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Abstract

Background Gram negative bacteria possess different secretion systems to export proteins to the extracellular
medium. The simplest one, type | secretion system (T1SS), forms a channel across the cell envelope to export proteins
in a single step. Peptides secreted by the T15Ss comprise a group of antibiotics, called class Il microcins, which carry
an amino terminal secretion domain that is processed concomitantly with export. Mature microcins range in size from
60 to 90 amino acids and differ in their sequences. Microcin T15Ss show a high versatility in relation to the peptides
they are able to secrete, being mainly limited by the length of the substrates. Different bioactive peptides unrelated to
bacteriocins could be secreted by microcin V (MccV) T1SS, while retaining their biological activity.

Results In this work heterologous secretion of two variants of human parathyroid hormone (PTH) by MccV T1SS

was evaluated. PTH is a bioactive peptide of 84 amino acids (PTH84), which is involved in the maintenance of bone
homeostasis. Currently, a drug corresponding to the active fraction of the hormone, which resides in its first 34 amino
acids (PTH34), is commercially produced as a recombinant peptide in Escherichia coli. However, research continues to
improve this recombinant production. Here, gene fusions encoding hybrid peptides composed of the MccV secretion
domain attached to each hormone variant were constructed and expressed in the presence of microcin T1SS in E. coli
cells. Both PTH peptides (PTH34 and PTH84) were recovered from the culture supernatants and could be confirmed to
lack the MccV secretion domain, i.e. microcin T1SS efficiently recognised, processed and secreted both PTH variants.
Furthermore, the secreted peptides were stable in the extracellular medium unlike their unprocessed counterparts
present in the intracellular space.

Conclusion The successful secretion of PTH variants using MccV T1SS could be considered as a new alternative for
their production, since they would be recovered directly from the extracellular space without additional sequences.
Furthermore, it would be a new example revealing the potential of microcin type | secretion systems to be conceived
as a novel strategy for the production of recombinant peptides in £ coli.
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Background

Secretion in Gram-negative bacteria requires the sub-
strate to cross the inner and outer membranes to reach
the extracellular medium. In the case of proteins, several
secretion systems have been described that carry out
transport across the cell envelope in one or two succes-
sive steps [1, 2]. Among those that achieve secretion in
a single step, the simplest is the type I secretion system
(T1SS), which is made up of three components: an inner
membrane protein, a periplasmic protein, and an outer
membrane protein. The first member belongs to the ATP-
binding cassette transporter family (“ABC transporter”),
which exports a variety of molecules and hydrolyses
ATP to provide energy for the process. Those trans-
porters dedicated to protein export contain a peptidase
domain, which is involved in substrate recognition and,
in some cases, in its processing. The second component,
referred to as the membrane fusion protein (MFP), inter-
acts with the ABC transporter on its inner side and with
the outer membrane protein on its outer side, forming a
channel that extends through the periplasm. Finally, the
third component is an outer membrane protein through
which the substrate reaches the extracellular space. In
Escherichia coli cells, this function is accomplished by
the trimeric porin TolC, the most characterised protein
of this type, which participates in the export of a range
of compounds [3-6]. Regarding the secretion mecha-
nism, a model based on the structural and functional
data of ABC transporters has been proposed. Briefly, the
ABC transporter joins the substrate through the recogni-
tion of its secretion signal by the peptidase domain, and
then directs the substrate through the secretion system
towards the extracellular medium, while hydrolysing ATP
[7-9].

Type I secretion systems are mainly found in patho-
genic bacteria and their genetic determinants are located
either in the chromosome or in plasmids. The export
genes, particularly those encoding the ABC transporter
and the MFP, usually integrate the same cluster as the
substrate gene. In the case of TolC, its genetic determi-
nant is located in the chromosome, unlinked to the other
export genes. These systems direct the secretion of a
variety of proteins such as digestive enzymes, adhesins,
heme-binding proteins, toxins, antimicrobial peptides,
among others. Their substrates range from small peptides
(<10 kDa) to large proteins (up to 1,500 kDa), which dif-
fer in the location and sequence of the secretion domain
(SD) [4, 5, 7, 10]. Proteins larger than 10 kDa contain a
C-terminal SD of about 50 aa, which is not processed
during secretion. Consequently, protein reaches the
extracellular milieu unchanged after passing through the
channel formed by the MFP and the outer membrane
protein. One of the best studied secretion systems of this
type is that responsible for the export of the 1023/1024
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aa-haemolysin A toxin produced by some uropathogenic
E. coli strains [5]. In the case of small peptides (up to ca.
100 aa), the SD comprises the first 15 aa of the sequence,
which contains a conserved double-glycine motif (Gly-
Gly, Gly-Ala, Gly-Ser) [11, 12]. The ABC transporters
devoted to peptide secretion have a functional peptidase
domain that cleaves the SD immediately after the double-
glycine motif, resulting in the concomitant export of the
mature peptide [7, 12, 13]. Peptide substrates include
some bacteriocins as well as peptides involved in cell-
to-cell communication and biofilm formation from both
Gram positive and Gram negative bacteria. In the latter
case, ABC transporters form part of T1SSs devoted to
export a group of ribosomally-synthesised antibiotic pep-
tides called class II microcins, which are mainly produced
by E. coli strains [6, 14]. These microcins contain a dou-
ble-glycine secretion domain at their N-terminus so that
they are synthesised as peptide precursors that mature
after proteolytic cleavage during secretion. Mature
microcins comprise peptides between 60 and 90 aa, with
a molecular mass less than 10 kDa, high hydrophobicity
and significant serine and glycine amino acid content.
Their production is determined by a genetic system that
includes an operon with the export genes, which share a
high percentage of similarity between different microcin
clusters. As for the third component, these T1SSs always
employ TolC [14-18]. The microcin V (MccV) type I
secretion system is the most characterised. The MccV
genetic system is organized in two convergent operons:
one carrying cvi and cvaC genes (cvicvaC operon), for the
synthesis of the immunity peptide and the antibiotic pep-
tide, respectively; and the second containing the export
genes (cvaAB operon). The cvaA gene (1,275 bp) encodes
the membrane fusion protein CvaA and the cvaB gene
(2,097 bp) encodes the ABC transporter CvaB. Thus,
CvaB (698 aa) and CvaA (424 aa) together with TolC (493
aa) form the MccV T1SS [15, 19, 20]. Particularly, it has
been demonstrated that CvaB has a functional peptidase
domain [12, 21, 22]. Therefore, MccV is synthesised as
a 103 aa precursor that is released into the extracellular
milieu as a mature 88 aa-peptide after CvaB cleaves its
SD [11, 20, 23].

It has been shown that microcin T1SSs have a high
versatility in relation to the substrates that they are able
to secrete. Some of these export systems proved to be
efficient for the secretion of several microcins, both
naturally and heterologously [16, 18, 24]. Furthermore,
other authors succeeded to secrete different antimicro-
bial peptides fused to the MccV secretion domain in the
context of E. coli cells expressing the T1SS of this micro-
cin [25-28]. Given this prior knowledge, it seems that
the sequence after the SD in these peptides would not
participate in export, allowing the same T1SS to secrete
antibiotic peptides with different mature sequences. This
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hypothesis was recently corroborated using the MccV
T1SS to secrete a series of synthetic peptides with diverse
sequence composition and length. They found that secre-
tion was mainly limited by the length of the peptides,
which could not greatly exceed the size of MccV. In the
same work, different bioactive peptides unrelated to bac-
teriocins were secreted while retaining their biological
activity [29].

In this work, the heterologous secretion of two vari-
ants of human parathyroid hormone (PTH) by the MccV
T1SS was assessed. PTH is a bioactive peptide which
plays an important role in maintaining bone homeosta-
sis by regulating serum calcium and phosphate. It is syn-
thesised as a 115 aa precursor which undergoes cleavage
of its 31 N-terminal residues to yield an 84 aa- mature
structure, PTH84. Since the biological activity of the hor-
mone resides in its first 34 aa, a drug that comprises this
hormonal fraction (PTH34), known as Teriparatide, has
been commercially produced as a recombinant peptide
in E. coli and approved by the Food and Drug Adminis-
tration and the European Medicine Agency for the clini-
cal treatment of osteoporosis and bone destruction [30].
Nevertheless, further research is underway to improve
the recombinant production of this bioactive peptide in
E. coli [31-35]. Thus, PTH34 and PTH84 were here cho-
sen as target peptides of MccV T1SS since their extension
is in the microcins” range, they have a simple structure
without post-translation modifications, and they are bio-
active peptides of clinical interest. The strategy involved
the construction of gene fusions encoding the secre-
tion domain of MccV (SDy) attached to the N-terminus
of each PTH variant, to then evaluate their secretion
through MccV T1SS in E. coli cells. Success in the secre-
tion of either of these two variants could be a new alter-
native for their production since they would be recovered
directly from the extracellular space without additional
sequences. Furthermore, it would also be a new example
revealing the potential of class II microcin type I secre-
tion systems as a novel strategy for recombinant protein
production in E. coli.

Materials and methods

Bacterial strains and growth conditions

The E. coli K12 strains used in this study were DH5q,
MC4100 and PAP222, from our laboratory collection.
DH5a [supE Alacll169 (480 lacZAM15) hsdR recA
endA gyrA thi relA] was employed for cloning purposes
[36]. MC4100 (AC: HG738867) (araD Alacli169 relA
rpsL thiA) was used as the genetic context to maintain
the recombinant plasmids and as indicator in MccV
production assays (see below). PAP222 is a gyrA deriva-
tive of W3110 (AC: AP009048), harbouring the plasmid
pK270, which contains the MccV genetic system [37]. E.
coli B BL21(DE3) (AC: CP001509) [hsdS gal lon ompT
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(A c1ts857 ind1 Sam nin lacUV5-T7 gene 1)] was used as
the context for the analysis of the heterologous secretion
of PTH variants. This strain contains the lambda DE3
prophage that carries the gene encoding T7 RNA poly-
merase under the control of lacUV5 promoter, allowing
its inducible expression and, consequently, the expres-
sion of genes under the control of the T7 promoter. In
addition, this strain is deficient for the two main prote-
ases of E. coli, Lon and OmpT, a context that reduces the
degradation of heterologous proteins produced by cells
[38]. LB rich medium and M63 glucose minimal medium
were used for general microbiological purposes [39]. Zym
5052 medium [40] without lactose, hereafter referred to
as Zym-mod, was used for the analysis of the heterolo-
gous secretion of PTH variants. Antibiotics were added
to media at the following final concentrations: ampicillin
(Ap), 100 pg mL~ L chloramphenicol (Cm), 48 pug mL~ L
kanamycin (Km), 24 pg mL™". The chromogenic indica-
tor of B-galactosidase activity X-gal (5-bromo-4-chloro-
3-indoyl-p-D-galactopyranoside) was added to media at
the final concentration of 20 pg mL™'. Isopropyl B-D-1-
thiogalactopyranoside (IPTG) at a final concentration of
0.5 mM was used as inducer in the experiments of het-
erologous secretion of PTH variants. Strains harbour-
ing recombinant plasmids were grown at 30 °C for ca.
18-20 h. Culture growth was monitored by optical den-
sity at 600 nm (ODy,) and by viable cell counts.

Plasmid construction

The export genes cvaAB of the MccV genetic system
were amplified from the PAP222 cell lysate using prim-
ers pAB-F1 (5-CAAACTAATAGTATGCAAGGAGA
C-3") and pAB-R (5"-CGCTTGTAATTCCTCTATGG
TTT-3"). Specifically, these primers were designed to
amplify from the Shine-Dalgarno sequence of cvaA to the
stop codon of cvaB, i.e. to obtain a segment containing
the two genes without the promoter of the cvaAB operon
(Fig. 1). The 3,414 bp amplicon was cloned into the Smal
site of pUCYC5, a medium copy-number vector carry-
ing the cat gene, the ori region from pACYC184, and the
polylinker-lacZ region from pUC13 [41]. Transformants
of DH5a were selected on LB Cm X-gal plates and Lac™
clones were purified. Among them, a plasmid harbour-
ing cvaAB genes expressed under the control of the lac
promoter was selected and named pExAB (6,324 bp).
A 781 bp-amplicon carrying the cvicvaC operon of the
MccV genetic system was obtained from the PAP222
cell lysate, employing the previously designed primers
V-L (5"-CCTCCTACCCTTCACTC-3") and V-R (5'-
GAGGAATTACAAGCGTATGAGG-3") [24]. These
primers amplified a DNA segment comprising the two
genes, from 75 bp upstream the start codon (attempt-
ing to include the unknown promoter of cvicvaC) to
141 bp downstream the stop codon of cvaC (to include
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Fig. 1 MccV genetic constructions. Above, MccV genetic system. At left, name and size of the recombinant plasmids. Genes are depicted with thick grey
arrows; above, the insert size is indicated; P?, putative location of unknown promoters; T, transcriptional terminator. Thin arrows, primers used for the

constructions

the known terminator located downstream the operon)
(Fig. 1). The PCR product was cloned into the EcoRV
site of the pBR322 vector [39] and Ap resistant transfor-
mant DH5a clones were selected. The desired construc-
tion, containing the cvicvaC operon, was called pBRic
(5,142 bp). The entire MccV genetic system was also
cloned by amplifying a 4,278 bp segment with prim-
ers pAB-F2 (5"-TCCTGATAACTCTCCTATGTTG
T-3) and V-L, using a PAP222 cell lysate as template.
Primer pAB-F2, hybridizing 104 bp upstream the cvaA
gene, was designed to likely include the cvaAB promoter,
which has not yet been identified (Fig. 1). The 4,278 bp
amplicon was cloned into the Smal site of pUCYC5 and
transformants of DH5a were selected on LB Cm X-gal
plates. Some Lac™ clones were purified and assayed for
the ability to produce MccV by patch test on a microcin-
sensitive indicator strain. The plasmid construction car-
rying the entire MccV genetic system was identified and
named pMccV (7,188 bp). It is important to mention that
plasmid pK270, harboured by PAP222, is not sequenced.
Thus, sequence of plasmid pColV-PU1 (AC: CP042245)
was used for designing primers and cloning experiments.
This approach was based on the fact that there are many
plasmids whose sequence is deposited in data banks that
share total identity at the MccV genetic system.
Recombinant plasmids encoding hybrid peptides made
up of the MccV secretion domain (SD,) plus each PTH
variant (PTH34 and PTHS84) were constructed in the
gene synthesis service of GenScript, Hong Kong (https://
www.genscript.com/). Sequences coding for the SD,
and for each PTH variant were fused in frame. PTH
sequences were optimized to the E. coli codon usage
employing the software of the company (https://www.
genscript.com/gensmart-free-gene-codon-optimization.

html). The gene fusions sd,-pth34 and sd,-pth84 were
provided by GenScript cloned into the pET-26b(+) vec-
tor. The latter is a 5,360 bp multicopy plasmid, with the
following main features: the pMB1 replication origin, a
kanamycin resistant gene, a T7/ac promoter, a ribosome
binding site of high efficiency, a sequence encoding a
PelB leader peptide to direct fused proteins to the peri-
plasm, and a multi-cloning site. In the design the leader
PelB coding sequence was eliminated, being substituted
by a DNA segment containing the gene fusions, followed
by an in frame 6xHis tag coding sequence and a double
TAA stop codon. These inserts were cloned between
the Ndel and BIpI restriction sites of pET-26b(+) to
obtain plasmids pET-PTH34 (5,379 bp) and pET-PTH84
(5,529 bp) (Fig. 2). The synthesis service provided the
plasmid constructions after corroborating their entire
DNA sequence. Once received the plasmids, they were
introduced into DH5ua cells by transformation and the
resulting clones were selected in LB plates supplemented
with Km. This step was necessary to methylate the plas-
mid DNA for its subsequent introduction in the HsdR*
genetic context of E. coli B BL21 (DE3).

Molecular biology techniques

Cloning experiments were carried out according to stan-
dard procedures [36]. Plasmid DNA was extracted with
QIAprep Miniprep kit (Qiagen, #1018398). PCR amplifi-
cations were performed in a total volume of 30 pl, using
cell lysates as templates. For cloning purposes, Phusion
High-Fidelity DNA polymerase (Biolabs, #M0530) was
used since this enzyme has proofreading activity and
produces amplicons with blunt ends. Reaction mixes
contained 1x buffer, 200 pM of each deoxynucleo-
tide triphosphate, 500 nM of each primer, 1 U of DNA
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A.

T7 promotor
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lac operator

gcgtagaggatcgagatctcgatccegegaaat|ftaatacgactcactatalgglggaattgtgagcggataacaatt] base pairs

cgcatctectagetctagagetagggegetttaattatgetgagtgatatcececttaacactegectattgttaa 1-75

Ndel sd,-pth34-6xhis

[cdJectctagaaataattttgtttaactttaagaaggagatatalcatatgagaactctgactctaaatgaattaga base pairs
ggggagatctttattaaaacaaattgaaattcttcctctatatgtatactcttgagactgagatttacttaatct 76 to 150

M R T L T L N E L D

ttctgtttctggtggttcagtaagtgaaatacaactaatgcacaatttgggtaaacatctgaatagcatggagecg base pairs
aagacaaagaccaccaagtcattcactttatgttgattacgtgttaaacccatttgtagacttatcgtacctcge 151 to 225

s v.s 6 G s vV s E I

Q L M H N L G K L N S M E R V

cgtggaatggetgegtaagaagetgecaggacgttcataaccatcaccaccaccaccactaataagatccggette base pairs
gcaccttaccgacgcattcttcgacgtcctgcaagtattggtagtggtggtggtggtgattattctaggeccgaag 226 to 300
E W L R K K L Q D V H N F HHHHHH - -

BlpI

tgctaacaaagcccgaaaggaagctgagttggctgctgccaccgctgagcaataactagcataaccccttggggc base pairs
acgattgtttcgggcttteccttcgactcaaccgacgacggtggcgactcegttattgatecgtattggggaacceceg 301 to 375

T7 terminator

ctctaaacgggtcttgaggggttttttgctgaaaggaggaactatatccggat
gagatttgcccagaactccccaaaaaacgactttectecttgatataggecta

B.

T7 promotor

base pairs
376 to 428

lac operator

gcgtagaggatcgagatctcgatcccgcgaaatkaatacgactcactatdgghgaattgtgagcggataacaatt\base pairs

cgcatctectagetctagagetagggegetttaattatgetgagtgatatcececttaacactegectattgttaa 1-75

Ndel sd,-pth84-6xhis

cctctagaaataattttgtttaactttaagaaggagatatatctgactctaaatgaattaga base pairs
ggggagatctttattaaaacaaattgaaattcttcctctatatgtatactcttgagactgagatttacttaatct 76 to 150

M R T L T L N E L D

ttctgtttctggtggttcagtaagtgaaatacaactaatgcacaatttgggtaaacatctgaatagcatggagcg base pairs
aagacaaagaccaccaagtcattcactttatgttgattacgtgttaaacccatttgtagacttatcgtacctcge 151 to 225

S v.s 6 G s vV s E I

Q L M H N L G K L N S M E R V

tgttgagtggctgcgtaagaagttgcaggatgtgcataacttcgtggecctgggegegecgetggegecgegega base pairs
acaactcaccgacgcattcttcaacgtcctacacgtattgaagcaccgggacccgecgecggcgaccgeggegeget 226 to 300
V EW L R K KL Q DV HNUF VATLGA AUPTULWA AUPRTD

tgcgggtagccaacgtccgegcaagaaggaggacaacgtgectecgtcgagageccatgaaaagtctectgggtgaage base pairs
acgcccatcggttgcaggegegttettectectgttgecacgagcagetcteggtacttttcagagacccactteg 301 to 375

A G S Q R P R K K E D N V L V E

S H E K S L G E A

ggacaaagcagacgttaacgttttgaccaaagctaaatcccagcatcaccaccaccaccactaataagatccgge base pairs
cctgtttcgtctgcaattgcaaaactggtttcgatttagggtcgtagtggtggtggtggtgattattctaggccg 376 to 450

D K A DV NV L T KA K S Q

H H H H H H -

BlpI

tgctaacaaagcccgaaaggaagctgagttggctgctgccaccgctgagcaataactagcataaccccttggggc base pairs
acgattgtttcgggctttccttcgactcaaccgacgacggtggcgactcegttattgatecgtattggggaaccceg 451 to 525

T7 terminator

ctctaaacgggtcttgaggggttttttgctgaaaggaggaactatatccggat
gagatttgcccagaactccccaaaaaacgactttectecttgatataggecta

base pairs
526 to 578

Fig. 2 Sequences containing the gene fusions cloned into pET-26b(+). Nucleotide sequences of the inserts and of the vector adjacencies are indicated.
In grey and boxed, restriction sites employed for cloning the fusions. Start and stop codons are in bold and Shine-Dalgarno sequences are underlined.
The amino acid sequence of the fusion products is indicated. Sequences corresponding to SDy, and PTH variants are in blue and red, respectively. (A)

sd,-pth34-6xhis (229 bp). (B) sd,-pth84-6xhis (374 bp)

polymerase and 10 pl of cell lysate. Conditions for PCR
were: 30 s at 98 °C, 30 cycles of incubation at 98 °C for
5 min, annealing temperature for 30 s (60 °C to amplify
cvaAB, 58 °C for cvicvaC and 56 °C for the entire MccV
genetic system), 72 °C for 30 s, and a final extension step
at 72 °C for 5 min. The resulting PCR products were puri-
fied with MinElute Purification kit (Qiagen, #28006).

Detection of MccV production
It was assayed by two procedures, replica-plating and
patch test [39, 42]. Clones carrying plasmids pExAB and

pBRic were analysed by replica-plating on a lawn of the
MccV-sensitive strain MC4100 seeded on M63 minimal
medium plates. After incubation, MccV production was
detected as growth inhibition halos of the MC4100 indi-
cator strain appearing around the producing clones. Sim-
ilarly, in the patch test, clones were stabbed into a lawn of
MC4100 seeded on minimal plates to see growth inhibi-
tion halos. MC4100 (pMccV) and MC4100 (pBRic) were
used as controls of microcin producing and non-produc-
ing strains, respectively.
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Preparation of samples for the analysis of heterologous
PTH secretion

Experimental and control strains were grown in flasks
for ca. 18 h at 30 °C with shaking at 120 rpm in Zym-
mod containing the required antibiotics (chlorampheni-
col and/or kanamycin). Then, aliquots were subcultured
(1%) in flasks with 50 mL of fresh Zym-mod supple-
mented with the corresponding antibiotics and incubated
under the same conditions until they reached an ODg,
of ca. 1. At this point, cultures were supplemented with
0.5 mM IPTG and further incubated for 20 h until pro-
cessing [38]. Cultures were centrifuged at 6,500 rpm for
10 min at 4 °C to separately analyse cells and superna-
tants. Cell fractions were processed differently depend-
ing on whether they were to be analysed directly on gels
or by Western blot. For analysis on Tricine SDS-PAGE,
cells were harvested, resuspended in PBS 1:1, and then
lysed by sonication. Aliquots were mixed with reducing
sample buffer A (12% SDS, 6% mercaptoethanol, 30%
glycerol, 0.05% Coomassie brilliant blue R250, 150 mM
Tris/HCI pH=7.0) and heated at 80 °C for 30 min. For
Western blot, cells were resuspended in PBS 1:1, and pre-
pared by adding reducing buffer A and heating at 42 °C
for 30 min to be loaded directly onto gels. Supernatants
were recovered after centrifugation, and filtered using
0.45 pm Millipore membranes to remove remaining cells.
Then, samples were mixed with buffer A, heated at 42 °C
for 30 min, and loaded onto gels for direct staining or for
Western blotting.

Tricine SDS-PAGE electrophoresis

Proteins contained in supernatants and cell lysates
were analysed on 10% Tricine SDS-PAGE, as previously
described [43]. The run lasted 1,5-2 h as follows: 30 V
(30-40 mA) for start, 60 V (40-50 mA) in the stacking
and 100 V (70-90 mA) for the rest of the running. As
protein controls, 1 ug of PTH34 (Abcam, #ab269813) and
1 pg of PTH84 (Abcam, #ab51234), treated as superna-
tant samples, were used. Pre-stained protein ladder -extra
broad molecular weight (5-245 kDa) (Abcam, #ab116029)
was employed as standard, loading 5 pl per gel. After the
run, gels were incubated in fixing solution (95% ethanol,
10% acetic acid) for 30 min and then stained with 0.025%
Coomassie R250 for 18 h.

Western blot

Samples of supernatant and cells were separately pro-
cessed so that they represented equal volumes of culture.
They were processed as previously described. Peptides
migrated in Tricine SDS-PAGE were transferred to a
0.2 pm nitrocellulose membrane (Biorad, #162—-0147) at
ca. 280-330 mA for 2 h, using the Mini-trans Blot Elec-
trophoretic Transfer Cell (Biorad). Then, the membrane
was incubated in blocking solution [5% wt vol ™! low-fat
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milk in TTBS buffer (20 mM Tris/HCl pH=7.5, 150 mM
NaCl, 0.05% Tween20 vol vol™!)] for 24 h at 4 °C. Pro-
teins were labelled by incubation with the primary
Mouse Anti-His tag antibody (GenScript, #A00186),
diluted 1:500 in blocking solution for 1 h at room tem-
perature. After washing with TTBS, the membrane was
incubated with a 1:20,000 dilution of the secondary Goat
Anti-Mouse IgG (Fc specific)-HRP (Sigma, #A0168) in
TTBS for 45 min at room temperature [36]. Clarity Max
TM Western ECL Substrate kit (Biorad, #170565) was
employed to visualize bands by exposing the membrane
in the GBOX Chemi System XT4 (SynGene).

Mass spectrometry

Bands of interest were extracted from gels stained with
Coomassie and analysed directly by mass spectrometry
without further treatment. The mass spectrum of each
band was determined at the “Unidad de Bioquimica y
Protedmica Analiticas” of Pasteur Institute, Montevideo.
Bands corresponding to supernatants were subjected to a
trypsin digestion and analysed using a LTQ Velos+ETD
(Thermo-Scientific) mass spectrometer associated to
a nano HPLC. In the case of bands proceeding from
BL21(DE3) (pExAB; pET-PTH84) lysate, trypsin diges-
tion followed by an analysis with a MALDI TOF-TOF
mass spectrometer was performed. The data base used
was composed of the proteome of E. coli BL21(DE3)
strain (https://www.uniprot.org) and of common con-
taminants of this type of experiments. PTH peptides of
interest were included in the analysis.

Results

The aim of this work was to analyse the ability of MccV
T1SS to secrete two PTH variants in E. coli cells. The
experimental design consisted of four steps: (i) cloning
the MccV export genes; (ii) construction of plasmids car-
rying the sd,-pth-6xhis gene fusions; (iii) construction of
experimental and control BL21(DE3) derivative strains,
and (iv) assessment of heterologous PTH secretion.

Cloning of the MccV export genes

Considering that the type I secretion system forms a
channel through the cell envelope, it seemed convenient
to produce moderate levels of the constituent proteins so
as not to compromise cell viability. Thus, a medium copy
number vector (pUCYC5) was selected to construct plas-
mid pExAB, carrying the cvaAB genes under the POlac
promoter. E. coli K12 MC4100 strain with this plasmid
grew stably on LB Cm plates incubated at 30 °C. In this
context the functionality of the T1SS encoded by pExAB
was evaluated through its ability to secrete MccV. For
this purpose, MC4100 (pExAB) was transformed with
plasmid pBRic, which encodes the MccV peptide precur-
sor CvaC and its cognate immunity Cvi, and clones were
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selected on LB Cm Ap plates. Then, they were directly
assayed for their ability to produce MccV by replica-plat-
ing. All transformant clones generated growth inhibition
halos, indicating that pExAB encoded a functional T1SS.
The same analysis was done in the context of E. coli B
BL21 (DE3), with similar results (Fig. 3A). Subsequently,
some purified clones from both contexts were analysed

Transformants
MC4100
(pExAB; pBRic)

ompd
Transformants
BL21(DE3)

(pEXAB; pBRic)

MC4100
(pMccV) d

MC4100
(PEXAB; pBRic) ;
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by patch test and proved to generate antibiosis halos of
similar size to those produced by MC4100 (pMccV),
which contains the entire MccV genetic system (17—
18 mm in diameter) (Fig. 3B). Therefore, efficient levels
of MccV secretion were achieved with plasmid pExAB
in both cellular contexts E. coli K12 and B, the latter of
which was then used to assess hormone secretion.

-
o “'
- vje
Replica
% MC4100

(PEXAB; pBRic)b‘
9 <

‘«a;
- .

F e

Replica
BL21(DE3)
(pExAB; pBRic)

MC4100
(pBRic)

BL21(DE3)
(pEXAB; pBRic)

Fig.3 Analysis of the MccVT1SS functionality. (A) Replica-plating assay to assess the secretion of MccV by transformant clones of the indicated strains. (B)
Patch test performed with stabs of the indicated strains: two of each control strains and four of each experimental strains (purified transformant clones)



Florez et al. Microbial Cell Factories (2024) 23:273

Construction of plasmids carrying the gene fusions sd, -
pth-6xhis

Gene fusions encoding hybrid peptides composed of the
SDy, attached to each PTH variant (PTH34 and PTH84)
were designed as described in Materials and methods.
They were cloned into vector pET-26b(+) under the
T7lac promoter, so that their expression would depend
on the presence of the T7 RNA polymerase in the cells.
The inserts containing the fusion coding sequences were
introduced into the pET vector between the Ndel and
Blpl sites, followed by six histidine codons and two stop
codons (Fig. 2). These were of 229 bp for sd,-pth34-6xhis
and of 374 bp for sd,-pth84-6xhis, carried by plasmids
pET-PTH34 and pET-PTH84, respectively.

Construction of BL21(DE3) derivative strains

Plasmid constructions containing the gene fusions were
introduced into BL21(DE3) cells in order to be expressed.
This strain contains the gene for the T7 RNA polymerase
which is inducible by the addition of lactose or IPTG.
Under these conditions T7 RNA polymerase is produced
and consequently gene fusions should be expressed [38,
44]. The secretion experiments were based on the inter-
action between hybrid peptides as substrates and the
MccV T1SS. Each of these participants was encoded by
different recombinant plasmids and these were intro-
duced by transformation into BL21(DE3) cells. Thus, two
“experimental strains’, BL21(DE3) (pExAB; pET-PTH34)
and BL21(DE3) (pExAB; pET-PTHS84), and three “control
strains’, BL21(DE3) (pExAB), BL21(DE3) (pET-PTH34)
and BL21(DE3) (pET-PTH84) were constructed. All
strains were grown on LB medium with the correspond-
ing antibiotics to avoid plasmid loss and incubated at
30 °C. On solid medium, the streaks tended to be rather
poor, with small colonies, although with a low level of
genetic instability (no evident overgrowth) (Fig. 4).

pEXAB; i o] :H
pET-PTH84 ! pET-PTH34
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Assessment of heterologous PTH secretion

Growth of the five strains and induction with IPTG were
performed as described in Materials and methods. Before
sample processing, a viable cell count was carried out
on plates with the corresponding antibiotics. Cultures
of BL21(DE3) harbouring pET-PTH34 and pET-PTH84,
alone or with pExAB, grew similarly with a viable count
of ca. 2x10° cfu mL, and the strain BL21(DE3) (pExAB)
reached a count of 1x10'° cfu mL™.

As references for the analysis, the expected molecular
weights of hybrid peptides (SDy-PTH34-6xHis and SDy-
PTH84-6xHis), of their derivatives lacking the MccV
secretion domain (PTH34-6xHis and PTHS84-6xHis)
and of pure PTH protein controls (PTH34 and PTH84)
are shown in Table 1. As these peptides ranged from 4 to
12 kDa, 10% Tricine SDS-PAGE was used to analyse the
protein content of supernatants and cell lysates.

First, an assay focusing on culture supernatants was
performed, in order to analyse whether the MccV T1SS
was indeed capable of secreting the hormone peptides.
It was expected that CvaB recognized and processed the
SDy, bound to the N-terminus of each PTH variant, and
that the PTH-6xHis peptides would be released into the
extracellular medium as a consequence of the secretion
process. Thus, supernatants of the five strains were recov-
ered after 20 h of induction with IPTG, then filtered, and
aliquots were analysed on a Tricine SDS-PAGE gel. After
staining with Coomassie R250, there was a faint band
profile in all lanes. However, clear bands appeared in the
supernatants of the experimental strains with slightly less
migration than that of the pure PTH proteins (Fig. 5A).
Taking into account that these bands did not have coun-
terparts in the supernatants of any control strain, they
were extracted from the gel and analysed by mass spec-
trometry. Indeed, it was determined that they corre-
sponded to the processed PTH peptides (Fig. 5B). In both
cases, the N-terminal peptide resulting from the T1SS
specific cleavage was detected, i.e. sequences started in

pET-PTH84 i pET-PTH34

Fig. 4 Growth of experimental and control BL21(DE3) derivative strains on LB solid medium. 20 h incubation. Above, antibiotics added to plates; below,
plasmids carried by strains. Two independent transformant clones of each strain are shown
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Table 1 Features of PTH peptides
Peptide Sequence® Extension MW
[aa] [kDa]®
MRTLTLNELDSVSGGSVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNF HHEHHHH
SD,-PTH34-6xHis 55 6.52
PTH34-6xHis SVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNF HHHHHH 40 4.94
| MRTLTLNELDSVSGGSVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNFVALGAP
SDv-PTH84-6xHis | 1A PRDAGSQRPRKKEDNVLVESHEKSLGEADKADVNVLTKAKSQHHHHHH 105 11.82
PTH84-6xHis SVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNFVALGAP 90 10.25
LAPRDAGSQRPRKKEDNVLVESHEKSLGEADKADVNVLTKAKSQHHHHHH
PTH34 SVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNF 34 4.12
SVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNFVALGAP 84 9.43
PTH84 LAPRDAGSQRPRKKEDNVLVESHEKSLGEADKADVNVLTKAKSQ

@ |n red, SDy; regular letter, PTH sequence; italic, 6xHis tag

®) Calculated molecular weight (https://www.bioinformatics.org/sms/prot_mw.html)

the residue immediately after the double-glycine motif of
the SDy. Thus, this result demonstrated that the hybrid
peptides SD,-PTH34-6xHis and SDy-PTH84-6xHis were
specifically recognized, processed and secreted by the
MccV T1SS. Considering the amount of pure PTH pro-
teins loaded into the gel, it could be visually estimated
that each experimental PTH band contained ca. 100 ng,
which would correspond to ca. 10 mg L in the culture
(Fig. 5A).

It should be noted that the migration of the protein lad-
der did not agree with that of the commercial pure PTH
proteins and thus, with that of bands recovered from the
experimental supernatants. This could be due to the fact
that migration of this molecular weight marker has never
been analysed in Tricine SDS-PAGE gels (personal com-
munication with Abcam).

To search for the PTH peptides in the intracellular
milieu of the experimental strains, cell lysates were run
on Tricine SDS-PAGE gels and stained with Coomassie
(Fig. 6A). A strong band of the expected size for SDy-
PTHB84-6xHis peptide was seen in the lane of BL21(DE3)
(pExAB; pET-PTHS84), i.e. this band migrated above but
close to the pure PTH84 protein. Below, faint bands
appeared, which were suspected to be degradation
products of the SD,-PTH84-6xHis peptide, although
a PTH84-6xHis peptide, processed by the MccV T1SS,
could not be discarded. Thus, the strong band, called
band 1, as well as those migrating immediately below,
jointly named as band 2, were extracted from the gel and
analysed by mass spectrometry. The analysis confirmed
that band 1 corresponded to the unprocessed hybrid

peptide SD,-PTH84-6xHis: an N-terminal trypsin pep-
tide encompassing the junction between the secretion
domain (SDy) and the PTHS84 variant was identified
(Fig. 6B). Regarding band 2, the presence of PTHS84-
related peptides was confirmed through the detection
of their C-terminal residues while no information could
be obtained of their N-terminus (Fig. 6B). In the case
of BL21(DE3) (pExAB; pET-PTH34) lysate, no bands
appeared in the zone of migration expected for SDy-
PTH34-6xHis peptide or for its possible derivatives (data
not shown). It is important to note that in this experi-
ment, as well as in subsequent ones, both PTH34-derived
peptides and pure PTH34 were not visible on the gels.

To get further insight into the analysis of PTH peptides
secretion, Western blot experiments were performed to
detect them with more sensitivity, using an anti-His tag
antibody, as explained in Materials and methods. Once
again, positive results were obtained only with samples
from the BL21(DE3) (pExAB; pET-PTHS84) culture. In
this case, there were clear bands from both types of sam-
ple supernatant and cells. Their migration revealed the
expected size difference between the SD,-PTH84-6xHis
and PTH84-6xHis peptides. The first appeared in the cell
extract while the second only in the supernatant (Fig. 7).
It should be noted that in the cell fraction faint secondary
bands appeared below the main one; in any case, all of
them were higher than that observed in the supernatant.
Therefore, it is most likely that they corresponded to deg-
radation derivatives of the original SD,-PTH84-6xHis
peptide. On the contrary, no traces of degradation could
be seen below the main band in the supernatant.
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Band from the supernatant of BL21(DE3) (pExAB; pET-PTH84) culture

SVSEIQLMHNLGKHLNSMERVEWLRKKLODVHNFVALGAPLAPRDAGSQRPRKK
EDNVLVESHEKSLGEADKADVNVLTKAKSQHHHHHH Coverage: 62/90 = 0.689

Band from the supernatant of BL21(DE3) (pExAB; pET-PTH34) culture

SVSEIQLMHNLGKHLNSMERVEWLRKKLODVHNFHHHHHH Coverage: 20/40 = 0.5

Fig. 5 Secretion of PTH peptides: supernatants. (A) Tricine SDS-PAGE of supernatants from cultures of control and experimental strains. Aliquots of 10 pl
of each supernatant were loaded. (1): T pl of PTH84 (1 pg); (2): BL21(DE3) (pEXAB; pET-PTH84); (3): BL21(DE3) (pET-PTH84); (4): protein ladder (5 pl); (5):
BL21(DE3) (pEXAB); (6): BL21(DE3) (pEXAB; pET-PTH34); (7): BL21(DE3) (pET-PTH34); (8): 1 ul of PTH34 (1 pg). Asterisks, bands analysed by mass spectrom-
etry. (B) Mass spectrometry analyses from bands marked in A. PTH84-6xHis and PTH34-6xHis sequences were included in the data base of the analysis.

Red, peptides detected by mass spectrometry

Discussion

Export of recombinant proteins in E. coli is a relevant
research topic for the biotechnology industry. Crossing
the cell envelope and obtaining a protein in the extracel-
lular space has many advantages: facilitates purification,
reduces toxicity for the producing bacteria, minimizes
the action of intracellular proteases, among others. Basi-
cally, two strategies have been developed for recombinant
protein secretion in E. coli: the so-called two-step secre-
tion mechanism, depending on the Tat or Sec pathways
plus some strategy to cross the outer membrane, and the
one-step secretion mechanism, which includes the T1SS.
In general terms, they all present some disadvantages,
that could be low yields, narrow substrate range, recover-
ing the target protein in a mix of periplasmic and some
cytoplasmic proteins, among others [45-47]. Therefore,

further efforts to set up an efficient secretion mechanism
to obtain recombinant proteins in the extracellular milieu
continue being of interest. In the context of biotechno-
logical interest in recombinant peptide secretion, a few
articles using a T1SS have been published in recent years.
For example, secretion of nanobodies fused to the HlyA
secretion domain has been reported in E. coli cells [48].
Recently, four natural peptides, including the human epi-
dermal growth factor, were secreted heterologously by
the MccV T1SS [29]. This latter is precisely the closest
antecedent to this work.

Here, PTH peptides were produced as fusion proteins
containing the MccV secretion domain at their N-ter-
minus and a 6xHis tag at their C-terminus. In the con-
text of E. coli B cells, the MccV T1SS secreted both PTH
variants through the recognition and processing of the
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(1)

J)

Band (1)

KSLGEADKADVNVLTKAKSQHHHHHH

Band (2)

MRTLTLNELDSVSGGSVSEIQLMHNLGKHLNSMERVEWLRKKLODVHNFVALGAPLAPRDAGSQRPRKKEDNVLVESHE
Coverage: 88/105 = 0.83 p value: 4.9 x 104‘3

MRTLTLNELDSVSGGSVSEIQLMHNLGKHLNSMERVEWLRKKLODVHNEFVALGAPLAPRDAGSQRPRKKEDNVLVESHE
KSLGEADKADVNVLTKAKSQHHHHHH Coverage: 39/105 = 0.37 p value: 3.1 x 10-:2

Fig. 6 Intracellular PTH peptides: cell lysates. (A) Tricine SDS-PAGE of BL21(DE3) (pExAB; pET-PTH84) lysate. Lines: 1, 1 ul of PTH84 (1 ug); 2, 10 pl of cell
lysate. (1) and (2), bands analysed by mass spectrometry. (B) Mass spectrometry analyses. Data base for band (1) included the unprocessed SD,-PTH84-
6xHis sequence, and for band (2), the processed PTH84-6xHis sequence. Red, peptides detected by mass spectrometry. Arrow, specific cleavage site

performed by the MccV T1SS

SDy,. Several experimental evidences confirm this result.
Assays comparing filtered culture supernatants of experi-
mental and control strains revealed that only the experi-
mental strains secreted the PTH peptides (Fig. 5). Their
identity was confirmed by mass spectrometry and the
analysis revealed that they corresponded to PTH-6xHis
peptides lacking the MccV secretion domain. There-
fore, these peptides had been specifically secreted by the
MccV T1SS. Moreover, no trace of them could be seen in
the supernatant of the control strains only encoding the
hybrid peptides. Another point that supports the result
was the poor protein background exhibited in gels by all
the supernatants, in agreement with the described scarce
secretome of E. coli B cells [49]. This evidence, together
with the fact that cells were completely removed by fil-
tration, discards cell lysis as the reason for the presence
of PTH peptides in the supernatant. It should also be
stressed that small amounts (10 pL) of raw supernatants
analysed on gels revealed a clear contrast between the
PTH bands and the faint background in the lanes (Fig. 5).
Regarding the estimated amount of the secreted peptides
(ca. 10 mg L), their secretion level would be comparable
to that of other nonbacterial bioactive peptides exported
by the MccV T1SS [29]. In addition, it is noteworthy that
the secreted PTH peptides were seen in the crude super-
natant fractions, without any processing - such as purifi-
cation steps - that could affect the detection of their true
amount in the culture supernatant.

Additional evidence supporting the specific secretion
of PTH peptides by the MccV T1SS was provided by the
analysis of the cell fractions. These experiments could
only be performed with the PTH84 peptide because the
small PTH version proved to be extremely unstable. The
unprocessed peptide SD,-PTH84-6xHis could be iden-
tified by mass spectrometry in cell fractions (Fig. 6). As
far as we know, this would be the first characterization at
the sequence level of an intracellular non-bacterial pep-
tide intended to be processed and secreted by a T1SS.
Coherently, in a Western blot assay the difference in
migration of the unprocessed intracellular (SD,-PTH84-
6xHis) and processed extracellular (PTH84-6xHis) forms
was evident (Fig. 7). It is noteworthy that unprocessed
peptide did not appear in the supernatant nor did pro-
cessed peptide appear in the cellular fraction, indicating
that processing and secretion would be concomitant.
This provides physiological support to the hypothesis of
a coupled mechanism of substrate processing and secre-
tion, which has been proposed for the ABC transporters
involved in peptide export [7, 12, 13, 50]. Moreover, in
this work, results indicate that the directionality of the
process would not be restricted to the ABC protein but
to the entire three-component T1SS.

Considering that in the experiment shown in Fig. 7
equal volumes of cells and supernatant proceeding from
the same culture were assessed, and judging by the
intensity of the main bands in both fractions, it could
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e
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Fig. 7 Western blot assay for the identification of PTH84-6xHis peptide
forms. Membrane transferred from Tricine SDS-PAGE loaded with samples
from BL21(DE3) (pExAB; pET-PTH84) culture. Detection with Anti-His tag
antibody. (1): protein ladder (5 ul); (2): 15 pl of supernatant; (3): 15 pl of
cell lysate

be estimated that about half of the synthesised peptide
was secreted into the extracellular medium. It should
be stressed that in the supernatant no bands smaller
than that corresponding to the secreted PTH could be
detected, a fact that indicates that no important degra-
dation would occur in the extracellular milieu. Therefore,
this location seems to favour the hormone’s stability. On
the contrary, the intracellular extract showed not only
the band of the unprocessed PTH peptide but also one
or more faint bands below, which could correspond to
degradation products (Figs. 6A and 7). This interpreta-
tion agrees with the mass spectrometry analysis of band
2 from an intracellular sample, in which the N-terminal
sequence was not recovered (Fig. 6B).

In general terms, a clear trend towards hybrid peptides
degradation was observed, being most pronounced in
the case of PTH34. In fact, the analysis with this small
peptide was finally abandoned in view of the low repro-
ducibility of the results. It is known that degradation by
cellular proteases is one of the reasons for poor produc-
tion of recombinant proteins in E. coli. This phenomenon
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is particularly relevant in the case of peptides, whose
degradation is faster the shorter they are [51]. This could
be the reason for the extreme instability of PTH34 com-
pared to that of PTH84 chimeras. Nevertheless, other
investigators have concentrated in the production of the
PTH34 variant, which has been commercially launched
by Eli Lilly as a recombinant peptide produced in E. coli
[52]. This drug, called Teriparatide, is employed for the
treatment of osteoporosis [30, 53, 54]. Several authors
have reported problems with the recombinant produc-
tion of the two hormone variants (PTH34 and PTH84) in
E. coli cells, which are mainly related to their intracellu-
lar degradation and formation of inclusion bodies. In this
sense, improvements were achieved by combining the
hormone with different protein partners. However, these
strategies did not include any specific secretion step so
the hybrid proteins had to be purified from cellular com-
ponents and their partners removed [31-35, 55-60]. It
is worth mentioning that some non-specific procedures
have been tested to obtain hormones in the extracellular
space, which consist of their leakage together with peri-
plasmic proteins or their export using a Gram-positive
bacterial model [31, 35, 56, 61]. In this work, the specific
secretion of the two PTH peptides in E. coli cells is dem-
onstrated. More complete information was reached with
the PTH84 variant: while its peptide precursor under-
went a partial degree of degradation in the intracellular
milieu, the secreted mature peptide remained stable in
the extracellular space.

Conclusion

In this work a recombinant system designed to synthe-
size and secrete two variants of the human parathyroid
hormone in E. coli cells is presented. The type I secretion
system naturally devoted to export microcin V proved to
be proficient for specifically secreting the native hormone
peptides with the sole addition of a 6xHis tag at their
C-terminus. The peptides could be recovered directly
from the extracellular milieu where they appeared to be
stable, i.e. no degradation was detected. These are pre-
liminary results that should be optimized to overcome
intracellular peptide instability and to increase extracel-
lular production yields. This would settle the basis for
further determinations on the hormone” s functionality
and sample contaminants. In sum, these results could be
seen as a new example of the potential of microcin type
I secretion systems to be conceived as a new biotechno-
logical tool for the secretion of recombinant peptides in
bacteria.

Abbreviations

T1SS Type | Secretion System

ABC transporter  ATP-Binding Cassette transporter
MFP Membrane Fusion Protein

SD Secretion Domain
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SDy Secretion Domain of MccV

MceV Microcin V

PTH Human Parathyroid Hormone

Ap Ampicillin

Cm Chloramphenicol

Km Kanamycin

X-gal 5-bromo-4-chloro-3-indoyl-B-D-galactopyranoside
IPTG Isopropyl 3-D-1-thiogalactopyranoside

ODg Optical Density at 600 nm

6xHis Six Histidine Codons

Acknowledgements
We are indebted to Marfa Eloisa Poey for critical reading of the manuscript.

Author contributions

V.F. designed and performed the experiments, and analysed the data.
J.M. designed the experiments and analysed the data. M.L. analysed the
data, review and editing the manuscript. M.FA. designed and performed
the experiments, analysed the data, wrote the original draft and review
and editing the manuscript. All the authors read and approved the final
manuscript.

Funding

This work was partially supported by PEDECIBA-Programa de Desarrollo de las
Ciencias Basicas, Uruguay, and by a scholarship from the Agencia Nacional de
Investigacion e Innovacion (ANII), Uruguay.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 30 July 2024 / Accepted: 1 October 2024
Published online: 10 October 2024

References

1. CostaTR, Felisberto-Rodrigues C, Meir A, Prevost MS, Redzej A, Trokter M, et
al. Secretion systems in Gram-negative bacteria: structural and mechanistic
insights. Nat Rev Microbiol. 2015;13(6):343-59.

2. Green ER, Mecsas J. Bacterial secretion systems: an overview. Microbiol
Spectr. 2016. https://doi.org/10.1128/microbiolspec.VMBF-0012-2Chen015.

3. Koronakis V, Eswaran J, Hughes C. Structure and function of TolC: the bacterial
exit duct for proteins and drugs. Ann Rev Biochem. 2004;73:467-89.

4. Lenders MHH, Reimann S, Smits SHJ, Schmitt L. Molecular insights into type |
secretion systems. Biol Chem. 2013;394(11):1371-84.

5. Thomas S, Holland I, Schmitt L. The tipe | secretion pathway - the hemolysin
system and beyond. Biochim Biophys. 2014;1843(8):1629-41.

6.  Beis K, Rebuffat S. Multifaceted ABC transporters associated to microcin and
bacteriocin export. Res Microbiol. 2019;170(8):399-406.

7. Lin DY, Huang S, Chen J. Crystal structures of a polypeptide processing and
secretion transporter. Nature. 2015;523(7561):425-30.

8. Ford RC, Beis K. Structure and mechanism of ABC transporters. Biochem Soc
Trans. 2019;47(1):23-36.

9. Kieuvongngam V, Olinares PDB, Palillo A, Oldham ML, Chait BT, Chen J.
Structural basis of substrate recognition by a polypeptide processing and
secretion transporter. ELife. 2020,9:e51492.

10. Spitz O, Erenburg IN, Beer T, Kanonenberg K, Holland 1B, Schmitt L. Type |
secretion systems-one mechanism for all? Microbiol Spectr. 2019;7. https://
doi.org/10.1128/microbiolspec.psib-0003-2018.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

31.

32

33.

34.

35.

Page 13 of 14

Havarstein LS, Holo H, Nes IF. The leader peptide of colicin V shares consensus
sequences with leader peptides that are common among peptide bacterio-
cins produced by Gram-positive bacteria. Microbiology. 1994;140(9):2383-9.
Havarstein LS, Diep DB, Nes IF. A family of bacteriocin ABC transporters carry
out proteolytic processing of their substrates concomitant with export. Mol
Microbiol. 1995;16(2):229-40.

Bobeica SC, Dong SH, Huo L, Mazo N, McLaughlin MI, Jiménez-Osés G, et al.
Insights into AMS/PCAT transporters from biochemical and structural charac-
terization of a double glycine motif protease. Elife. 2019,8:242305.

Parker JK, Davies BW. Microcins reveal natural mechanisms of bacte-

rial manipulation to inform therapeutic development. Microbiology.
2022;168:001175.

Gilson L, Mahanty HK. Genetic analysis of an MDR-like export system: the
secretion of colicin V. Embo J. 1990;9(12):3875-84.

Azpiroz MF, Rodriguez E, Lavifia M. The structure, function, and origin of the
microcin H47 ATP-binding cassette exporter indicate its relatedness to that of
colicin V. Antimicrob Agents Chemother. 2001;45(3):969-72.

Lagos R, Baeza M, Corsini G, Hetz C, Strahsburger E, Castillo JA, et al. Struc-
ture, organization and characterization of the gene cluster involved in the
production of microcin E492, a channel-forming bacteriocin. Mol Microbiol.
2001;42(1):229-43.

Poey ME, Azpiroz MF, Lavifia M. Comparative analysis of chromosome-
encoded microcins. Antimicrob Agents Chemother. 2006;50(4):1411-8.
Gilson L, Mahanty HK; Kolter R. Four plasmid genes are required for colicin V
synthesis, export, and immunity. J Bacteriol. 1987;169(6):2466-70.

Zhang LH, Fa MJ, Mahanty HK, Tai PC, Kolter R. Genetic analysis of the colicin
V secretion pathway. Genetics. 1995;141(1):25-32.

Wu KH, Tai PC. Cys*? and His'% are the critical residues for the calcium-
dependent cysteine proteolytic activity of CvaB, an ATP-binding cassette
transporter. J Biol Chem. 2004;279(2):901-9.

Wu KH, Hsieh YH, Tai PC. Mutational analysis of CvaB, an ABC transporter
involved in the secretion of active colicin V. PLoS ONE. 2012;7(4):e35382.
Zhong X, Kolter R, Tai PC. Processing of Colicin V-1, a secretable marker pro-
tein of a bacterial ATP binding cassette export system, requires membrane
integrity, energy, and cytosolic factors. J Biol Chem. 1996,271(45):28057-63.
Azpiroz MF, Lavifnia M. Modular structure of microcin H47 and colicin V. Anti-
microb Agents Chemother. 2007;51(7):2412-9.

van Belkum MJ, Worobo RW, Stiles ME. Double-glycine-type leader peptides
direct secretion of bacteriocins by ABC transporters: Colicin V secretion in
Lactococcus lactis. Mol Microbiol. 1997;23(6):1293-301.

Geldart KG, Forkus B, McChesney E, McCue M, Kaznessis YN. pMPES: a
modular peptide expression system for the delivery of antimicrobial peptides
to the site of gastrointestinal infections using probiotics. Pharmaceuticals.
2016,9(4):60.

Geldart KG, Kommineni S, Forbe M, Hayward M, Dunny GM, Salzman NH, et
al. Engineered E. Coli Nissle 1917 for the reduction of Vancomycin-resistant
Enterococcus in the intestinal tract. Bioeng Translational Med. 2018;3:197-208.
Kim H, Jang JH, Jung IY, Kim HR, Cho JH. Novel genetically engineered
probiotics for targeted elimination of Pseudomonas aeruginosa in intestinal
colonization. Biomedicines. 2023;11(10):2645.

Kim S, Parker JK, Gonzélez-Magaldi M, Telford MS, Leahy DJ, Davies BW. Export
of diverse and bioactive small proteins through a type | secretion system.
Appl Environ Microbiol. 2023;89(5):e00335-23.

Berg C, Neumeyer K, Kirkpatrick P, Teriparatide. Nat Rev Drug Discov.
2003;2(4):257-8.

Chen ZY, Cao J, Xie L, Li XF, Yu ZH, Tong WY. Construction of leaky strains and
extracellular production of exogenous proteins in recombinant Escherichia
coli. Microb Biotechnol. 2014;7(4):360-70.

Abbaszadeh S, Bakhtiari N, Amini-Bayat Z. Simple and effective purification of
recombinant peptide drug, hPTH (1-34), expressed in E. Coli host. Int J Pept
Res Ther. 2019;25:419-25.

Chilakapati R, Mannully CT, Ghosh M, Pulicherla KK. Characterization and
expression profiling of recombinant parathyroid hormone (rhPTH) analog
1-34 in Escherichia coli, precise with enhanced biological activity. Int J Pept
Res Ther. 2020;26(1):93-105.

Nguyen B, Tieves F, Rohr T, Wobst H, Schopf FS, Montoya JD, et al. Numas-
witch: an efficient high-titer expression platform to produce peptides and
small proteins. AMB Expr. 2021;11(1):48.

Gibisch M, Muller M, Tauer C, Albrecht B, Hahn R, Cserjan-Puschmann M, et
al. A production platform for disulfide-bonded peptides in the periplasm of
Escherichia coli. Microb Cell Fact. 2024;23:166.


https://doi.org/10.1128/microbiolspec.VMBF-0012-2Chen015
https://doi.org/10.1128/microbiolspec.psib-0003-2018
https://doi.org/10.1128/microbiolspec.psib-0003-2018

Florez et al. Microbial Cell Factories

36.

37.

38.

39.

40.

41.

42.

43,
44,

45.

46.

47.

48.

49.

50.

(2024) 23:273

Sambrook J, Fritsch E, Maniatis T. Molecular cloning. 2nd ed. Cold Spring
Harbor Laboratory Press; 1989.

Pugsley AP. Escherichia coli K12 strains for use in the identification and charac-
terization of colicins. J Gen Microbiol. 1985;131(2):369-76.

Studier FW, Moffatt BA. Use of bacteriophage T7 RNA polymerase

to direct selective high-level expression of cloned genes. J Mol Biol.
1986;189(1):113-30.

Miller J. A short course in bacteria genetics. Cold Spring Harbor Laboratory
Press; 1992.

Studier FW. Protein production by auto-induction in high density shaking
cultures. Protein Expr Purif. 2005;41(1):207-34.

Azpiroz MF, Poey ME, Lavifia M. Microcins and urovirulence in Escherichia coli.
Microb Pathog. 2009;47(5):274-80.

Rodriguez E, Gaggero C, Lavifia M. The structural gene for Microcin H47
encodes a peptide precursor with antibiotic activity. Antimicrob Agents
Chemother. 1999:43(9):2176-82.

Schagger H. Tricine-SDS-PAGE. Nat. Protoc. 2006;1(1):16-22.

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

Ni'Y, Chen R. Extracellular recombinant protein production from Escherichia
coli. Biotechnol Lett. 2009;31:1661-70.

Kleiner-Grote GR, Risse JM, Friehs K. Secretion of recombinant proteins from
E. Coli. Eng Life Sci. 2018;18(8):532-50.

Burdette LA, Leach SA, Wong HT, Tullman-Ercek D. Developing gram-nega-
tive bacteria for the secretion of heterologous proteins. Microb Cell Fact.
2018;17:196.

Ruano-Gallego D, Fraile S, Gutiérrez C, Fernandez LA. Screening and purifica-
tion of nanobodies from E. Coli culture supernatants using the hemolysin
secretion system. Microb Cell Fact. 2019;18:47.

Xia XX, Han MJ, Sang YL, Yoo JS. Comparison of the extracellular proteomes
of Escherichia coli B and K-12 strains during high cell density cultivation.
Proteomics. 2008;8(10):2089-103.

Ishii S, Yano T, Hayashi H. Expression and characterization of the peptidase
domain of Streptococcus pneumoniae ComA, a bifunctional ATP-binding
cassette transporter involved in quorum sensing pathway. J Biol Chem.
2006;281(8):4726-31.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 14 of 14

Wegmiiller S, Schmid S. Recombinant peptide production in microbial cells.
Curr Org Chem. 2014;18(8):1005-19.

Forsteo INN-teriparatide. Summary of product characteristics. In: European
Medicines Agency webpage. 2013. https://www.ema.europa.eu/en/docu-
ments/product-information/forsteo-epar-product-information_en.pdf.
Accessed 25 Apr 2023.

Lindsay R, Krege JH, Marin F, Jin L, Stepan JJ. Teriparatide for osteoporosis:
importance of the full course. Osteoporos Int. 2016;27:2395-410.
Ferndndez-Carneado J, Vallés-Miret M, Arrastia-Casado S, Almazén-Moga A.
First generic Teriparatide: structural and biological sameness to its reference
medicinal product. Pharmaceutics. 2024;16(4):537.

Morelle G, Mayer H. Increased synthesis of human parathyroid hormone in
Escherichia coli through alterations of the 5"untranslated region. Biochim
Biophys Acta. 1988,950(3):459-62.

Fu XY, Tong WY, Wei DZ. Extracellular production of human parathyroid hor-
mone as a thioredoxin fusion form in Escherichia coli by chemical permeabili-
zation combined with heat treatment. Biotechnol Prog. 2005;21(5):1429-35.
Liu Q, Lin J, Liu M, Tao X, Wei D, Ma X, et al. Large scale preparation of recom-
binant human parathyroid hormone 1-84 from Escherichia coli. Protein Expr
Purif. 2007;54(2):212-9.

Audu C, Cochran J, Pellegrin M, Mierke D. Recombinant production of TEV
cleaved human parathyroid hormone. J Pept Sci. 2013;19(8):504-10.
Bakhtiari N, Bayat ZA, Sagharidouz S, Vaez M. Overexpression of recombinant
human teriparatide, rhPTH (1-34) in Escherichia coli: an innovative gene
fusion approach. Avicenna J Med Biotechnol. 2017;9(1):19-22.

Ughade S, Rana S, Nadeem M, Kumthekar R, Mahajani S, Bhambure R.
Mechanistic modeling of size exclusion chromatography-assisted in vitro
refolding of the recombinant biosimilar teriparatide (PTH-34). ACS Omega.
2024;9(3):3204-16.

Nonaka T, Tsurui N, Mannen T, Kikuchi Y, Shiraki K. Non-chromatographic
purification of teriparatide with a pH-responsive CspB tag. Protein Expr Purif.
2019;155:66-71.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://www.ema.europa.eu/en/documents/product-information/forsteo-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/forsteo-epar-product-information_en.pdf

	﻿Secretion of the human parathyroid hormone through a microcin type I secretion system in ﻿Escherichia coli﻿
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Bacterial strains and growth conditions
	﻿Plasmid construction
	﻿Molecular biology techniques
	﻿Detection of MccV production
	﻿Preparation of samples for the analysis of heterologous PTH secretion
	﻿Tricine SDS-PAGE electrophoresis
	﻿Western blot
	﻿Mass spectrometry

	﻿Results
	﻿Cloning of the MccV export genes
	﻿Construction of plasmids carrying the gene fusions ﻿sd﻿﻿﻿v﻿﻿﻿-pth-6xhis﻿
	﻿Construction of BL21(DE3) derivative strains
	﻿Assessment of heterologous PTH secretion

	﻿Discussion
	﻿Conclusion
	﻿References


