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Abstract

pET expression plasmids are widely used for producing recombinant proteins in Escherichia coli. Selection and maintenance
of cells harboring a pET plasmid are possible using either a Tn3.1-type genetic fragment (which encodes a -lactamase
and confers resistance to -lactam antibiotics) or a Tn903.1-type genetic fragment (which encodes an aminoglycoside-
3’-phosphotransferase and confers resistance aminoglycoside antibiotics). Herein we have investigated how efficiently pET
plasmids are maintained using these two fragments. The study reveals that pET plasmids are efficiently maintained with
both Tn3.1 and Tn903.1 genetic fragments prior to the induction of recombinant protein production, and over short induc-
tion times (i.e., 2 h). However, over longer induction times (i.e., 20 h), the efficiency of plasmid maintenance depends on the
host strain used, and the type of antibiotic selection cassette used. Based on our collective observations, we have 2 general
tips for efficiently maintaining pET plasmids during recombinant production experiments.

e Tip #1: Use a strain with lowered levels of the T7 RNA
polymerase, such as C41(DE3). pET plasmids will be
efficiently maintained over long induction times with
both the Tn3.1 and Tn903.1 genetic fragments, regard-
less of whether antibiotics are present during cultivation.

e Tip #2: If a strain with higher levels of T7 RNA polymer-
ase strain is necessary, such as BL21(DE?3)), keep induc-
tion times short or use a plasmid containing a Tn903.1-
type fragment and select with kanamycin.

Keywords pET expression plasmid - Tn903 - Aminoglycoside-3’-phosphotransferase - Tn3 - 3-Lactamase - Bacterial cell
factory - Plasmid maintenance - Plasmid stability - Plasmid instability

Abbreviations Introduction
LB Lysogeny broth

sfGFP Superfolder green fluorescent protein pET plasmids are popular in both academia and industry for
ODg,, Optical density at 600 nm recombinant protein production (Heyde and Ngrholm 2021;
PCR  Polymerase chain reaction Rosano et al. 2019; Rosano and Ceccarelli 2014; Shilling
IPTG Isopropyl-B-D-1-thiogalactopyranoside et al. 2020). They contain @10 promoter (T7p) and termi-

nator (T7t), which are recognized by a phage-derived T7
RNA polymerase in the host strain. Recombinant coding
sequences cloned downstream of T7p are therefore tran-
scribed by the T7 RNA polymerase and translated by the
host cell ribosomes. As the T7 RNA polymerase is orthog-
onal and approximately five times faster than the E. coli
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RNA polymerase (Chamberlin and Ring 1973; Golomb and
Chamberlin 1974), large amounts of recombinant RNA are
generated in a short period of time (Studier et al. 1990), and
the recombinant protein can constitute up to 50% of the cells
protein content (Mierendorf et al. 1998).

The first-generation pET plasmids (pET1-pETS) were
developed using a pPBR322 backbone, which contained a
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Tn3.1 fragment harboring the coding sequence for B-lacta-
mase (bla) (Rosenberg et al. 1987). These plasmids could
therefore be selected and maintained using ampicillin and
other B-lactam antibiotics (Bolivar et al. 1977; Sutcliffe
1979). In the later generation pET9 expression plasmid,
the Tn3.1 fragment was replaced by a Tn903.1 transposon
from Streptomyces kanamyceticus, which contains the cod-
ing sequence for the aminoglycoside-3’-phosphotransferase
type la enzyme (aph) (Oka et al. 1981; Studier et al. 1990;
Umezawa 1979). Selection and maintenance of cells harbor-
ing this plasmid were therefore possible using kanamycin or
other aminoglycoside antibiotics. When the early-generation
pET plasmids were subsequently expanded by commercial
vendors, Tn3.1 and Tn903.1 fragments acquired some
nucleotide mutations, but the basic architecture remained
essentially unchanged. Currently, there are 55 pET expres-
sion plasmids containing a Tn3.1-based fragment (Cumming
et al. 2022), and 21 containing a Tn903.1-based fragment
(Table 1).

In this study, we have investigated whether pET expres-
sion plasmids using the Tn3.1 and Tn903.1 fragments are
efficiently maintained in cells, or whether the cultures
become over-run with plasmid-less cells when these frag-
ments are used. Previous work has indicated that they are
maintained well in some experiments but not in others
(Baheri et al. 2001; Cumming et al. 2022; Dumon-Sei-
gnovert et al. 2004; Pan and Malcolm 2000; Sieben et al.
2016). However, a clear picture is conspicuously absent
from the literature as the aforementioned studies have not
addressed the question in a broad sense. Herein we have
therefore looked at the efficiency of plasmid maintenance
for two of the most commonly used pET expression plas-
mids (pET28a, pET15b), using both the Tn3.1-type and the
Tn903.1-type fragments, in two of the most commonly used
strains (BL21(DE3), C41(DE3)). We have done this both
with and without antibiotic selection, using two common
induction conditions (0.5 mM IPTG for 2 or 20 h).

Materials and methods
Database searching

Nucleotide sequences of Tn903.1 and Tn3.1 fragments
in commercially available pET expression plasmids were
obtained from Addgene (https://www.addgene.org) and are
shown in Table 1. Alignments were performed using the
nucleotide BLAST (nBLAST) service from the National
Center for Biotechnology Information (https://blast.ncbi.
nlm.nih.gov/Blast.cgi), using the Tn903.1 fragment from
the pET9 plasmid (Studier et al. 1990) and Tn3.1 fragment
from pET3 (Rosenberg et al. 1987) as the reference.
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Molecular cloning

Construction of pET28a-sfGFP (Tn903.1), pET28a-Mth1
(Tn903.1), pET15b-sfGFP (Tn3.1), and pET15b-Mthl
(Tn3.1) was described in (Shilling et al. 2020). Construc-
tion of the pET28a-sfGFP (Tn3.1) as well as pET15b-
sfGFP (Tn903.1) was done by (1) PCR amplification of
the pET15b-sfGFP and pET28a-sfGFP backbones using
forward and reverse primers annealing on either side of the
antibiotic resistance fragments in order to create a plasmid
backbone absent of the cassette. The PCR cycle used was
composed of 30 cycles of 95 °C for 30 s, 49 °C for 30 s,
72 °C for 360 s. (2) The Tn903.1 and Tn3.1 fragments
were PCR-amplified from pET28a-sfGFP (Tn903.1) and
pET15b-sfGFP (Tn3.1) using forward and reverse prim-
ers annealing on either side of the fragment and contain-
ing an overhang region. The PCR cycle was composed
of 30 cycles of 95 °C for 30 s, 46 °C for 30 s, 72 °C for
120 s. The subsequent PCR product was purified via in-
gel extraction and introduced to MC1061 cells for in vivo
assembly (Watson and Garcia-Nafria, 2019).

All polymerase chain reactions were carried out with
Q5 DNA polymerase (New England Biolabs, USA). All
primers are described in (Supplementary information,
Table S1). DNA sequencing and oligonucleotide synthesis
were performed by Eurofins Scientific (Eurofins Genom-
ics, Germany).

Plasmid selection and maintenance

To assess transformation efficiency, 50 ng of each plasmid
was transformed into a 50 pL aliquot of chemically com-
petent BL21(DE3) cells (B F~ ompT gal dcm lon hsdSy
(rg~mg™) A(DE3 [lacl lac UV5-T7p07 indl sam7 nin5])
using a standard heat shock protocol. An aliquot of the
cells was plated on LB agar, the appropriate antibiotic at
the appropriate concentration (Tn903.1 at 50 pg/mL kana-
mycin, Tn3.1 at 100 pg/mL ampicillin). Images were taken
using the upper white light in a GenoPlex (VWR Interna-
tional), and the number of colonies was counted using the
OpenCFU software (Geissmann 2013).

To assess plasmid maintenance, a single colony of
BL21(DE3), or the derivative strain C41(DE3) (Miroux
and Walker 1996), containing a pET expression plasmid
was grown in 5 mL of LB media for 16-20 h at 37 °C
with agitation at 185 rpm in a 24-well plate. The cultures
were back-diluted 1:100 in 5 mL LB media and grown to
an ODq, of approximately 0.5. In certain experiments,
antibiotics were omitted, otherwise the appropriate anti-
biotic was included at the appropriate concentration (see
above). The cells were either induced with 0.5 mM IPTG,
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Table 1 Antibiotic resistance fragments used in commercially available pET expression plasmids

Fragment Resistance Seq® Expression plasmids using the fragment'

Tn3.1 B3-lactams B pET1, pET2, pET3, pET4, pETS, pET6, pET7, pETS, pET11a-d, pET14b, pET15b, pET16b, pET17b,
pET19b, pET-DEST42, pET100/D-TOPO, pET100/D-LacZ, pET101/D-LacZ, pET101/D-TOPO,
pET102/D-LacZ, pET102/D-TOPO, pET104-DEST, pET104/GW/LacZ, pET104.1-DEST, pET104.1/D/
GW-LacZ, pET151/D-TOPO, pET151/D/LacZ, pET160-DEST, pET160/GW/D-TOPO, pET161/GW-
CAT, pET300/NT-GW/Ras Kinase, pET300/NT-DEST, pET301/CT-DEST, pET302/NT-his

Tn3.3  B-lactams C  pET20b(+), pET21a-d(+), pET22(+), pET23a-d(+), pET25b(+), pET31b(+), pET32a-c(+), pET32 EK/
LIC, pET32 Xa/LIC
Tn3.7 B-lactams D pETduet-1, pET43 EK/LIC, pET43.1a(+), pET44a-c(+), pET45b(+), pET46 Ek/LIC, pET51b(+), pET51

EK/LIC, pET52(+), pET52 Ek_LIC
Tn3.14  B-lactams E pET303-CT-His-Rac Kinase, pET303-CT-His
Tn903.1 Aminoglycosides F PpETY9a,b,c,d

Tn903.2 Aminoglycosides G PpET24a,b,c pET26b, pET27b, pET28a,b,c pET29a,b,c pET30a, pET33b, pET39b, pET40b, pET41a,b,c
PpET41 EK/LIC, pET42a,b,c, pET47b, pET49b, pET-SUMOpro Kan, pET-SUMOpro3 Kan, pET-SUMO-
star Kan, pET-SUMO, pET-SUMO/CAT

Tn903.3  Aminoglycosides H PET50b

ANucleotide sequence of the Tn3.1 fragment is shown in “B” with the bla coding sequence highlighted. It was described in (Rosenberg et al.
1987) and obtained from Addgene. Nucleotide changes from this fragment are indicated by the letter’s “C” to “E”. Nucleotide sequence of the
Tn903.1 fragment was obtained as an 867 bp fragment from pUC4KISS (Studier and Moffatt 1986). It consists of 50 bp upstream of the aph
initiation codon, the aph gene (816 bp) and 1 bp after the termination codon. The full sequence is shown in “F”, with the aph gene highlighted.
Nucleotide changes from this fragment are indicated by the letter’s “G” and “H”

BS'TTCTTGAAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGG
CACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACC
CTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCG
GCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTG
GGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACT
TTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCT
CAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCT
GCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTG
CACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGAC
ACCACGATGCCTGCAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAA
TTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGAT
AAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTT
ATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCAT
TGGTAA CTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATC
CTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCC-3’

CAs per nucleotide sequence in “B” except G244 to A mutation in bla (V82 to I); nucleotides 1-76 missing from 5’UTR

DAs per nucleotide sequence in “B” except G244 to A mutation in bla (V82 to I); 545 to T mutation in bla (A182 to V); nucleotide mutation in
5’UTR (-20 A to C); nucleotide mutation in 5’UTR (-93 A to C); nucleotides 1-110 missing from 5’UTR; nucleotides 1172-1216 missing from
3’UTR

EAs per nucleotide sequence in “B” except G244 to A mutation in bla (V82 to I); nucleotides 1-86 missing from 5°UTR

F5>CATGAACAATAAAACTGTCTGCTTACATAAACAGTAATACAAGGGGTGTTATGAGCCATATTCAACGGGAAACGTCTTGCTCGA
GGCCGCGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCT
ATCGATTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGA
TGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCA
CCACTGCGATCCCCGGGAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATTGTTGATGCGCTGGCAG
TGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTCTCGCTCAGGCGCAATCAC
GAATGAATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAACAAGTCTGGAAAGAAATGC
ATAAGCTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAA
TAGGTTGTATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACTGCCTCGGTGAGTTTTCTC
CTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGT
TTTTCTAAG ’3

G As per nucleotide sequence in “F” except silent nucleotide mutation in position 85 G-> T; silent nucleotide mutation in position 602 G-> A

HAs per nucleotide sequence in “F” except silent nucleotide mutation in position 85 G-> T; silent nucleotide mutation in position 602 G-> A;
silent nucleotide mutation in position 359 G-> C; silent nucleotide mutation in position 479 C-> T

"Nucleotides sequences were not found for pET1, pET2, pET3, pET4, pET5, pET6, pET7, pETS so they were assumed to be the same as
pBR322 and pET11a-d
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or simply cultured, then plated out on LB agar with the
appropriate antibiotic at the appropriate concentration
at designated times points. Images were taken using the
upper white light in a GenoPlex (VWR International), and
the number of colonies were counted using the OpenCFU
software (Geissmann 2013).

Minimum inhibitory concentration

A single colony of BL21(DE3) was inoculated into 5 ml
of LB media with 50 pg/mL of kanamycin (Tn903.1) and
incubated overnight at 37 °C with agitation at 185 rpm. The
cultures were back-diluted 1:100 the following morning in
fresh LB media with kanamycin in a 5 mL 24-well plate
and grown to an ODg, between 0.3 and 0.6. The cultures
were then serially diluted and 100 pL was plated onto LB
agar plates with varied concentrations of kanamycin. Images
were taken using the upper white light in a GenoPlex (VWR
International), and the number of colonies were counted
using the OpenCFU software (Geissmann 2013).

Protein expression

A single colony of BL21(DE?3) containing a pET expression
plasmid was grown in 5 mL of LB media with the appro-
priate antibiotic at the appropriate concentration (see sub-
section entitled ‘Plasmid selection and maintenance’) for
16-20 h at 37 °C with agitation at 185 rpm in a 5 mL 24-well
plate. On the following day, the cultures were back-diluted
1:100 in 5 mL LB media with the same concentrations of
antibiotic in a 5 mL 24-well plate. Growth was followed by
taking 200 pL of cell culture into a 96-well plate (Thermo
Scientific) and measuring absorbance at 600 nm (ODyg) in
a Spectramax M2e (Molecular Devices). Cells were induced
with 0.5 mM IPTG at an ODg, between 0.3 and 0.6 and
incubated for an additional 20 h at 37 °C with agitation at
185 rpm.

sfGFP fluorescence measurements

Fluorescence measurements were carried out as described
previously (Daley et al. 2005). In short, 1 mL of the cul-
ture was pelleted at 13,000 X g for 1 min, and the cells were
re-suspended in 200 pL of buffer (50 mM Tris—HCI, pH
8, 200 mM NacCl, 15 mM EDTA) and incubated at room
temperature for 2 h. The cell suspension was then trans-
ferred to a 96-well optical bottom black-wall plate (Thermo
Scientific), and the fluorescence was measured at excita-
tion/emission wavelengths of 485/513 nm in a SpectraMax
Gemini (Molecular Devices). Fluorescence was normalized
against ODg.
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SDS-PAGE and Western blotting

SDS-PAGE was performed with a Tris—glycine 12% acryla-
mide gel, cast to a thickness of 1 mm and run using the
Hoefer SE160 Mighty Small IT Deluxe Mini Vertical Protein
Electrophoresis Unit at 100 V for 3 h. For Western blot-
ting, proteins were transferred into a nitrocellulose mem-
brane using the semi-dry Trans-Blot SD cell (Bio-Rad) at
15 V for 1 h. The membrane was incubated in 5% (w/v)
non-fat milk (PanReac AppliChem) in Tris-buffered saline
(TBS) (50 mM Tris, pH 7.4, 200 mM NaCl) for either 1 h
or overnight. Recombinant proteins bearing a His-tag were
probed using a 1: 1000 diluted HisProbe—-HRP conjugate
(15,165, Thermo Scientific), and the SuperSignal West Pico
PLUS chemiluminescence substrate was used as a substrate.
Images were visualized on an Azure c600 Imaging System
(Azure Biosystems).

Kanamycin activity assay

BL21(DE3) cells harboring pET15-sfGFP (Tn3.1) or
pET28a-sfGFP (Tn903.1) were inoculated into LB media
supplemented with the appropriate antibiotic at the appro-
priate concentration (see sub-section entitled ‘Plasmid
selection and maintenance’) for 1620 h at 37 °C with
agitation at 185 rpm. To collect the spent media, a 5 mL
aliquot of BL21(DE3) harboring pET28a-sfGFP (Tn903.1)
was pelleted by centrifugation at 4 000 xg for 10 min, then
sterile-filtered through a 0.2 um filter (Whatman) and sup-
plemented with 10% (w/v) glucose. BL21(DE3) harboring
pET15b-sfGFP (Tn3.1) were diluted 1:100 into the spent
media that had been supplemented with 100 pg/mL ampicil-
lin. Separately, cultures of BL21(DE3) harboring pET15b-
sfGFP were also inoculated 1:100 into fresh LB media with
100 pg/mL ampicillin. Growth was monitored by measuring
the ODg, each hour for five hours in a 96-well SpectraMax
mZ2e plate reader (Molecular Devices).

Results
Maintenance of pET plasmids in BL21(DE3)

pET28a and pETI15b are two of the most popular pET
expression plasmids (Shilling et al. 2020). pET28a contains
a Tn903.1 fragment that enables selection and maintenance
of cells carrying the plasmid using kanamycin (Fig. 1A, left
panel). pET15b is similar, except that it lacks a C-terminal
T7-His6 tag and the F1 ori and contains a Tn3.1 fragment
that confers resistance to 3-lactam antibiotics (Fig. 1A, right
panel). Initially, we compared the transformation efficiency
of pET28a-sfGFP (Tn903.1) and pET15b-sfGFP (Tn3.1) by
transforming 50 ng of each plasmid into the BL21(DE3)



Current Genetics (2023) 69:277-287

281

-
—
/No Selection
. \
A
Culture grown for
A 4 and 22 hours
= with ab Selection
w 50 pg/mL Kan for Tn903.1
: 100 pg/mL Amp for Tn3.1
o
g !
g -cé, = 100
S
~ g E
53
£o
TS
25
3%
o
Re
. o - (J
L
ABp s esEr e 100
100 — - : . L 00— = g e mm 100
L
3 y 2 3 £
[}
o . = @ 50| £ 50
£ 50 £50—] = £
= 2 = 2 -
H H 2
2 3 2 3
g R 8 =
) o~ 5 iy
8 0 0 0
N N NN D D > Q> 3 ay & 3
Qg i B &R N NS N N oK
SE L SESO SL &8 S8 o F &5 &F F £
o4 & Q4 & &?‘b’b' '*Qo}’f” A?Q;o’ N SF S /\({?'b Ae_(;,d
s s &L 4}(" & ¢ & & &
& & Q Q
& &£& & &, ¥ F 4
h 22h 4h 22h 22h 22h
I | BL21(DE3), +ab, +IPTG BL21(DE3), +ab, +IPTG

BL21(DE3), +ab, -IPTG

Fig.1 Maintenance of pET plasmids in BL21(DE3) harboring
Tn903.1 and Tn3.1 (cultivated in LB media supplemented with anti-
biotics). A Schematic representation of the pET28a and pET15b
expression plasmids, which harbor the Tn903.1 (aph, KanR) or Tn3.1
(bla, AmpR) fragments respectively. Salient features are marked.
Regions marked in gray are identical in nucleotide sequence between
both plasmids. Regions marked in blue are unique to the expres-
sion plasmid. B Schematic representation of the experimental work-
flow (adapted from (Cumming et al. 2022). Plasmid maintenance
was determined from liquid cultures supplemented with antibiotics,
then plated on LB agar plates with and without antibiotic selection.
Plasmid maintenance = [# colonies on plate with antibiotic / # colo-
nies on plate without antibiotic] X 100. C Plasmid maintenance for

strain and plating on the appropriate antibiotic. Colony
counting indicated that plasmid transformation worked
equally when both expression plasmids were used (Supple-
mentary information Figure S1). To assess how efficiently
cells maintained the two expression plasmids, colonies were
inoculated into LB media (with the appropriate antibiotic)
and cultivated at 37 °C. Aliquots were taken after 4 and
22 h of cultivation and plated on LB agar. This enabled an

BL21(DE3), +ab, +IPTG

BL21(DE3) harboring either pET28a-sfGFP (Tn903.1) or pET15b-
sfGFP (Tn3.1) in the absence of induction with IPTG. D As for panel
(C) except that cells were induced with 0.5 mM IPTG. E As for panel
(D) except that BL21(DE3) were harboring pET28a-Mth1 (Tn903.1)
or pET15b-Mth1 (Tn3.1). Mthl1 is a putative human cancer target that
sanitizes the oxidized ANTP pools (Gad et al. 2014b). F As for panel
(D) except the resistance cassettes were swapped between the plas-
mids: pET28a-sfGFP (Tn3.1) or pET15b-sfGFP (Tn903.1). A statisti-
cally significant difference of p <0.05, p <0.005 or p<0.0005 (two-
tailed Student’s t-test) is denoted by *, ** and *** respectively. n.s
means that the difference was not statistically significant. Note that
similar experiments with Tn3.1 in panels C, D and E were presented
in (Cumming et al. 2022). They were repeated here for reference

assessment of the proportion of viable cells that were resist-
ant to the antibiotic (hereafter referred to as plasmid mainte-
nance; Fig. 1B). BL21(DE3) maintained both plasmids with
approximately 100% efficiency after 22 h of cultivation in
the presence of antibiotics in the culture media (Fig. 1C).
When the experiment was repeated and recombinant
sfGFP production was induced at mid exponential phase (2 h
after back-dilution) with 0.5 mM IPTG for 2 h, we observed
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that approximately 100% of the cells still maintained both
of the plasmids. However, after 20 h of induction (i.e., 22 h
of cultivation), approximately 50% of BL21(DE3) cells had
maintained pET28a-sfGFP (Tn903.1) and < 15% had main-
tained pET15b-sfGFP (Tn3.1) (Fig. 1D) (see also (Cumming
et al. 2022)). A difference in the efficiency of plasmid main-
tenance was also observed when the coding sequence for the
human cancer target Mth1 (Gad et al. 2014) was expressed
from pET28a-Mth1 (Tn903.1) compared to pET15b-Mth1
(Tn3.1) for 20 h (Fig. 1E).

To eliminate the possibility that the differences in plas-
mid maintenance were caused by the pET15b and pET28a
backbones rather than by the genetic fragments used for
selection and maintenance, the Tn903.1 and Tn3.1 frag-
ments were swapped, and plasmid maintenance was again
assessed during production of recombinant sfGFP. Over a
20-h induction period (22 h of cultivation), approximately
2% of BL21(DE3) cells had maintained pET28a-sfGFP
(Tn3.1) and 25% had maintained pET15b-sfGFP (Tn903.1)
(Fig. 1F). The data presented indicate that during recom-
binant protein production experiments, pET plasmids are
not efficiently maintained in BL21(DE3) cells. However,
plasmids containing the Tn903.1 fragment (and selected on
kanamycin) were maintained more efficiently in BL21(DE3)
than those containing Tn3.1 (and selected on ampicillin).

Increased plasmid maintenance did not lead to increased
protein production titers. When sfGFP and Mthl yields
were quantified by in cell fluorescence and Western blot-
ting respectively, there were no major differences in protein
yields between BL21(DE?3) cells harboring pET expression
plasmids with either the Tn903.1 fragment or the Tn3.1 frag-
ment (Supplementary information Figure S2). This observa-
tion is most likely explained by the finding that, over long
induction times, BL21(DE?3) cells that maintain pET expres-
sion plasmids either down-regulate or shut-off the pET sys-
tem via mutations because it is toxic to the cell (James et al.
2021; Kwon et al. 2015a; Schlegel et al. 2015).

Why are pET plasmids containing Tn903.1 (and selected
on kanamycin) maintained more efficiently in BL21(DE3)
during recombinant protein production experiments than
those containing Tn3.1 (and selected on ampicillin)? We
reason that this difference can be attributed to the half-
life (¢;,,) of the respective antibiotics. Previous work has
demonstrated that ampicillin in the culture media is rapidly
degraded by B-lactamase (¢, approx. 6 min following back-
dilution) (Cumming et al. 2022)). Cells that lose a pET plas-
mid containing the Tn3.1 fragment are therefore not selected
against after approx. 70 min (following back-dilution)(Cum-
ming et al. 2022). These cells can subsequently dominate the
culture because they are freed from the metabolic burden of
plasmid maintenance and recombinant protein production,
which gives them a growth advantage. In contrast, kanamy-
cin is active in spent media after +20 h of culturing (i.e., it
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can select against cells without a plasmid) (Supplementary
information Figure S3). Cells that lose a pET plasmid con-
taining the Tn903.1 fragment are therefore selected against
and cannot dominate the culture, even though they are freed
from the metabolic burden of recombinant protein produc-
tion and have a growth advantage. It is worth noting how-
ever, that approx. 50-75% of cells in the culture did not
survive when re-plated on 50 ug /mL kanamycin. Possible
reasons for this are discussed below.

The importance of antibiotic selection for plasmid main-
tenance is well established. However, many pET users do
not have the luxury of using antibiotics during production
experiments (i.e., in industrial settings where antibiotic
residues and metabolites are unwanted). We repeated key
experiments in the absence of antibiotics and observed
that pET28a-sfGFP (Tn903.1) and pET15b-stGFP (Tn3.1)
were maintained with approximately 100% efficiency in
BL21(DE3) over a 20-h period. However, when recombi-
nant protein production was induced for 20 h (22 h of cul-
turing), < 10% of the cells in the cultures maintained the
plasmid (Supplementary information Figure S4). This obser-
vation further emphasizes the importance of selection during
recombinant protein production.

In summary, these data indicate that pET plasmids har-
boring both Tn903.1 and Tn3.1 fragments are efficiently
maintained over short induction times in BL21(DE3). Over
longer induction times, the cultures become overgrown with
cells lacking plasmid. Nevertheless, the Tn903.1 fragment is
more efficient than the Tn3.1 fragment at maintaining cells
with plasmid, because kanamycin persists in the culture
media, whereas ampicillin is rapidly degraded (Cumming
et al. 2022; Korpimiki et al. 2003). Finally, increased plas-
mid maintenance did not result in higher production titers.

Maintenance of pET plasmids in C41(DE3)

A large body of work has suggested that the burden of
recombinant protein production contributes to poor plas-
mid maintenance (Bentley et al. 1990; Dumon-Seignovert
et al. 2004; Pan and Malcolm 2000; Popov et al. 2009; Silva
et al. 2012). We too observed this when we induced sfGFP
and Mthl in BL21(DE3) for+ 20 h (both with and without
antibiotics) (see above). We investigated whether we could
increase the efficiency of plasmid maintenance in these
induction conditions by reducing the burden of recombinant
protein production. In this set of experiments, we switched
to the C41(DE3) strain (Miroux and Walker 1996), which
has lowered levels of the T7 RNA polymerase and a lower
protein production rate (Kwon et al. 2015). pET28a-sfGFP
(Tn903.1) and pET15b-sfGFP (Tn3.1) were transformed into
C41(DE3), and sfGFP production was again induced with
0.5 mM IPTG for 20 h (22 h of cultivation). Fluorescence
readings indicated that the expression levels of sftGFP in
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C41(DE3) were >4 times lower than that those observed
in BL21(DE3) (Supplementary information Figure S5).
Both pET28a-sfGFP (Tn903.1) and pET15b-sfGFP (Tn3.1)
were efficiently maintained with approximately 100% effi-
ciency in the C41(DE?3) strain during recombinant protein
production experiments when antibiotics were present in
the culture media (Fig. 2A). We repeated the above experi-
ment in the absence of antibiotics in the culture media and
were surprised to observe that pET28a-sfGFP (Tn903.1)
and pET15b-sfGFP (Tn3.1) were still maintained with
approximately 100% efficiency in C41(DE3) over a 20-h
induction (Fig. 2B). Taken together, these data indicate that
over long inductions, the C41(DE3) strain maintains pET
plasmids efficiently, irrespective of the resistance fragment
used (Tn903.1 and Tn3.1), or the presence or absence of
antibiotics.

Discussion

The Tn3.1-based and Tn903.1-based fragments are essential
components of pET expression plasmids. They confer resist-
ance to antibiotics and enable selection of bacterial cells
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Fig.2 Maintenance of pET plasmids in C41(DE3) harboring Tn903.1
and Tn3.1 (cultivated in LB media with and without antibiotics). A
Plasmid maintenance for C41(DE3) harboring either pET28a-stGFP
(Tn903.1) or pET15b-sfGFP (Tn3.1), with antibiotics and induction.
Plasmid maintenance was determined from liquid cultures grown
without antibiotics, then plated on LB agar plates with and without
antibiotic selection. Plasmid maintenance=[# colonies on plate with
antibiotic / # colonies on plate without antibiotic]x 100. B As for
panel (A) except antibiotics were omitted. A statistically significant
difference of p <0.05 (two-tailed Student’s #-test) is denoted by *. n.s
means that the difference was not statistically significant

with a plasmid following transformation (by plating on the
appropriate antibiotic). They also enable maintenance of the
plasmid during long cultivations (by including the appropri-
ate antibiotic in the growth media). In this study, we have
investigated how efficiently pET plasmids are maintained
when using these fragments.

Initially, we used the most common pET resources and
protocols, such as the pET28a and pET15b expression plas-
mids, the BL21(DE3) strain, and standard media/induc-
tion protocols (Aguilar Lucero et al. 2021; Novagen 2005;
Rosano et al. 2019; Shilling et al. 2020; Structural Genom-
ics Consortium et al. 2008). We then monitored plasmid
maintenance by plating the cells with and without antibiot-
ics. This allowed us to determine the percentage of cells
in the culture that were resistant to a given antibiotic (a
proxy for plasmid maintenance). The data indicated that,
prior to induction of recombinant protein production, most
cells contained a pET plasmid for long cultivation times
(i.e., 22 h). This observation was irrespective of whether
or not antibiotics were present in the culture media (a phe-
nomenon known as the plasmid paradox (Carroll and Wong
2018)). However, when recombinant protein production was
induced, most BL21(DES3) cells contained a pET plasmid for
short cultivation times (i.e., 2 h post induction) but not over
longer cultivation times (i.e., 20 h post induction). In these
conditions, we observed that pET expression plasmids con-
taining Tn903.1 (and selected with kanamycin) were more
efficiently maintained in BL21(DE3) than those containing
Tn3.1 (and selected with ampicillin).

Why are plasmids containing Tn903.1 (and selected with
kanamycin) more efficiently maintained in BL21(DE3) than
those containing Tn3.1 (and selected with ampicillin)? Dec-
ades old literature has indicated that pBR322-based plasmids
(which the pET plasmids are derived from) are randomly
segregated to daughter cells during cell division (Chiang
and Bremer 1988). As the principle of random segregation
also implies, daughters can receive unequal amounts of the
plasmid pool at each division. Chiang and Bremer estimated
that 1:10,000 divisions would yield a cell without a plas-
mid (Chiang and Bremer 1988). Thus, over the course of a
24-h incubation, plasmid-less cells would accumulate and
could represent a small proportion of the total population
(Fig. 3A). However, in the context of a protein production
experiment, the plasmid-less cells would be freed from the
metabolic burdens of both plasmid replication and plasmid-
related protein production, and have a significant growth
advantage. Plasmid-less cells would eventually outgrow their
plasmid-containing counterparts in the population during a
long induction. It is therefore important to select against
plasmid-less cells during recombinant protein production
experiment, by including antibiotics in the growth media.
The scenario above stated explains why plasmids contain-
ing Tn3.1 (and selected with ampicillin) are less efficiently
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maintained in BL21(DE?3) than those containing Tn903.1
(and selected with kanamycin). Ampicillin is short-lived in
the culture media while kanamycin is long-lasting. Thus,
BL21(DE3) cells that lose a plasmid containing Tn3.1 are
not selected against and can outgrow those that maintain a
plasmid (Fig. 3B). In contrast, BL21(DE3) cells that lose a
plasmid containing Tn903.1 are selected against. All said, it
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is worth noting that even though kanamycin was still active
in the culture media (i.e., above the MIC,, of BL21(DE3)),
we did not observe 100% plasmid maintenance (Fig. 3C).
The reasons why some plasmid-less cells can accumulate in
the culture are not fully understood at this point in time. It
may relate to the fact that a population of cells can survive
in the spent culture media through community protection.
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«Fig.3 An explanation for how cells that have lost the plasmid con-
tribute to the biomass. A In the absence of recombinant protein
production, cells that have lost a plasmid following random segre-
gation do not have a detectable fitness advantage compared to those
that have a plasmid and do not contribute to the biomass. B When
BL21(DE3) cells are induced to produce a recombinant protein from
a pET plasmid containing Tn3.1 (and selected on ampicillin), the
biomass contains a large proportion of cells that have lost a plasmid.
Cells that have lost a plasmid have a detectable fitness advantage,
compared to those that have a plasmid and are not selected against
because ampicillin is short-lived in the culture media (depicted by red
zone). C When BL21(DE3) cells are induced to produce a recombi-
nant protein from a pET plasmid containing Tn903.1 (and selected
on kanamycin), the biomass still contains a proportion of cells that
have lost a plasmid even though kanamycin is long-lived in the cul-
ture media (depicted by red zone). The reason why this occurs is not
known but may relate to community protection. D When C41(DE3)
cells are induced to produce a recombinant protein from a pET plas-
mid containing Tn3.1 (and selected on ampicillin), cells that have lost
a plasmid do not accumulate as they do not have a detectable fitness
advantage compared to those that have a plasmid. E When C41(DE3)
cells are induced to produce a recombinant protein from a pET plas-
mid containing Tn903.1 (and selected on kanamycin), cells that have
lost a plasmid do not accumulate as they do not have a detectable fit-
ness advantage compared to those that have a plasmid

PET expression plasmids are typically chosen based on
salient features, such as purification, detection or secretion
tags rather than on the antibiotic resistance cassette. One
notable exception is when producing recombinant mem-
brane or secreted proteins, where preference is given to the
Tn903.1 fragment, as the Tn3.1 fragment encodes for the
periplasmic B-lactamase that needs the same machinery as
the recombinant protein for its biogenesis (Kaderabkova
et al. 2022). In contrast, the aminoglycoside-3’-phospho-
transferase encoded by Tn903.1 is cytosolic and doesn’t
compete with the recombinant protein for the secretion
machinery. The data presented here suggest that more con-
sideration should be given to the choice of antibiotic resist-
ance fragment when choosing a pET expression plasmid, as
the Tn3.1- and Tn903.1-type fragments perform differently
and need to be matched with the production experiment.
Specifically, BL21(DE3) maintained pET plasmids with a
Tn903.1-type fragment more efficiently than those contain-
ing a Tn3.1-type fragment when the appropriate antibiotic
was present in the culture media. Even though better plasmid
maintenance was observed when using a Tn903.1-type frag-
ment, we did not observe increased production titers. This
can be attributed to the fact that, in BL21(DE3), the T7 sys-
tem is either down-regulated or shut-off by mutations over
long induction times (James et al. 2021; Kwon et al. 2015;
Schlegel et al. 2015).

If poor plasmid maintenance is not acceptable, one solu-
tion identified in this study is to switch strain background.
When we used C41 (DE3), we observed that the plasmid
maintenance was unaffected by induction of recombinant
protein production, culturing times, presence or absence of

antibiotics, and resistance fragments chosen (Fig. 3D and E).
The reason why C41(DE3) was able to better maintain plas-
mids compared to BL21(DE3) is because it has lower levels
of the T7 RNA polymerase, and thus recombinant protein
production places a lower metabolic burden on the cell. As
a consequence, plasmid-less C41(DE3) do not outgrow the
plasmid-containing cells during long inductions. One caveat
to consider, is that it may be possible to place a metabolic
load on C41(DE3) and enable plasmid-less cells to take over
the culture, if the recombinant protein is particularly toxic
to the cell, or if the pET plasmid lacks genetic modules that
help regulate inducible expression (Dumon-Seignovert et al.
2004). Efficient plasmid maintenance does come at a cost, as
we observed that titers of recombinant sfGFP were > 4 times
lower in C41(DE3) than they were in BL21(DE3) after 20 h
of induction. These observations highlight the conundrum. It
is not possible to choose a strain which efficiently maintains
the expression plasmid and produces high titers.

A large body of work has investigated factors that con-
tribute to plasmid maintenance. This body of work has been
carried out using a variety of different plasmids, cell strains,
recombinant proteins, antibiotic resistance fragments and
culturing conditions. The knowledge is not immediately
transferable to the pET system, which is the gold standard
for recombinant protein production (Heyde and Ngrholm
2021; Rosano et al. 2019; Rosano and Ceccarelli 2014; Shil-
ling et al. 2020). In this study, we have addressed this knowl-
edge gap by investigating how efficiently pET plasmids are
maintained using the Tn3.1-type and Tn903.1-type frag-
ments. The study identified factors that contribute to both
efficient and poor maintenance. Based on this work, we have
two simple tips for efficiently maintaining pET expression
plasmids:

#1: Use a strain with lowered levels of the T7 RNA poly-
merase, such as C41(DE3). pET plasmids will be effi-
ciently maintained over long induction times with both
the Tn3.1 and Tn903.1 genetic fragments, regardless of
whether antibiotics are present during cultivation. This
strategy will most likely lower the overall titers of recom-
binant protein but it will also allow you to work in the
absence of antibiotic selection while ensuring high lev-
els of plasmid maintenance. This is particularly relevant
to industrial fermentations where antibiotic residues and
metabolites are problematic.

Tip #2: If a strain with higher levels of T7 RNA poly-
merase strain is necessary, such as BL21(DE3)), keep
induction times short or use a plasmid containing a
Tn903.1-type fragment and select with kanamycin. Keep-
ing inductions short will also help to avoid mutations that
either down-regulate or shut-off the T7 RNA polymer-
ase (James et al. 2021; Kwon et al. 2015a; Schlegel et al.
2015).
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