducing conditions have been analyzed. Upon arabinose in-
duction, bands corresponding to the cyclic B-lactamase and intein fragments
are observed in the expected extracts. Lane 1: molecular weight ladder. b) In-
soluble fraction and cytoplasmic and periplasmic extracts of E. coli TOP10 trans-
formed with the periplasmic expression library of randomized cyclic hexapep-
tides (pPLé) under inducing (arabinose) or non-inducing conditions have been
analyzed by SDS—-PAGE. Intein fragments or precursors are not observed in any
of the samples. The periplasmic extract obtained from the clone expressing the
periplasmic cyclic B-lactamase is shown as a control (lane 8). Lane 1: molecular
weight ladder.

gene, codons for four, five, or six amino acids between
the codons encoding the serine and glycine residues

(SX@-6/G, Figure 1). A NNB codon degeneracy B = C, T,
or G) was chosen, affording 48 codons that encode the
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Figure 3. Precursors’ export requires an SRP-dependent signal peptide. a) Compari-
son of the periplasmic extracts obtained from the arabinose-induced libraries ex-
pressing the precursors fused to the B-lactamase (lane 2) or DsbA signal peptide
(lanes 3-5). In lane 2, the libraries encoding randomized hexa-, hepta-, and octa-
peptides have been mixed. For the constructs with DsbA signal, each library
(pPL6D, pPL7D, and pPL8D) was analyzed separately. Bands corresponding to the
DnaBly fragment and unspliced precursors are observed when the DsbA signal is
used. The periplasmic extract obtained from the clone expressing the 3-lactamase
precursor with DsbA signal peptide is shown as a control (lane 6). Lane 1: molec-
ular weight ladder. b) SDS-PAGE analysis of periplasmic extracts prepared from
arabinose-induced cultures of eight clones picked at random in the hexa-peptide
library pPL6D. The sequences of the encoded peptides are shown on the top of the
gel. Depending on the clone, the DnaBly fragment and the unspliced precursor are
or are not observed. c¢) Sequences of Bla and DsbA signal peptides.
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20 amino acids and only 1 stop.
In the SDS—PAGE analysis of
periplasmic extracts derived from
the induced hexa-peptide li-
brary, the two intein fragments
released after the splicing were
not observed (Figure 2, panel b,
lane 3) contrary to the
B-lactamase result. Moreover,
these bands were not present in
the cytoplasmic extract or in the
insoluble fraction (Figure 2,
panel b, lanes 5 and 7). The
same results were obtained for
individual clones picked at ran-
dom and for the hepta- and octa-
peptide libraries (Supplementary
Figure 1, panel b). An export
problem was suspected because
intein fragments were observed
for similar cytoplasmic libraries
(Supplementary Figure 1,

panel c). Since the B-lactamase
signal peptide is known to pro-
mote post-translational translo-
cation of the protein across the
inner membrane (24), we hy-
pothesized that small intein-
peptide precursors released in
the cytoplasm may fold rapidly
and prevent translocation,
whereas the much larger intein-
B-lactamase precursor is main-
tained in an export competent
state. In order to test this hypoth-
esis, the signal peptide was re-
placed by the one of DsbA
(Figure 3, panel ¢), a signal that
is known to recruit SRP and to
promote cotranslational export
(25-27). New libraries of hexa-,
hepta-, and octa-peptides (pPL6-
8D) were built, and as shown in
Figure 3, panel a (lanes 3-6), the
peptide signal change led to the
observation of the DnaBly frag-
ment released after splicing in
the periplasm. Another band cor-
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T1ABLE 1. Diversities of the periplasmic
expression libraries for cyclic hexa-,
hepta-, and octa-peptides

No. of Theoretical Library

iy transformants diversity diversity”

PL6 (SX,G) 4.2 X 10° 0.16 X 10°  0.16 X 10°
PL7 (SXsG) 5.8 X 10°  3.2X10° ~ 1.9 X 10°
PL8 (SX¢G) 24 X 10° 64 X 10° ~ 15 X 10°

The library diversity was estimated using the GLUE-IT
algorithm (33).

responding to the unspliced precursors was also ob-
served at about 18 kDa. The nature of this band was
confirmed by mass spectrometry. For the B-lactamase,
both native and DsbA signal peptides afford the translo-
cation and the cyclization of the enzyme in the
periplasm (Figure 3, panel a, lane 6).

Combinatorial Libraries of Periplasmic Cyclic
Peptides. Diversities of the libraries were evaluated by
comparing the number of transformants with the theo-
retical number of different peptides in each library
(Table 1). While the hexa-peptide library is 100% com-
plete, the hepta- and octa-peptide libraries contain ap-
proximately 60% and 25% of the maximal diversity.
Overall, the three libraries contain around 17 million dif-
ferent clones. The genes from 38 individual clones were
sequenced and the periplasmic extracts prepared from
induced cells. Thirty-five clones without a stop codon in
the peptide ORF were further analyzed by SDS—PAGE.
As shown in Figure 3, panel b, the presence and intensi-
ties of the bands corresponding to the DnaBly fragment
and/or the unspliced precursor were highly variable
from clone to clone. As the periplasm is highly oxidant
and contains an efficient catalytic machinery for disul-
fide formation, the rate of folding and splicing of the in-
tein is probably competing with the rate of inactivation
of its essential cysteine and explaining at least some of
this clone to clone variability. The use of an intein with a
catalytic serine instead of cysteine in the +1 position
may solve this problem but nothing is known on the ca-
pacity of such inteins to perform cyclization in a circu-
larly permuted state.

For eight of 38 clones, the DnaBly fragment was not
detected. The sequences of these clones (Table 2) re-
vealed a higher frequency of tyrosines (~17.5%: 7 Tyr
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over 40 randomized residues) compared to the experi-
mental codon degeneracy (4.6% of Tyr codon). Although
the sampling is slightly too small for this frequency to
be significative, it is correlated with a very low frequency
of tyrosines in the sequences of the other 30 clones
showing intein activity (1 Tyr over 138 randomized resi-
dues, Table 3). This unbalanced tyrosine representation
was the only significative bias when comparing active
versus inactive clones.

The periplasmic extracts of the 26 clones showing in-
tein activity were concentrated 50 times and analyzed
by MALDI-TOF-TOF mass spectrometry directly as crude
samples and/or following purification on a mini Cyg col-
umn. Results are summarized in Table 3. A more de-
tailed table with signal-to-noise ratio and mass differ-
ence columns is provided in Supporting Information.
The cyclic products (M + H)* were detected for all of
the 15 peptides comprising at least one positively ioniz-
able residue (Lys, Arg, or His) and no cysteine in their se-
quence. For three of them, the MS signal was the most
intense of the whole spectrum indicating a relatively
high concentration. Each sample served as a negative
control for the other ones as well as periplasmic extracts
from uninduced cells. Due to the cyclization, fragmenta-
tion spectra were hardly interpretable.

Detection, in periplasmic extracts, of individual pep-
tides ranging from 585 to 960 Da with relatively high
and similar signal-to-noise ratios (Supplementary Table
1) together with our failed attempts in detecting pep-
tides in the extracellular medium indicate that a major-
ity of the clones in the library biosynthesize peptides
that are accumulating in this compartment and cannot
diffuse outside the bacteria. Indeed, it is generally ac-

TABLE 2. Sequences of the peptides from
clones with no detectable intein activity

Peptide Sequence
P6-8 SNYWFG
P6-9 SYLIFG
P6-10 SFCVNG
P7-9 SYCYTIG
P7-10 SHSYYVG
P8-12 SHTHCALG
P8-13 STYLNKSG
P8-14 SWETNTSG
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1ABLE 3. MALDI TOF analysis of cyclic
peptides expressed from individual

library clones screened by SDS—-PAGE

for intein splicing

Peptide

Sequence’ Calculated mass

Observed mass

P6-1
P6-2
P6-3
P6-4
P7-1
P7-2
P7-3
P7-4
P8-1
P8-2
P8-3
P8-4
P8-5
P8-6
P8-7

SHKQFG 685.33
SKISRG 629.36
SMHDGG 585.2

SERELG 672.32
SLRRGGG  684.38
SGLRGVG  627.35
SGDEPRG  699.3

SRHWSAG  782.36
SWRTQIGG 886.42
SSSSIPRG  772.38
SNFRWVIG  960.49
SIRVQGVG  797.45
SFGHESGG  759.29
SRPSLIVG ~ 810.47
SHNDTSYG  862.32

685.35
629.38
585.22
672.31
684.39
627.37
699.31
782.38
886.46
772.40
960.49
797.46
759.32
810.49
862.33

Not detected

P6-5
P6-6
P6-7
P7-5
P7-6
P7-7
P7-8
P8-8
P8-9
P8-10
P8-11

SNFSTG 594.24
SVISMG 563.24
SLDFCG 623.24
SIVFLGG 674.38
SGGNGCG  533.17
SNRSCIG 718.32
SRCKFRG ~ 835.42
SLVLNSDG  786.39
SVPCFARG  818.39
SCGRSAVG  718.32
SANCGICG  706.25

9Cys residues are underlined, positively ionizable resi-

dues (XH™) are in bold type.

cepted that the outer membrane of E. coli is not perme-
able to hydrophilic solutes of more than approximately
600 Da, a limit that was evaluated using linear oligosac-
charides (28, 29). Nonetheless, the lipid bilayer could
be permeable to at least some hydrophobic peptides,
and nonspecific porins of the outer membrane could
also facilitate the passage of some small hydrophilic
peptides, but if true, this probably concerns only a small

fraction of the peptides within the libraries.
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The systematic absence of signal for cyclic peptides
containing no His, Lys, or Arg residues suggests that
the laser energy of the spectrometer is not sufficient for
their positive ionization. On the other hand, when one or
more cysteine residues were encoded in the degener-
ated ORF, the cyclic peptides were also not detected
even if basic residues were present or if the samples
were reduced with DTT prior to analysis. For peptides
P7-7, P7-8, P8-9, and P8-10, containing both one cys-
teine and at least one His, Lys, or Arg residue, we
searched for Cys oxidation into sulfenic, sulfinic, and
sulfonic forms, but none of those could be detected.
This suggests that, if occurring, these modifications are
transient. For P7-8 and P8-9 clones, however, respec-
tively three and four fragments of the unspliced precur-
sor were detected (Supplementary Table 2). The masses
of all of these fragments indicated that the peptides con-
tain a few additional residues essentially at the
C-terminal side and a disulfide bridge resulting from
the oxidation of the essential cysteine of the intein and
a cysteine in the peptide. For six fragments, the whole
DnaBl¢ has been cleaved and the observed masses cor-
respond either to unspliced peptides cyclized by an in-
tramolecular disulfide bridge or to backbone cyclic pep-
tides linked to a small N-terminal fragment of DnaBly
by an intermolecular bridge. After DTT reduction and
treatment with iodoacetamide, a 116 Da mass increase
was observed that corresponds to a double modifica-
tion on a single linear peptide therefore indicating that
the peptides are unspliced. The sequences of these lin-
ear peptides were also confirmed by fragmentation
analysis.

Because splicing efficiency varies from clone to clone
(Figure 3, panel b), the peptides’ concentrations in the
periplasm should also vary and cannot be easily mea-
sured. However, the periplasmic concentration of cyclic
B-lactamase was evaluated around 1 mM based on an
estimation of the periplasm volume (30% of the total
bacterium volume), the number of bacteria and the mea-
sure of the enzyme activity in the extract. Since the ge-
netic constructs for peptides are very similar and the in-
tensities of the DnaBly fragment are in the same order
of magnitude, this millimolar range is also likely for
many peptides.

To summarize, we have built an expression library
containing around 17 million different clones that can
be divided into four groups. Approximately 50% of the
clones are effectively biosynthesizing periplasmic cyclic

www.acschemicalbiology.org
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Figure 4. Secretion of a cyclic peptide in the extracellular medium. MS analysis of periplasmic (a) and extracellular

(b) extracts of E. coli TOP10 strain expressing the P6-4 peptide (cyclic SERELG, M + H* = 672.32) with or without the
coexpression of pIVS324S pore protein. The periplasmic crude extracts were analyzed without any additional purification,
whereas because of the high salts concentration in the culture medium, the extracellular extracts had to be desalted
using a Cyg “ZipTip” column prior to analysis.
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peptides, 10% present a TAG stop codon that could
eventually be translated if produced in a suppressive
strain (supE), 20% are not really useful because of a
translocation, splicing, or degradation problem, and
about 20% are encoding peptides with one or more cys-
teines that are either oxidized into a disulfide bridge
with the intein’s essential cysteine prior to splicing or
subjected to other undetected modifications. Overall,
between 8 and 12 million different backbone cyclic pep-
tides are produced in our libraries, and this diversity
could be easily raised by increasing the size of the octa-
peptide library or creating longer peptides.

Cyclic Peptides in the Extracellular Medium. Ff bacte-
riophages such as F1, fd, or M13 are filamentous par-
ticles of ~7 nm diameter that use a self-encoded chan-
nel protein, plV, to cross the outer membrane of E. coli
without killing the bacterial cell. Marciano et al. (30) iso-
lated a plV mutant (plV>324%) that allows E. coli to grow
on maltohexaose (991 g mol™?) and renders the bacte-
ria sensitive to vancomycin, a large hydrophilic antibi-
otic (1449 g mol™?) that is normally inactive toward
E. coli because of its incapacity to pass through the bac-
terial outer membrane.

We assumed that if large extracellular molecules
such as vancomycin could diffuse through that pore,
we should expect a similar diffusion with small cyclic
peptides produced in the periplasm. To test that hypoth-
esis, we cloned the plV mutated gene into the low copy
pPRO30 vector (31), which is compatible with the pBAD
vector used for expressing the peptides. A tunable pro-
pionate promoter controls plV’s expression and allows
setting the induction to a nontoxic level. When we coex-
pressed the P6-4 peptide (Table 3) with pIV5324¢ the
peptide was easily detected in the extracellular medium
(Figure 4, panel b), while its MS signal was significantly
decreased in the periplasmic extract (Figure 4, panel a).

In the absence of the pore, the peptide was barely de-
tectable in the extracellular medium.

Conclusion and Perspectives. The splicing activity of
the permuted Ssp DnaB mini-intein has been combined
with a cotranslational export pathway to create a gen-
eral method for the production of backbone cyclic pro-
teins and peptides in the periplasm of Escherichia coli.
With a minimal sequence requirement in the polypep-
tide to be cyclized, i.e., a glycine and a serine as first and
last residue, respectively, efficient periplasmic cycliza-
tion was demonstrated for a model protein and for a
large proportion of peptides in libraries of randomized
hexa-, hepta-, and octa-peptides. As these cyclic pep-
tides are genetically encoded, selection strategies can
be designed for searching molecules that bind to spe-
cific targets. The periplasmic localization opens many
thrilling possibilities. First, the library can be used for
searching peptides acting on colocalized targets, for in-
stance, natural or recombinant exported proteins. Sec-
ond, the selection of periplasmic peptides acting on a
cytoplasmic target will automatically require the selec-
tion of their membrane permeability, which is of particu-
lar interest if looking for potential therapeutic mol-
ecules. Membrane proteins should also prove to be
very attractive as targets, especially in the case of eu-
karyotic plasma-membrane proteins that can be func-
tionally expressed in the inner membrane of E. coli. In-
deed, a peptide acting from the periplasm will be
equivalent to a peptide coming from outside of the eu-
karyotic cell that binds directly to an external site of the
protein or penetrates into the membrane or into the cy-
tosol for reaching an internal site. On the other hand, the
ability to secrete cyclic peptides in the extracellular me-
dium also opens new routes of Darwinian selection ex-
periments such as life competition between our libraries
and specific pathogens.

METHODS

Plasmid Construction. Oligonucleotides sequences with “fp”
and “rp” standing for forward and reverse primer, respectively,
are listed in Supporting Information. The Ssp DnaBly and DnaBl¢

gene fragments were amplified from the cyanobacterium Synecho-

cystis sp. strain PCC6803 (Laboratory of O. Vallon) with IN-fp/
IN-rp and IC-fp/IC-rp primer pairs. The two PCR fragments were
assembled by overlap extension. The final PCR product was
cloned between the Ncol and Xbal sites into the pBAD vector, a
derivative of pBAD/myc-HisB (Invitrogen) but carrying a tetracy-
cline resistance gene instead of ampicillin. The C50A mutation in
the DnaBly gene was introduced by Quick-Change mutagenesis
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(Stratagene), resulting in the plasmid pBICA. The TEM1
B-lactamase gene was amplified with Bla-fp and Bla-rp primers
encoding N-terminal and C-terminal linkers (SASGGG and
GPGEFG). The product was cloned into the vector pBICA be-
tween the two Bbsl sites, resulting in the plasmid pCBla. Fi-
nally, the sequences encoding either the Bla or DsbA signal pep-
tide were introduced into the plasmid pCBla in the Ncol site,
resulting in the final vectors pPBla and pPBlaD. For the librar-
ies, the DnaBly and DnaBlc gene fragments were amplified from
the pBICA vector with INL-rp/INLy.¢-fp and ICL-fp/ICL-rp pairs of
primers. The two fragments were then restricted by Bbsl, ligated
together, and finally cloned between the Ncol and Xbal site
into the pBAD vector containing the Bla (pPL6-8 libraries) or
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DsbA (pPL6D-8D libraries) signal sequence. The plV gene was
amplified from the DNA of fd phage and the mutation S324G si-
multaneously added by overlap PCR. The two pairs of primers
used were plV-fp/S324G-rp and plV-rp/S324G-fp. The primers
plV-fp and plV-rp contain respectively a Nhel and a BamHI re-
striction sites used to clone the PCR product within the vector
pPRO30 (31). The primer plV-fp also codes for a Shine-Dalgarno
sequence. All constructs were confirmed by sequencing.

Proteins and Peptides Expression. £. coli Top 10 cells (Invitro-
gen) harboring vectors were grown in 1 L of Luria—Bertani broth
medium supplemented with tetracycline (7.5 pg mL™%) at 37 °C
until the culture reached an 0D of 0.6. The cultures were in-
duced with L-(+)-arabinose to a final concentration of 0.2%
(w/v) and grown at 30 °C for 3 h. For the mass spectral analy-
sis, cultures were grown in CAS medium (M9 minimal medium
supplemented with casamino acids (12 g L™, tetracycline
(7.5 wg mL™Y), -tryptophan (2 wg mL™?Y), CaCl, (0.1 mM), and
MgCl, (1 mM) (32). For the experiment of cyclic peptides diffu-
sion in the extracellular medium, the CAS medium was supple-
mented with ampicillin (100 wg mL™?) and propionate (0.5 mM).
The induction with arabinose 0.2% (w/v) was done for 3 h at
37 °C. The periplasmic extracts and the supernatants were con-
centrated 5 times using a SpeedVac before MS analysis.

Preparation of Extracellular, Periplasmic, and Cytoplasmic
Extracts. Cultures were centrifuged at 4400 X g for 10 min, and su-
pernatants were recovered as extracellular extracts. The harvested
cells were resuspended in 33 mL of sucrose 20% (w/v), tris-HCl
20 mM, pH 8. After 10 min incubation time at RT, cells were centri-
fuged 10 min at 6000 rpm. Supernatants were discarded, and the
osmotic shock was accomplished by resuspending the pellets in
50 mL of 5 mM MgSO0,. Samples were then incubated at 4 °C for
10 min. Supernatants obtained after centrifugation at 10 000 X g
for 10 min were recovered as periplasmic extracts. The pellets were
resuspended in 25 mL of PBS and stored overnight at —20 °C.
Cells were thawed to 37 °C and centrifuged at 5400 X g for 10 min.
Supernatants were discarded, and pellets were resupended in
8 mL of tris-HCl 50 mM pH 8, 1 mM EDTA, and 100 mM NaCl supple-
mented with 100 pL of egg white lyzozyme (10 mg mL™Y). After
20 min of incubation time at RT followed by 45 min incubation time
at 37 °C, 200 plL of DNase (1 mg mL™*) was added, and lysate
was incubated 15 min at RT. Supernatants obtained after centrifu-
gation at 21 000 X g for 15 min at 4 °C were recovered as cytoplas-
mic extracts.

SDS-PAGE Analysis. Tris-Tricine Protein/Peptide Separation
Gels were used. The cathode and anode running buffers were re-
spectively 0.1 M Tris base/0.1 M Tricine/0.1% (w/v) SDS, and
0.2 M Tris-Cl, pH 8.9.

Cyclized 3-Lactamase Purification. The cyclic 3-lactamase
binds to the Ni?*-column thanks to two pairs of adjacent histi-
dines present on the surface of the protein. After dialysis of the
periplasmic extract, the enzyme is thus easily purified by stan-
dard affinity chromatography (HiTrap chelating, Amerscham Bio-
sciences).

MS and MS/MS Analysis. Extracellular or periplasmic extracts
were either treated as such or initially desalted using a
MilliporeC18 ZipTip after acidification with 1 pL of 10% (v/v)
TFA. Then 0.5 pL of each sample was added to 0.5 pL of a solu-
tion containing 10 mg mL™! of a-cyano-4-hydroxycinnamic acid
in 50% (v/v) acetonitrile and 0.1% (v/v) TFA, and 0.5 L of this
mixture was put down on the target. MS and MS/MS spectra
were acquired using an Applied Biosystems 4800 MALDI TOF/
TOF Analyzer spectrometer using a 200 Hz solid state laser op-
erating at 355 nm. MS spectra were obtained using a laser in-
tensity of 3200 and 2000 laser shots by spot in a range of m/z
between 500 and 4000. MS/MS spectra were obtained by se-
lecting precursor ions corresponding to the precursor masses
detected on the MS spectra in using a laser intensity of 3800
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and 3000 laser shots by precursor. The automatically selected

precursor fragmentation was performed at collision energy of

1 kV without or with collision gas air at a pressure of about

1 X 10° Torr. Data were collected with the Applied Biosystems

4000 Series Explorer software and MSMS spectra were analyzed
with the Applied Biosystems GPS Explorer TM software De Novo
Explorer Version 3.6.
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