
Journal of Microbiological Methods 191 (2021) 106340

Available online 27 October 2021
0167-7012/© 2021 Elsevier B.V. All rights reserved.

Influence of the expression vector and its elements on recombinant human 
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A B S T R A C T   

The aim of the present work was to define a bacterial expression system that is particularly efficient for the 
synthesis of recombinant human prolactin (hPRL). In previous work, based on experiments that were basically 
carried out in parallel with the present ones, the synthesis of rec-hPRL by the p1813-hPRL vector in E. coli 
HB2151 was >500 mg/L, while it was much lower here (2.5–4-fold), in the RB791 and RRI strains. The highest 
positive influence on rec-hPRL synthesis was due to the transcription-replication co-orientation of hPRL cDNA 
and the ori/antibiotic resistance gene, responsible for up to a ~ 5–6-fold higher expression yield. In conclusion, 
this work confirmed that each bacterial strain of E. coli has a genetic background that can allow a different level 
of heterologous protein synthesis. The individual study of each element indicated that its action critically de
pends on the reading orientation in which it is located inside the vector: co-directional orientation of replication 
and transcription, in fact, greatly increased the level of rec-hPRL expression.   

1. Introduction 

Recombinant DNA technology for the expression of heterologous 
proteins began almost 40 years ago and this technology is still widely 
used and expanding. Bacterial expression systems continue to be the best 
choice for the synthesis of unmodified recombinant proteins due to their 
high level of expression, low production cost and suitability for labo
ratory investigation and pre-industrial scale production (Sørensen and 
Mortensen, 2005; Chen, 2012). Prolactin (PRL), as well as Growth 
Hormone (GH), have their production and commercialization based on 
this technology. PRL and GH are members of the family of pituitary 
hormones, having similarity in their amino acid sequence, structural and 
biological features (Goffin et al., 2002; Ben-Jonathan et al., 2008). 
Human PRL (hPRL) is a single-chain protein which consists of 199 amino 
acids and contains three disulfide bonds (Bernard et al., 2015). This 
molecule is involved in diverse physiological functions, such as lactation 
and reproduction, among others. It has a single N-glycosylation site, 
whose N-glycan is not essential for its known functions (Price et al., 
1995). The Escherichia coli (E. coli) strain and vector type used for hPRL 
expression are very important for an optimized synthesis and many 

options are available for research and production (Valdez-Cruz et al., 
2010; Rosano and Ceccarelli, 2014). Moreover, hPRL is one of the hor
mones most frequently determined in routine clinical assays to diagnose 
prolactinoma, female menstrual irregularities, infertility and other dis
orders (Soares et al., 2008; Arthuso et al., 2012). 

E. coli strains express heterologous genes differentially because of 
specific genomic characteristics that may limit recombinant protein 
yield and few studies have evaluated these (Makrides, 1996; Rosano and 
Ceccarelli, 2014). Different vectors also have intrinsic variables that can 
cause a higher or lower production of heterologous proteins. The most 
common vector elements are (i) transcriptional regulators: promoters 
with chemical or thermal induction, transcriptional terminators and 
transcriptional antiterminators; (ii) translational regulators: mRNA 
translation initiators, translation enhancers and translational termina
tors and (iii) other factors such as the origin of replication, copy number, 
codon bias and antibiotic resistance genes (Makrides, 1996; Rosano and 
Ceccarelli, 2014). 

The present work was divided into two steps: analysis of an efficient 
p1813-hPRL vector/tac-promoter/E. coli strain system and evaluation of 
the expression-enhancing elements that are needed to efficiently 
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synthesize rec-hPRL from the λPL promoter. 
The efficient p1813-hPRL vector, containing an integrated repressor 

system and hPRL cDNA under control of the tac promoter (Affonso et al., 
2018), was introduced in three different E. coli strains that had been used 
to express GH and PRL in other studies and its expression yields were 
determined (Morganti et al., 1998; Soares et al., 2008). 

A pλPL vector series that always contained the same pλPL-hPRL 
sequence was evaluated, in a second step, in comparison with the same 
elements that are present in the p1813-hPRL vector and that act in the 
transcription or translation phase. The T1/T2 transcription terminators 
are composed of tandem sequences that make a clamp that interrupts 
mRNA transcription, while the 5S sequence, located in front of these 
terminators, increases expression efficiency by forming a loop (Orosz 
et al., 1991; El Hage et al., 2008). Translation enhancer elements that 
increase the efficiency of mRNA translation into the protein of interest 
by binding to the rRNA/tRNA complex, were also evaluated. The g10 
sequence, for example, is known for increasing the translation efficiency 
by as much as 40-fold (Olins and Rangwala, 1989; Graham et al., 1995). 
Genes that confer resistance to a particular antibiotic were also 
considered to be very important for maintaining the expression of the 
protein of interest. Ampicillin and kanamycin are often used and should 
act by entering to the bacterium periplasmic space and could be inac
tivated into this region by β-lactamase and aminoglycoside phospho
transferase, respectively (Sørensen and Mortensen, 2005; Rosano and 
Ceccarelli, 2014). 

These two vectors made possible, therefore, the study of vectors 
capable of providing different levels of recombinant protein synthesis, 
hPRL in particular, indicating the most efficient vector-promoter-strain 
combination system. 

2. Materials and methods 

2.1. Design and construction of the vectors 

Fig. 1 (A) shows the strategy that was used to construct the pλPL- 
hPRL vector series. All the elements that were inserted in the pλPL-hPRL 
vector were selectively taken from the highly efficient p1813-hPRL 
vector (Graham et al., 1995; Affonso et al., 2018), to possibly increase 
rec-hPRL expression; when ligated, these parts formed the vectors pλPL- 
hPRL I, pλPL-hPRL II and pλPL-hPRL III. The origin of replication (ori) for 

all vectors studied in this work came from plasmid pBR322 (Fig. 1, in 
black, and Table 1) (Crowl, 1986; Sambrook and Russel, 2001). 

The original λPL plasmid (Crowl, 1986; Soares et al., 2003) used in 
the construction (Fig. 1, in red) did not have the g10 and 5S/T1/T2 el
ements, lacked hPRL cDNA and encoded the AmpR gene (in yellow). 
hPRL cDNA (in blue) was cleaved from p1813-hPRL by EcoRI and HindIII 
and inserted into pλPL by using T4 DNA ligase (New England Biolabs, 
USA), obtaining pλPL-hPRL I, as shown in Fig. 1A. To obtain pλPL-hPRL 
II, the g10 element (in green) was cleaved from p1813-hPRL by the 
enzymes XbaI and HindIII and inserted in pλPL-hPRL I using T4 DNA 
ligase. The AmpR gene, in pλPL-hPRL II, was replaced with KanR gene (in 
cobalt blue) and with the 5S/T1/T2 sequence (in brown), obtained from 
p1813-hPRL by using the enzymes AatII, HindIII and T4 DNA ligase, 
resulting in pλPL-hPRL III. The pλPL-hPRL IV vector was constructed 
from pλPL-hPRL III by removing the 5S/T1/T2 sequence. The terminal 
region of the KanR gene which had been partly deleted, was recon
structed with the following primers: 

forward 5′ttttatttaagcttcacgctgccgcaagc3′. 
reverse 5′cctcgtcctgcagttcattc3′. 
In these primers, the underlined regions correspond to the restriction 

sites for the enzymes HindIII and PstI, respectively. The PCR conditions 
used were: 94 ◦C for 1.5 min and 30 cycles of 94 ◦C for 15 s, 55 ◦C for 15 s 
and 72 ◦C for 30 s (Taq DNA polymerase, Invitrogen, USA). The enzymes 
HindIII and PstI were used to cleave the PCR product and the pλPL-hPRL 
III vector, while the final insertion (cloning) was done with T4 ligase. 

2.2. Escherichia coli strains 

Four different strains of E. coli (HB2151, RRI, RB791 and BL21(DE3)) 

Fig. 1. Schematic representation of the vectors. A) p1813-hPRL vector and pλPL-hPRL vector series construction, showing the location of all elements; B) Schematic 
representation of the vectors pET3a-hPRL and pET3d-hPRL. Abbreviations: hPRL, Prolactin hormone cDNA sequence; ampR, ampicillin resistance gene; kanR, 
kanamycin resistance gene; ori, origin of replication; λPL, lambda promotor PL; tac, tac promotor; g10, translator enhancer; 5S/T1/T2, transcription terminators; LacIq, 
lac repressor protein DNA sequence; bp, base pair. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
Description of the elements that constitute the p1813-hPRL and pλPL-hPRL 
vectors series.  

Vectors Promoter Antibiotic g10 5S/T1/T2 

p1813-hPRL tac KanR + +

pλPL-hPRL I λPL AmpR − −

pλPL-hPRL II λPL AmpR + −

pλPL-hPRL III λPL KanR + +

pλPL-hPRL IV λPL KanR + −
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and two promoters (tac and λPL) were used, since one of the elements 
that indirectly acts on protein synthesis, the promoter, needs a 
compatible strain. 

Genotypes: 
HB2151: [araD (lac pro AB), lacIq ∆(lacZ) M15, thi/F′ proA+ B+ / 

fhua2∆(thi∆(hsdMSmerB) (− rk − mk − McrBC-) K12]. (Stratagene, 
Agilent Technologies, Inc., E.U.A). 

RRI: F− mcrB mrr hsdS20(rB
− mB

− ) recA leuB6 ara-14 proA2 lacY1 
galK2 xyl-5 mtl-1 rpsL20(SmR) glnV44 λ− recA+ (New England Biolabs, 
USA). 

RB791: [pQE30: adh], BL21(DE3) [pPal7:Dm_MFE-2, lacl’iLs]. (cgsc. 
biology.yale.edu). 

BL21(DE3): F- ompT hsdSB (rBmB-) gal dcm (DE3) (One shot BL21 
catalogue, Invitrogen, USA). 

The RRI strain harbors the pRK248cIt2 plasmid, which express ci857 
protein in a constitutive form. The ci857 protein has a thermo- 
suppressor action on the λ promotor. pRK248cIt2 is a low-copy- 
number plasmid, with the tetracycline resistance gene (Pohlman and 
Figurski, 1983). 

2.3. Expression conditions of p1813-hPRL and of the pλPL-hPRL and 
pET-hPRL vector series 

The transformed E. coli HB2151 strain (Luck et al., 1986), RRI 
(Sambrook and Russel, 2001) and RB791 (Fu et al., 1992), containing 
the p1813-hPRL plasmid, were grown in LB medium (10 g/L tryptone, 5 
g/L yeast extract, and 10 g/L NaCl) supplemented with kanamycin (50 
μg/mL) at 37 ◦C, while shaking at 180 rpm. When the optical density 
(OD) reached 0.4–0.8 A600, the cells were induced with 0.1 mM iso
propyl-β-D-thiogalactoside (IPTG, Sigma, São Paulo, Brazil) and 
cultured for 9 h at 37 ◦C. The expression of rec-hPRL in the p1813-hPRL/ 
HB2151 system was induced by different concentrations of IPTG (0.1, 
1.0, 1.5 and 2.0 mM) and at seven activation times (3, 5, 6, 7, 8, 9 and 
16 h), in order to determine the most efficient conditions. The RRI strain, 
that was transformed with the pλPL-hPRL vector series, was grown in LB 
medium supplemented with ampicillin (100 μg/mL) or kanamycin (50 
μg/mL) at 30 ◦C. When the OD600 reached 0.4–0.8 A600, the cells were 
induced by increasing the temperature to 42 ◦C for 9 h. 

All cultures were centrifuged at 4000 g for 5 min at 4 ◦C, and the 
pellets were processed or stored at − 20 ◦C (Carvalho et al., 2014). The 
induced and non-induced cultures were analyzed by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western 
blotting (Carvalho et al., 2014). 

The synthesis of pET3a-hPRL and pET3d-hPRL vectors (Fig. 1B) was 
carried out by Biomatik, Wilmington, Delaware, USA; transformed 
E. coli BL21(DE3) strain, containing these plasmids, was cultivated as 
done for p1813-hPRL in HB2151. In this case, the BL21(DE3) is the 
strain that carries the gene for the T7 RNA polymerase, under control of 
the lacUV5 promoter (activated by IPTG) in bacterial chromosomal 
DNA. 

2.4. SDS-PAGE and Western blot analysis 

E. coli, transformed with p1813-hPRL, pλPL-hPRL or pT3a/d- hPRL, 
were analyzed by SDS-PAGE under reduced conditions, and these ana
lyses were conducted using a 12% denaturing polyacrylamide gel and 
Coomassie Blue (Sigma, São Paulo, Brazil) staining (Carvalho et al., 
2014). 

For Western blotting, the separated protein bands from the poly
acrylamide gel were transferred to a nitrocellulose membrane, which 
was incubated with polyclonal anti-hPRL rabbit antiserum (Santa Cruz 
Biotechnology, Dallas, USA) at a 1:500 dilution (Carvalho et al., 2014). 
The samples were then incubated with 125I-labeled Protein A that had 
been obtained via the Chloramine-T method (Morganti et al., 1996). All 
samples were analyzed at a concentration of 4.8 × 107 cells/mL (A600 =

0.06). 

2.5. Protein quantification 

The intensity of the bands of reduced pituitary hPRL standards, of the 
corresponding electrophoretic bands of the rec-hPRL samples and of 
total bacterial proteins were determined using a computerized laser 
scanning densitometer (Model CS-9301PC Dual Wavelength, Shimadzu, 
Japan). The amount of rec-hPRL in each extract was thus estimated 
against a reference standard curve that had been constructed using 
different amounts of pituitary hPRL. Triplicate determinations were 
performed for all experiments. 

Quantification was carried out as follows:  

⟡ specific yield represents rec-hPRL production in μg per mL of culture 
per A600 absorbance unit (au);  

⟡ mass fraction was calculated as the percentage of rec-hPRL relative 
to total bacterial proteins;  

⟡ volumetric yield was calculated as mg rec-hPRL per liter of culture 
medium. 

2.6. Plasmid DNA quantification 

The plasmid level was determined as follows: 125 μL of competent 
cells were transformed with 1 ng of each one of the two plasmid types 
(pET3a-hPRL and pET3d-hPRL), by thermal shock, adding 200 μL of LB 
medium and incubating for 1 h at 180 rpm at 37 ◦C. Based on the 
methodology of Stueber and Bujard (1982), these cultures were inocu
lated into 200 mL of LB medium containing ampicillin (100 μg/mL). 
When the OD reached ~1.6 A600, samples were collected from each of 
the vector sets, these samples being called Initial (I). Then, these cultures 
were induced for 9 h as described in item 2.3 (Induced- Ind), cultivated 
in parallel with non-induced control cells (Control – C). All samples were 
adjusted to a total of 3 × 109 cells (considering that A600 = 1 corresponds 
to 8 × 108 cells/mL) and then centrifuged at 4000 g for 10 min at 4 ◦C. 
Plasmid DNA was then extracted from pellets using a Mini prep kit 
(Model 2000, Thermo Scientific, Uniscience, SP, Brazil) and quantified 
on a NanoDrop Spectrophotometer (Model 2000, Thermo Scientific, 
Uniscience, SP, Brazil). All determinations were carried out in triplicate. 

2.7. Statistical analysis 

Data were expressed as the mean ± S.E. (S.E., standard error) of at 
least three independent experiments. Statistical significance was deter
mined by using the unpaired Student’s t-test. A p ≤ 0.05 was conven
tionally considered statistically significant. 

3. Results 

3.1. Determination of the expression efficiency of p1813-hPRL, based on 
the tac promoter, in three different E. coli strains: HB2151, RRI and 
RB791 

The p1813-hPRL vector, considering that the characteristics of its 
elements allow high expression of recombinant proteins (Pereira et al., 
2014; Affonso et al., 2018), had its efficiency evaluated in three strains, 
including RRI. The most efficient conditions were obtained with 0.1 mM 
IPTG and 9 h induction time (data not shown). 

The HB2151 strain derived from the work of Graham et al. (1995) on 
the p1813 vector. The RR1 strain is used preferably with a vector that 
has the λ promoter (λPL or λPR) that can be repressed by the protein 
encoded by the ci857 gene. This gene, in the present work, is in the 
pRK248cIt2 plasmid. In order to express a protein under our conditions, 
the presence of two different plasmids is then necessary, with the RR1 
strain being one of the few strains that makes this possible. The RB791 
strain has been successfully used for the expression of several recom
binant proteins in our laboratory with good yields (Soares et al., 2003). 

The expression levels obtained with p1813-hPRL in the three strains 
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are shown in Table 2, the volumetric yield of rec-hPRL in HB2151 being 
4.1- and 2.6- fold higher than in RRI and RB791, respectively. The 
RB791 and HB2151 strains are used in general for the expression of 
proteins withy basis on the tac promoter and, in the present study, 
produced significantly more prolactin than the RRI strain (p = 0.02). The 
difference in mass fraction between RRI and RB791 was, however, not 
significant (p = 0.05). As observed, the synthesis of rec-hPRL in HB2151, 
harboring the p1813-hPRL vector, provided the highest specific (132.7 
μg/mL.A600) and volumetric (> 500 mg/L) yields; the mass fraction was 
also the highest, suggesting that this strain, whose expression is based on 
the tac promoter, is the most suitable for the expression of this recom
binant protein. 

3.2. Analysis of rec-hPRL expression via p1813 and pλPL vector series, 
considering their different structural components 

In the experimental design, the objective was to express rec-hPRL in 
inclusion bodies. Therefore, a vector was chosen that did not have a 
signal sequence that would send the “pre-protein” to the periplasmic 
space or to the culture medium, but that had known expression of re
combinant proteins in the bacterial cytoplasm. The detection of rec- 
hPRL was performed by SDS-PAGE with lysis of the bacteria after 
IPTG activation, analyzing the supernatant and pellet (rec-PRL was in 
the pellet). The protein profile was compared with the same culture that 
was not activated with IPTG. The presence of rec-hPRL was confirmed 
by Western blotting. 

3.3. Action of tac and λPL promoters in rec-hPRL expression 

Strong promoters, such as λPL and tac, are widely used in basic 
research and industrial production. However, the use of IPTG in the 
large-scale production of human therapeutic proteins is undesirable, 
mainly because of its cost and potential toxicity (Makrides, 1996; Li, 
2018). Thermal induction by the λPL promoter is the most desirable in 
research and industry due to its lower cost and practicality. 

3.4. Effect of individual vector components on rec-hPRL expression yields 

SDS-PAGE and Western blot analyses confirmed the presence of a 
protein that was expressed in inclusion bodies (Fig. 2). All samples were 
derived from the same amount of bacterial lysate, as defined by absor
bance at A600. In Fig. 2A, p1813/HB2151 exhibits more rec-hPRL 
compared to p1813/RRI (Fig. 2B). However, p1813/RRI and pλPL-III 
and IV expressed much more than pλPL-I and II. Lanes M1, M2 and M3 
represent the International Standard of PRL from WHO at different 
concentrations; the samples of rec-hPRL presented the same molecular 
weight as these. The immunological activity was confirmed by Western 
blotting, with the International Standard of PRL (M1) also present. 

Rec-hPRL expression yields from the p1813-hPRL and pλPL-hPRL 
vector series and their important components are shown in Table 3 as 
determined by SDS-PAGE densitometry (see Fig. 2). Vectors that have a 
comparative element are listed in this table side-by-side. The p1813- 
hPRL vector highly expressed rec-hPRL in the HB2151 strain with an 

acceptable mass fraction. Its expression in the RRI strain, however, still 
maintained a relatively high mass fraction, even with a much lower 
hPRL expression. 

The volumetric yield of rec-hPRL synthesized in BL21(DE3) by the 
two vectors illustrated in Fig. 1B, was analyzed, providing 178 mg/L for 
pET3a-hPRL and 399 mg/L for pET3d-hPRL, the difference being 124%. 
In fact, the pET3d-hPRL vector synthesized a 2.24-fold higher amount of 
recombinant protein than pET3a-hPRL. These results support our 

Table 2 
Yields of rec-hPRL and mass fraction analysis in three different strains harboring 
the p1813-hPRL vector, which is based on the tac promoter (n = 3).  

Strains Specific 
yield ± SE 
(μg PRL/mL. 
A600) 

Volumetric 
yield (mg 
PRL/L) 

Total bacterial 
protein (μg 
protein/mL. 
A600) 

Mass fraction 
mg hPRL/mg 
total protein 
(%) ±SE 

HB2151a 132.7 ± 0.3 531 255 0.52 ± 0.02 
RRI 52.3 ± 1.7 131 138 0.38 ± 0.01 
RB791 59.3 ± 0.9 208 180 0.33 ± 0.34 

SE = Standard error. 
a Data from Affonso et al., 2018 

Fig. 2. SDS-PAGE (A and B) and Western blot (C) analysis of rec-hPRL 
expression by p1813-hPRL and pλPL-hPRL vector series, in either HB2151 or 
RRI E. coli strains. Lanes M3, M2 and M1 contained 3, 2 and 1 μg of protein 
markers, respectively. The 23 kDa protein is pituitary PRL that was used as 
standard. Induced (+) and non-induced (− ) conditions are shown. 
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hypothesis that, when the DNA sequences of the AmpR gene and ori are 
not oriented as the hPRL expression cassette, this can negatively influ
ence the transcription process, as better described in the Discussion. 

Plasmid DNA quantification (Fig. 3) was also obtained after 9 h in
duction, as described in Materials and methods (item 2.6). The plasmid 
levels of the non-induced cultures (Controls) were 23–40% higher than 
the initial measurements. In induced cultures, the level of plasmid DNA 
was higher in pET3a-hPRL than in pET3d-hPRL according to the 
different properties of each vector. The pET3a-hPRL produced more 
than 2.5-fold plasmid DNA in relation to control, while the pET3d-hPRL 
vector produced less than 2.0-fold. Plasmid DNA levels of induced 
pET3d-hPRL was, therefore, much lower (~40%) when compared to 
that obtained with pET3a-hPRL. 

Fig. 4 shows the hPRL expression profile by the vectors pET3a-hPRL 
and pET3d-hPRL under the same conditions used for vectors p1813- 
hPRL, activating with 0.1 mM IPTG for 9 h at 37 ◦C. In these assays, 
three independent experiments were performed for each expression, and 
the hPRL expression provided by vector pET3a-hPRL (lanes 2, 3 and 4) 
was lower than that provided by pET3d-hPRL (lanes 6, 7 and 8, Fig. 4A). 
The data obtained by scanning densitometry confirmed this difference in 
hPRL expression (Fig. 4B). 

4. Discussion 

Our research group has studied the expression of recombinant pitu
itary hormones: human growth hormone (hGH), prolactin (hPRL), 
thyrotropin (hTSH), folliculotropin (hFSH) and luteotropin (hLH), some 
of them specifically expressed in bacterial systems (Morganti et al., 
1998; Oliveira et al., 1999; Soares et al., 2008; Suzuki et al., 2012; 
Affonso et al., 2018). One of the objectives of the present study was to 
compare the effects of tac and λPL promoters on the cytoplasmic 
expression of rec-hPRL, recalling that the tac promoter is activated by 
IPTG, while the λPL promoter is activated by a temperature increase 
(42 ◦C). The repression of these promoters is also specific: tac is inacti
vated by a protein expressed by the lacIq gene, which is encoded in the 
same p1813-hPRL vector (Sambrook and Russel, 2001), while λPL is 
repressed by a temperature-sensitive protein that is expressed by the 
ci857 gene, contained in a specific plasmid (pRK248cIt2) which was 
present in the RRI strain (Pohlman and Figurski, 1983; Crowl, 1986). 
The λPL promoter works specifically in the RRI strain and was used for 
comparing the expression level obtained with the tac promoter in the 
same strain. The evaluation of p1813-hPRL vector efficiency in the RRI 
strain will therefore be fundamental for this comparison, since this 
vector, when analyzed in parallel in the HB2151 strain, presented a 
much higher expression (Affonso et al., 2018). 

The bacterial strain can be a decisive factor for the high expression of 
recombinant proteins (Makrides, 1996; Sørensen and Mortensen, 2005). 
In fact, in our hands, hGH secretion in the periplasm of four different 
strains presented specific yields of 2.8 (RRI), 1.2 (HB2151) and 3.9 μg/ 
mL.A600 (RB791 and W3110), all carrying a λPL vector (Soares et al., 
2003). In the present study, the RRI strain with p1813-hPRL vector 
produced 2 times less bacterial protein and almost 3 times less rec-hPRL 
in relation the production in the HB2151, confirming the importance of 
the bacterial strain. 

The analysis of the individual components of the vector in the 
expression yields of rec-hPRL, under the control of the pλPL promoter, 
showed that pλPL-hPRL III was the best arrangement between compo
nents and reading of the DNA sequence. 

Comparing rec-hPRL expression by p1813-hPRL and pλPL-hPRL III 
vectors with two different promoters in the RRI strain (comparison # 1, 
Table 3), we can observe that λPL is significantly more efficient than the 
tac promoter (p = 0.003), although the difference in mass fraction is not 
significant (p = 0.36). The volumetric yield (171 mg/mL and 131 mg/ 
mL for the λPL and the tac promoters, respectively) was ~30% higher for 
λPL. 

Valdez-Cruz et al. (2010) reported cytoplasmic yields of twenty-five Ta
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different recombinant proteins that were obtained with the λPL/λPR/ 
cI857 thermoinduced expression system. A wide range of yields was 
found among the proteins that were analyzed. Some of these yields were: 
0.95 g/L for β-galactosidase, 3 mg/L for Integration Host Factor -α and β, 
while for Green Fluorescent Protein the yields were 7, 30, 45, 50, 68 and 
273 mg/L, due to different activation conditions. These data demon
strate that there is no constant expression level, not even for the same 
protein. 

The most interesting result was, however, comparison # 4, Table 3, 
in which ampicillin and kanamycin antibiotic resistance genes were 
compared. The pλPL-hPRL IV vector produced in fact almost 6-fold more 
rec-hPRL than pλPL-hPRL II. It is of note that the mass fractions from all 
vectors containing the KanR gene were approximately 2.0 or 2.6-fold 
higher than those related to the AmpR gene. It should also be 
mentioned that the RRI strain produced the same amount of bacterial 
protein in the same three vectors based on KanR gene (p1813-hPRL, 
pλPL-hPRL III and IV): an average of 156.7 ± 10.4 μg/mL.A600. This 
indicates that the constant and limited effect of the elements analyzed in 
the RRI strain may be due to intrinsic characteristics of the strain. 

The insertion of specific sequences into expression vectors markedly 
alters the production of recombinant proteins in E. coli. Some of these 
DNA elements (g10 translation enhancer and 5S/T1/T2 transcription 
terminators) were analyzed here under the control of the λPL promoter. 
When used in the pλPL-hPRL vector series, the g10 element (comparison 

# 2, Table 3) seems, however, to be responsible for a lower (24%) rec- 
hPRL synthesis, contrary to results described in the literature (Olins 
and Rangwala, 1989). Transcription terminators 5S, followed by the T1 
and T2 sequences in tandem were, instead, able to increase the specific 
rec-hPRL expression yield by 13%. It is known that transcription ter
minators improve the stability of mRNA by forming a stem loop and can 
substantially increase the level of protein production (Sambrook and 
Russel, 2001; Sørensen and Mortensen, 2005). 

As already pointed out, the most unexpected result obtained in this 
study was with pλPL-hPRL II and pλPL-hPRL IV, apparently showing that 
the orientation of the AmpR/ori or KanR/ori cassettes may have a 
significantly positive or negative influence on the expression of rec-hPRL 
(Table 3, comparison # 4). 

To confirm this hypothesis, the DNA sequence that confers resistance 
to ampicillin was reversed via two specifically constructed pETs vectors. 
pET3a and pET3d have the same elements, both being based on the tac 
promoter, but the open reading frame for the AmpR gene and for the ori 
orientation are opposite to that of the introduced foreign cDNA in the 
case of pET3a and co-directional in the case of pET3d. The cDNA for 
hPRL was thus inserted into each one of these two vectors (Fig. 1B) in 
order to address the above mentioned hypothesis. 

The levels of plasmids DNA in the two pETs vectors AmpR gene
→ori→hPRL cDNA versus AmpR gene→ori←hPRL cDNA were determined 
at the maximum level of culture absorbance (1.6 A600) and, before 

A)

B)

Conditions Expression
Vectors

μg plasmid 
DNA/mL

±SE

A260/280 *

Initial (I) pET3a 68.3 ± 2.4 2.03

pET3d 67.8 ± 1.8 2.00

Control (C) pET3a 95.3 ± 1.1 1.96

pET3d 83.5 ± 13.7 1.99

Induced (Ind) pET3a 268.0 ± 10.1 1.94

pET3d 161.4 ± 11.3 1.93

*ratio of 1.8 - 2.0 is generally accepted as pure for DNA
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Fig. 3. Plasmid DNA quantifications from pET3a-hPRL and pET3d-hPRL, obtained in cultured E. coli BL21(DE3) strain. A) graph and B) table with plasmid DNA 
levels: (I), initial cultures when reaching 1.6 A600; (C), non-induced control cultures after 9 h of incubation; (Ind), IPTG-induced cultures after 9 h of incubation. (n 
= 3). 
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induction, practically provided equivalent values: 68.3 ± 2.4 ng/μL and 
67.8 ± 1.8 ng/μL, i.e. 1.37 μg/mL.A600 and 1.36 μg/mL.A600, respec
tively (Fig. 3). One can speculate that the higher plasmid levels of non- 
induced cultures was due to the lack of heterologous protein expression: 
the machinery, therefore, did not prevent the replication process. Upon 
induction, pET 3a-hPRL machinery favored plasmid replication and, 
possibly, bacterial life (in the antibiotic medium) more than heterolo
gous protein expression. In conclusion, the difference in rec-hPRL 
expression, between these two vectors and, consequently, between 
pλPL-hPRL II and pλPL-hPRL IV, was not due to any direct influence of 
the antibiotic resistance gene but to the head-on replication-transcrip
tion collision between ori and hPRL cDNA. Chromosomal and bacterial 
DNA topology, especially in the transition region between ori replication 
forks and DNA transcription machineries when these are working 
simultaneously, have shown that there is a conflict that can lead to DNA 
stopping, instability or breakdown (Mirkin and Mirkin, 2005; Deepak 
et al., 2015; Achar and Foiani, 2017; Wein et al., 2019). Deepak et al. 
(2015) explained this conflict as collisions and defined two ways of how 
these collisions occur: co-directional collisions, when the gene is tran
scribed in the same direction as the replicon machinery, and head on 
collisions, when the gene is transcribed in the opposite direction of the 
replicon machinery. 

Achar and Foiani (2017) data on the positive and negative super
coiling formed during co-directional and head-on collision can support 
our results. We believe that, in head-on collision, competition between 
replication and transcription depend on many factors, such as replicon 
and promoter power, antibiotic pressure and nutrient availability, 
among others. This mechanism can, therefore, explain the low expres
sion presented by pλPL-hPRL II, in which the choice between replication 
and transcription was for more replication (Mirkin and Mirkin, 2005). 

The choice of a perfect match between bacterial strain and the 
components of a given vector is difficult to be determined a priori. In the 
present work, the highest production of rec-hPRL is apparently due to 
the optimized vector/strain system: p1813-hPRL, under control of the 
tac promoter, in the HB2151 strain. Analysis of the elements that pro
vide an increase in protein expression, such as the enhancer elements, 
also depends on the co-orientation between transcription and 

replication machineries. The replication process opens the DNA double 
strand, leading to the formation of a negative supercoil in the reading 
direction of the DNA double strand and a positive supercoil in the 
opposite direction. This was observed by comparing the pλPL-hPRLIII 
and pλPL-hPRLIV vectors concerning the effect of transcription termi
nators, which might have minimized the co-directional collision. 

We can conclude that the thermo-inducible λPL promoter, frequently 
considered to be quite inefficient when compared to the tac promoter, 
becomes much more competitive and even more efficient, especially if 
the goal is to optimize cost / benefit. The elements that allow an increase 
in the synthesis of recombinant proteins must be utilized with an 
appropriate bacterial strain, especially considering that the co- 
directional orientation of the replication and transcription elements 
can be largely responsible for increasing the level of protein expression. 
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