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improvements are steadily integrated into the preexist-
ing “technology backbone”. Nevertheless, many of these 
contributions to innovation do not reach and affect the 
daily work of the lab; in most cases, there are no time and 
resources to implement and test all the proposed new 
approaches. The aim of this review is to present a prese-
lected pool of proposals for technical advancement that 
appeared in the last 3–4 years to simplify the screening 
of solutions that could fit the specific problems affect-
ing the different laboratories that struggle to produce 
their proteins of interest. In this sense, this overview will 
not recapitulate the historical background and standard 
approaches because these have been already covered 

Background
The number of different organisms used for producing 
recombinant proteins is constantly increasing, but E. coli 
probably still remains the first option in most of research 
laboratories worldwide owing to the relative simplicity 
of this system. Surprisingly, such platform is still highly 
dynamic, and new theoretical knowledge and practical 
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Abstract
Background  E. coli still remains the most commonly used organism to produce recombinant proteins in research 
labs. This condition is mirrored by the attention that researchers dedicate to understanding the biology behind 
protein expression, which is then exploited to improve the effectiveness of the technology. This effort is witnessed 
by an impressive number of publications, and this review aims to organize the most relevant novelties proposed in 
recent years.

Results  The examined contributions address several of the known bottlenecks related to recombinant expression in 
E. coli, such as improved glycosylation pathways, more reliable production of proteins whose folding depends on the 
formation of disulfide bonds, the possibility of controlling and even benefiting from the formation of aggregates or 
the need to overcome the dependence of bacteria on antibiotics during bacterial culture. Nevertheless, the majority 
of the published papers aimed at identifying the conditions for optimal control of the translation process to achieve 
maximal yields of functional exogenous proteins.

Conclusions  Despite community commitment, the critical question of what really is the metabolic burden and how 
it affects both host metabolism and recombinant protein production remains elusive because some experimental 
results are contradictory. This contribution aims to offer researchers a tool to orient themselves in this complexity. 
The new capacities offered by artificial intelligence tools could help clarifying this issue, but the training phase will 
probably require more systematic experimental approaches to collect sufficiently uniform data.
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in other excellent reports [1–4]. Articles were chosen 
because either introduced new concepts or elaborated 
previous ideas into innovative perspectives. In this sense, 
the survey will not systematically address any aspect of 
recombinant protein production in E. coli because the 
research did not advance uniformly in the several sec-
tions that contributed to the whole technology. Further-
more, simple applications of already described protocols 
or incremental contributions are not listed, with the 
exception of those articles that confirm the effective-
ness of recently proposed innovations. Finally, prior-
ity has been given to solutions that can be evaluated in, 
and profitable for, research labs rather than for industrial 
settings that possess resources and constraints that dif-
fer completely from what is usually available in academic 
conditions.

Particular attention will be dedicated to what is called 
“metabolic burden” because there is no agreement on 
what the conditions that generate it are. Indeed, start-
ing from DNA transcription to finish with protein fold-
ing and secretion, we can imagine a long array of steps 
(Fig. 1), each of which might contribute to the competi-
tion between host and recombinant proteins and result in 
a stress factor leading to cell death and/or unproductive 
synthetic pathways, as thoroughly described in a recent 

review [5]. The principle “less is more”, according to 
which decreasing the pace of exogenous protein synthesis 
would lead to higher yields [6], works in several cases, as 
well as, in other cases, the use of methods that acceler-
ate the synthetic machinery results successfully [7], and 
even approaches that totally neglect transcription and 
translation issues to focus exclusively on elements affect-
ing the final protein structure can substantially contrib-
ute to increasing the yields of functional recombinant 
proteins [8]. We know more, but not necessarily better, 
because several unexpected results contradict previous 
assumptions, as recently shown in the case of the posi-
tive effect on protein production induced by the intro-
duction of rare codons in the sequences corresponding to 
the target protein [9]. A pragmatic and effective option 
is offered by the systemic, high-throughput approach 
that compares as many expression conditions as pos-
sible without a priori biases [10], but it is expensive and 
technically demanding. Unluckily, “rational” alternatives 
are still too unpredictable, probably because they are not 
supported by data sets sufficiently large to render them 
robust enough. This review will summarize the state-of-
the-art and underline the missing information that will 
be necessary to fill these gaps.

Fig. 1  Schematic representation of successive phases controlling protein production and of the corresponding involved key factors, as inferred by the 
data reported in recent publications For each relevant step, the most promising approaches for improving yields and functionality of recombinant pro-
teins that have been reported in the articles discussed in this review are listed. Numbers in brackets correspond to references. Of course, these options 
do not embrace the complete array of possibilities but rather mirror the reality described in the cited papers that preferentially focused on some topics, 
whereas others, such as the use of different promoters, the codon optimization, the overexpression of molecular chaperones or the addition of osmolytes, 
just to name a few, apparently were not investigated as actively in the last few years. This does not mean that such factors are less relevant for successful 
recombinant protein production, only that they were not further optimized lately
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Main text
Antibiotic-free plasmid selection
Antibiotic-based plasmid selection and maintenance 
are expensive and not completely effective in high-den-
sity cultures. This might already represent a significant 
metabolic burden for the cells since the constitutive 
expression of the plasmid-encoded genes that provide 
antibiotic resistance is needed, furthermore the system 
is costly and contributes to conditions favorable for the 
development of antimicrobial resistance and, for this rea-
son, is not sustainable in the long term. Taken together, 
these arguments represent a valid motivation for the 
implementation of recombinant protein expression 
approaches independent of antibiotics [11–16]. Recently, 
a new complementation concept has been proposed that 
should overcome the limitations specific to the methods 
proposed in the past [17]. The genomic promoter of the 
essential gene infA, encoding the small (72 amino acids) 
translation Initiation Factor 1 (IF1), was exchanged with 
an inducible arabinose promoter. Consequently, the 
strain can survive either in the presence of arabinose 
(provided in the growth medium) or because it has been 
transformed with a plasmid that encodes an infA copy. In 
the absence of arabinose, there is strong selection pres-
sure for the preservation of the infA-encoding plasmid, 
which can therefore be safely used to express any further 
protein of interest.

Proteins requiring the formation of disulfide bonds
Since antibiotic resistance is a major issue, there is also 
great interest in identifying alternative antimicrobial 
molecules that could be substitutes for older drugs in 
the future. Host defense peptides (HDPs) are part of the 
innate immune system and can contribute to controlling 
microbial infection. Since they are short and relatively 
rich in cysteines involved in disulfide bonds, they repre-
sent a class of constructs that are difficult to produce in 
E. coli and, consequently, thus far, have been preferen-
tially synthesized. However, considerable research effort 
has been made to optimize their recombinant expression 
in bacteria as fusion proteins [18, 19]. The Origami strain 
has been preferred because of the oxidizing conditions 
of its cytoplasm, but in a recent publication [20], Lopez-
Cano et al. reported that, surprisingly, HDPs expressed 
in wild-type BL21(DE3) accumulated at relatively high 
yields and possessed high activity, which correlated with 
increased disulfide bond formation efficiency. Since the 
reaction leading to disulfide bond formation can be ruled 
out in the strongly reducing cytoplasm of BL21(DE3), it 
is likely that oxidation occurs during protein purifica-
tion. In this case, the role of GFP, which is used as the 
passenger protein for HDPs, might be relevant in pre-
venting nonproductive aggregation of the fusion part-
ner before the HDP can reach its native conformation. 

It would be interesting to compare this procedure with 
combinations that exploit sulfhydryl oxidase and isom-
erase overexpression in the reducing cytoplasm [21, 22], 
which has already been proven to be highly effective in 
the production of recombinant proteins that require the 
formation of disulfide bonds to reach their native fold-
ing. From this perspective, the most recent version of 
this approach foresees a switchable system that exploits 
phosphate depletion to trigger the passage from reduc-
ing to oxidizing cytoplasm by turning on and turning off 
the accumulation of few key enzymes during the produc-
tive stationary phase [23]. First, the authors engineered a 
bacterial strain in which genes of the glutaredoxin path-
way were deleted and the DNA sequence corresponding 
to thioredoxin B was fused to the DAS + 4 degradation 
tag for inducible removal, whereas the tunable disulfide 
bond isomerase DsbC and the sulfhydryl oxidase Erv1p 
were introduced. Next, the production of the model 
nanobody protein was evaluated by designing a bacte-
rial culture such that the decrease in phosphate concen-
tration during the bacterial exponential growth phase 
could induce a switch from reducing to oxidizing condi-
tions and the accumulation of the foldases in the cyto-
plasm at the beginning of the stationary growth phase, 
when the recombinant expression of nanobodies starts. 
The authors summarized that the possibility of separat-
ing the metabolic requirements necessary for cell growth 
from the metabolic inputs necessary for recombinant 
protein expression allowed obtaining unmatched yields 
(100–800  mg/L in shake flasks, > 2  g/L in a bioreactor) 
of soluble and functional nanobodies. Interestingly, the 
optimized strain performed better at 37 °C than at 30 °C, 
suggesting that the described system did not reach its 
“metabolic burden”, understood as the condition in which 
resources become limiting.

New versions of more conventional methods have 
been proposed, such as the expression of disulfide bond-
dependent proteins in the oxidizing environment offered 
by the bacterial periplasm. From this perspective, prom-
ising advancements have been made with the exploita-
tion of CASPON™ (CASPase-based fusiON), a sequence 
that comprises solubility-enhancing elements, a His tag 
for affinity purification and a recognition site for efficient 
cleavage by means of circularly permuted caspase-2 [24, 
25], which has been effectively used to increase the yields 
of several peptides expressed recombinantly in E. coli [24, 
26]. Despite the encouraging results, so far CASPON™ 
technology has been used only by researchers who origi-
nally contributed to its implementation. The reason for 
such apparent lack of interest is unknown, since the over-
all package has elevated technical requirements but pos-
sibly also intellectual property issues.

Another perspective is provided by research that 
used modeling to describe the variable capacity of E. 
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coli to form disulfide bonds in exogenous proteins [27]. 
The authors first analyzed how many endogenous pro-
teins require oxidative folding during different bacte-
rial growth phases and conditions to establish then the 
residual “physiological” capacity, at any step, suitable for 
oxidizing (and, in the case, isomerizing) recombinant 
proteins. Following this approach, the level of expression 
of recombinant proteins that require the formation of 
disulfide bonds for reaching their native folding should be 
regulated according to the residual host oxidative capac-
ity, the amount of which varies over the culture time.

Protein glycosylation
In addition to the production of recombinant proteins 
possessing several trans disulfide bonds, the other major 
issue of E. coli that limits its use as a universal factory is 
that it lacks natural glycosylation pathways. This draw-
back prompted several researchers to engineer such 
bacteria to obtain mutants that are able to undergo 
eukaryotic-like glycosylation. A significant success in this 
field is represented by bacteria modified with an O-glyco-
sylation machinery able to functionalize serine residues 
with different human cancer-associated glycans in vivo 
and ex vivo [28]. These bacteria have already demon-
strated their reliability when used by other groups [29]. 
Furthermore, effective recombinant N-linked glycosyl-
ation has been obtained in E. coli transformed with the 
Campylobacter-derived PglB oligosaccharyltransferase 
[30] in combination with a modification of the secre-
tion pathway. Specifically, the signal peptide cleavage site 
was mutated to expand the time of membrane residency 
and the oxidation parameters were tuned. However, the 
structural and functional characterization of the resulting 
recombinant proteins was too limited to judge the overall 
quality of the process. Recently, even more sophisticated 
platforms for the production of humanized N-glycosyl-
ated recombinant proteins have been proposed [31, 32] 
that wait for validation experiments outside the laborato-
ries in which the innovations were originally developed.

Since glycosylation patterns can strongly affect the 
immunogenicity of proteins, particular attention has 
been given to glycoconjugated vaccines. The possibility 
of obtaining native glycosylation patterns is particularly 
important in the case of recombinant proteins used as 
vaccines because otherwise the antigenic potency can 
be significantly diminished or addressed toward irrel-
evant epitopes. Glycoconjugate vaccines are usually 
composed of a cell surface glycan covalently linked to an 
immunogenic carrier protein and provide broad protec-
tion but are cumbersome to produce. The introduction 
of the Protein Glycan Coupling Technology (PGCT) 
has transformed the production process by allowing the 
in vivo coupling of recombinant glycan antigens to car-
rier proteins in a process catalyzed by a coexpressed 

oligosaccharyltransferase enzyme [33]. This process was 
recently automated and optimized at each single protocol 
step after 24 different culture conditions were compared 
to obtain elevated high-quality vaccine production in E. 
coli [34]. In further attempts to improve the platform, the 
same authors engineered 11 E. coli strains with slightly 
different characteristics that might be relevant for spe-
cific applications [35] and increased the availability of the 
otherwise limiting glycan building block undecaprenyl 
phosphate [36]. To date, no other group has published 
results obtained using the material described above.

Protein surface display
The display of enzymes and antibodies at the bacterial 
membrane is a convenient means to obtain functional 
reagents that are optimally oriented outward and that can 
be used to decorate biosensor surfaces directly with acti-
vated bacteria, sparing any protein purification step [37, 
38]. The efficacy of this system strongly depends on the 
actual membrane reagent density. Recently, the presence 
and quantification of proteins displayed on the bacterial 
surface have been assessed via an approach that should 
be less invasive than previous methods. These methods 
conventionally rely on the fusion of the target protein to 
a fluorescent protein or another relatively large reporter. 
The mass of such tags can affect the secretion and display 
efficiency of the target protein. Zhang et al. [39] proposed 
exploiting the GFP-split system in which only a mini-
mal portion of GFP, corresponding to the 11th β-strand 
(1.8 kDa), is fused to the displayed protein, but its pres-
ence enables fluorescence recovery after complementa-
tion with the remaining GFP1‒10 moiety, which can be 
produced inexpensively as a standard recombinant pro-
tein [40]. The resulting fluorescence intensity allows esti-
mation of the degree of display. Of course, the reliability 
of the system depends on the quality of the complemen-
tary GFP1-10, and the optimization of its production 
protocol has been recently achieved by tuning the feed-
ing conditions [41]. Successful display depends on the 
efficiency of the secretion process, and in the case of 
ABC transporters, it can be affected by the protein sur-
face charge. This knowledge has led to efforts to identify 
secretion-optimized mutants, and the resulting PySuper-
charge algorithm is effective in proposing suitable amino 
acid substitutions that favor protein secretion [42]. Nev-
ertheless, the functionality of the resulting mutants has 
not yet been validated. In the case of the hemolysin A 
secretion system, the critical parameter is the protein iso-
electric point [43]. The introduction of positive charges 
and fusion with the S tag greatly promoted the secretion 
efficiency of the tested peptides and proteins, which were 
functional after tag release.
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Proteins containing heme groups
Another class of proteins whose production can be chal-
lenging is those containing a heme group. An optimized 
mutant was identified among 52 recombinant E. coli 
strains differing in some genes involved in heme syn-
thesis [44] because of its capacity to increase the yields 
of ten model heme proteins. The gain in terms of pro-
tein yield was 42–107%, but since the functionality was 
improved, the overall activity increased 6.5-fold. Inter-
estingly, at least for cytochromes, their yields can also 
be significantly increased by truncating their transmem-
brane sequence, without detectable negative effects on 
protein functionality [45].

Functional protein aggregates
The discovery that proteins precipitated into inclusion 
bodies could maintain their functionality and catalytic 
activity radically changed the appreciation for these bio-
logical structures [46, 47]. Instead of designing trial‒and-
error, often ineffective, protocols aimed at obtaining the 
resuspension of the trapped proteins, the interest moved 
toward solutions that could directly exploit function-
ally active inclusion bodies. In parallel, researchers have 
started deciphering the factors involved in the formation 
of such aggregates with the aim of controlling the process 
and recovering “optimized inclusion bodies”, for example, 
by exploiting the availability of the His-tag present in 
most recombinant proteins and tuning the concentra-
tion of bivalent cations [48]. Both aggregation-inducing 
tags and linkers fused to the target protein/enzyme seem 
relevant for recovering highly functional inclusion bod-
ies. A recent paper reported the results of an automated 
approach for the preparation of libraries composed of 
assembled modular sequences and unbiased screening 
aimed at the identification of optimal tag/linker combi-
nations [49]. The authors demonstrated that their selec-
tion modality could rationally restrict the number of 
constructs to be characterized in an advanced phase and 
inferred some general rules that were effective in recover-
ing functional aggregates. Specifically, better results were 
obtained by introducing rigid proline/threonine linkers 
and exploiting C-terminal aggregation-inducing tags.

The aggregation of catalytically active proteins into 
inclusion bodies has also been successfully achieved via 
rational approaches [50]. The authors designed a three-
component construct in which an N-terminal L6KD 
peptide was directly fused to the SUMO protein, leav-
ing the target proteins at the C-terminus. The goal was 
to exploit the SUMO chaperone activity to promote the 
correct folding of the target protein and the aggregation-
prone N-terminal peptide [50] to precipitate the whole 
construct. Although the presence of the aggregation ele-
ment seemed to be crucial for the stability of the con-
structs described in [49] and [51], the design reported in 

[50] maintained, at least in the described examples, stable 
and functional inclusion bodies even after the tags were 
removed by means of the SUMO.

Other tags designed to favor protein aggregation and 
successive aggregate purification, such as the peptide 
HlyA60 derived from hemolysin A [52], have been pro-
posed recently. Once purified, tagged protein aggregates 
with conserved functionality can be directly used to pro-
mote effective self-cleavage to simplify the separation of 
the target protein from the aggregating tag [53]. Specifi-
cally, an elastin-like polypeptide integrated with an engi-
neered mini-intein sequence allowed the recovery of the 
fusion protein in basic buffers and effective target pro-
tein release under slightly acidic conditions, clearly out-
performing the intein-based constructs proposed in the 
past. A different strategy aims at sequestering proteins 
into aggregates by fusing them with short cationic pep-
tides [54]. Both fluorescent proteins and enzymes remain 
functional, but the initial data did not clarify how much 
this sequestration mechanism could impact host cell 
growth or whether it is suitable for any kind of protein. 
In a follow-up article [55], the same group demonstrated 
that both the length and charge density of the super-
charged, disordered peptides significantly affected pro-
tein expression levels and subcellular localization, but the 
effects on bacterial metabolism were not further investi-
gated. Understanding whether this type of protein con-
densate might represent a stabilizing or a perturbating 
factor for host cells in comparison with the equivalent 
expression rate of the same recombinant proteins that 
accumulate in soluble form would be meaningful.

Another strategy exploited ubiquitin-binding shuttle 
proteins (UBQLNs) modified with charge variants placed 
at the protein N-terminus to demonstrate that tuning 
the phase separation characteristics of the constructs 
was feasible [56]. Specifically, the insertion of negative 
charges correlated with a minor propensity for phase 
separation, but this effect could be counterbalanced by 
the addition of phase separation-promoting tyrosine 
residues. This feature might theoretically become rel-
evant when choosing the tags to fuse at the N-terminus 
of target proteins. The authors compared FLAG, HA, 
Myc and ALFA tags, the net charge of which spans from 
− 3 to 0, and concluded that the tyrosines present in the 
sequences compensated for charges, resulting in simi-
lar phase separation effects induced by all such tags. 
Although the observed results can be specific only for 
proteins of the UBQLN family, they suggest that the 
addition of amino acids at the N-termini of recombinant 
proteins should always require a specific evaluation, not 
only to verify the N-rule that determines the protein 
half-life but also to check their propensity to condense. 
More generally, it might be wise to perform a preliminary 
screening of constructs differing for N-terminal elements 
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(Tags or sequences designed for downstream modifica-
tions) before proceeding to large-scale production.

Innovative tags
In the last two decades, a large variety of tags (SpyTag, 
ALFAtag, VirD2, ybbr, APX2, LPTEG, etc.) fused to 
recombinant target proteins has been proposed, mostly 
with the aim of simplifying protein engineering, func-
tionalization and downstream applications of the con-
structs [57] or simply monitoring the expression of the 
attached protein under different conditions [58]. Never-
theless, the previous generation of fusion partners (MBP, 
GST, thioredoxin, NusA, etc.) was mostly designed to 
improve recombinant protein solubility [59]. Following 
this original lane, some groups have recently investigated 
the possibility of exploiting intrinsically disordered pep-
tides (IDPs) as tags to increase the yields of passenger 
proteins since native N-terminal disordered regions have 
a stabilizing effect on paired proteins [56]. The 53-amino 
acid NEXT tag has been isolated from the marine bacte-
rium Hydrogenovibrio marinus and effectively improved 
the solubility of aggregation-prone proteins [60]. The 
NEXT tag scored better than MBP or GST, and since 
its presence did not affect passenger functionality, its 
removal is not necessary. The proposed mechanism of 
action is that NEXT exploits its high degree of solvent 
exposure and elevated dynamics to exclude neighboring 
macromolecules, thereby preventing protein aggregation. 
This capacity is apparently preserved in other IDPs, inde-
pendent of their sequence [61]. The success of natural 
IDPs has stimulated the search for optimized synthetic 
IDP (SynIDP) sequences, which are recovered by screen-
ing large libraries to isolate candidates that are particu-
larly effective in rescuing aggregation-prone proteins 
used as models [62]. The target moieties of the obtained 
fusion proteins were not simply soluble but also func-
tional, and in the case of SynIDP-based constructs, they 
provided higher yields than fusions obtained by pairing 
the target protein with conventional tags such as MBP 
and SUMO.

Gene expression control
It seems that a relevant portion of laboratory-made plas-
mids contains mistakes [63], but even commercial vectors 
might present some flaws. An innovation with potentially 
high impact has been proposed by Shilling and cowork-
ers [7], who identified some inaccuracies present in the 
popular pET vectors that result in less effective tran-
scription and translation. Considering how extensively 
these plasmids are used, their substantial improvement 
would benefit a large community of researchers. The 
authors first reported that the insertion of the lac opera-
tor sequence (present in most of the pET vectors) caused 
the deletion of four bases belonging to the T7 promoter. 

When restored, the presence of these bases resulted in 
statistically significant yield improvements in the tested 
recombinant proteins. Next, the optimization of the 
translation initiation region via the synthetic evolution 
approach enabled another relevant yield increase, and the 
effect of the two sequence modifications was often addi-
tive. Nevertheless, the optimization procedure imposed 
the presence of a fixed MQL sequence at the N term of 
the inserted target clone. According to the protein char-
acteristics, the higher yields corresponded to soluble (and 
functional) as well as to insoluble proteins. The major 
limitation of this work is that only a few proteins were 
tested; therefore, it is difficult to assess how generally the 
extremely promising reported results are. Unfortunately, 
researchers [64–67] who tested partially or totally modi-
fied pET vectors for protein expression did not compare 
the resulting yields with those obtained via the original 
plasmids; therefore, the potential improvement remains 
undetermined. The same group that identified such inac-
curacies also worked on the specific optimization of the 
translation initiation region of leader peptides fused to 
the protein to be secreted, also in this case, using pET 
vectors [68]. By applying directed evolution to conserve 
amino acid sequences, they managed to obtain base 
variants that allowed higher yields of the corresponding 
secreted and correctly cleaved proteins. It is true that 
in this case, it was probably not possible to permit the 
complete randomization of the N-terminal amino acids 
because these might have affected the efficiency of the 
leader peptide removal, but it is astonishing that the pro-
posed sequences totally diverge from those reported in 
the other paper and that neither of the two cites the other 
article. Consequently, at present, it is not possible to eval-
uate the real advantage of alternative vector designs.

Another issue related to pET vectors is the actual 
capacity to preserve, by means of antibiotics, their 
theoretical production potential in host cells after the 
induction of recombinant expression. A recent report 
investigated the role of the host strains and concluded 
that, for those allowing the accumulation of high levels 
of T7 polymerase, such as BL21(DE3), it is beneficial, 
or even necessary, keeping short induction times and/
or using kanamycin resistance instead of ampicillin [69]. 
This caution should prevent the effects of the toxicity 
induced by the overexpression of apparently any exog-
enous protein above “critical levels”, the definition of 
which remains uncertain [70]. According to this view, 
such toxicity provides the selective pressure on E. coli 
cells necessary for inducing an adaptive response consist-
ing of the selection of mutants with decreased, or no, T7 
RNA polymerase activity. The final effect will be lower or 
no exogenous protein production. This could also explain 
why the use of low IPTG concentrations (< 0.1 mM) can 
reduce the observed toxicity effect. In summary, in a cell 
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with a limited number of ribosomes, excessive amounts 
of exogenous mRNA may outcompete endogenous 
mRNA, impairing the synthesis of endogenous proteins 
and, ultimately, cell viability. Therefore, transformed 
cells stressed by high recombinant expression may have 
two options: die or accumulate mutations that reduce 
or impair T7 RNA polymerase activity. These conclu-
sions are supported by the presented experimental data 
but are somewhat in contrast with the daily lab experi-
ence, which shows that recombinant protein yields dif-
fer across several logs. How to explain it if toxicity would 
be exclusively due to mRNA amounts and not to clone-
specific features, at the level of the same mRNA or of the 
resulting protein? Should one hypothesize that there is 
an early mutation that enables the selection of a large cell 
subpopulation able to produce low levels of the recom-
binant protein? Should we assume that all the recombi-
nant proteins obtained by inducing T7 RNA polymerase 
with more than 0.1 mM IPTG are produced by mutant 
strains? Should we accept the reductive theory that there 
is only a single limiting element/step in the expression 
chain (from transcription until posttranslational modi-
fications) or rather consider more potential bottlenecks? 
What is missing in this article is at least one experiment: 
if I select an adapted colony (according to the authors’ 
classification, one from the “large green” population, 
productive because mutations should have kept low the 
expression rate) and start a new culture from it, would I 
get a homogeneous and productive population or again 
a segregation of cells with different characteristics? Are 
the productive cells genetically homogeneous or a mix 
of (functionally convergent) mutations? It would also be 
useful to monitor the relationship between the expres-
sion rate and aggregate formation [71] to exclude effects 
due to (the toxicity of ) protein aggregates.

Considering these observations, the optimization of 
the expression level of (toxic) recombinant proteins has 
been approached from an interesting perspective by Li 
et al. [72]. They developed a CRISPR-based strategy to 
create a large unbiased library of bacterial hosts char-
acterized by variable ribosomal binding site sequences 
for T7 RNA polymerase that resulted in highly different 
capacities to express the model enzyme. The rationale 
of this method derives from repeated observations that 
lower expression levels of difficult-to-produce proteins 
often result in higher yields of recombinant proteins [6, 
73]. However, whereas the previous options, regardless of 
the target of the inhibitory mutation, enabled one single 
downregulated expression level to which any target pro-
tein had to adapt, possessing a library of T7 polymerases 
with uniformly distributed activity represents an evident 
advantage: statistically, it allows the identification of the 
most suitable translation rate for any recombinant con-
struct. In summary, the mutagenesis process results in 

a reduction in recombinant expression, which, accord-
ing to James et al. [70], is driven by the stress induced 
by the accumulation of exogenous mRNA, is somehow 
anticipated by providing a library of mutants with a dif-
ferential capacity to express exogenous mRNA. The data 
are promising and would be interesting for future work 
to characterize the biophysical/biochemical features of 
the produced proteins. Alternative approaches aimed at 
calibrating translation efficiency could also be expected 
to optimize recombinant protein production. Neverthe-
less, in contrast to the above-described line of results, 
the preparation of a mutant library of the T7 promoter 
did not lead to the identification of significantly more 
productive candidates, although these mutants should 
allow variable translation rates [74]. Notably, combin-
ing the efforts devoted to both improving and decreasing 
T7 RNA polymerase activity with the aim of identifying 
the target protein characteristics that determine why 
different constructs might benefit from opposite driv-
ers would be exciting. This knowledge might allow the 
prediction of which strategy would work best for each 
protein instead of a random trial-and-error optimiza-
tion approach. Currently, there is at least a consensus 
on the necessity of finely tunable control of T7 RNA 
polymerase expression. In this context, there are indeed 
several systems that should allow the modulation of poly-
merase activity, but they are not particularly successful. 
A more accurate design based on arabinose control was 
proposed by Stargard et al. [75], who conceived a system 
(based on the expression host BL21-AI < gp2> ), in which 
cell growth is decoupled from recombinant protein pro-
duction and allows simultaneous tuning of recombinant 
protein expression. This is possible through the expres-
sion of a phage-derived inhibitor peptide that blocks E. 
coli RNA polymerase but not T7 RNA polymerase, which 
controls recombinant expression in host bacteria [76]. 
The assumption is that recombinant expression might 
be inhibited by cell metabolite shortages. This solution is 
the opposite of that proposed by [70], who suggested that 
inhibition of host physiological metabolism is the cause 
of bacterial decline and that mutations lead to a greater 
share of bacteria with reduced or no T7 RNA polymerase 
activity. It would be interesting to determine the morpho-
logical characteristics and degree of T7 RNA polymerase 
homo/heterogeneity in BL21-AI < gp2 > cells at the end of 
the recombinant culture.

There are further indications that somehow con-
nect the mRNA features and metabolic burden issues. 
Modifying the sequence corresponding to the ribosome 
binding site of exogenous mRNA can positively affect 
recombinant protein expression [77]. Improving the effi-
ciency of the translation step of exogenous constructs 
might allow decent protein yields while decreasing the 
level of transcription activity and reducing competition 
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with endogenous mRNA, since recombinant mRNAs will 
occupy the ribosome for a shorter period. However, ribo-
some stalling did not affect host cell growth in another 
case [78], in which it rather seemed that the stress 
induced by the recombinant expression of Fab fragments 
was at the level of the membrane and secretion molecular 
structures. The picture does not become clearer consid-
ering the results obtained in a project aimed at improv-
ing the expression of recombinant proteins fused to 
CASPON™. The 5’ region of the tag sequence was modi-
fied to optimize the ribosome-mRNA interaction and 
increase the protein yield. Although the highest transla-
tion efficiency was obtained with a construct carrying an 
expression enhancer element, characterized by favorable 
interaction with the ribosome, the highest recombinant 
protein accumulation was obtained with a construct 
with comparatively low transcriptional efficiency and no 
expression enhancer sequence. A further positive contri-
bution was introduced by silent mutations of the trans-
lated N-term that reduced the tendency of the mRNA 
to assume secondary structures. The authors attributed 
the better performance of such a construct to the puta-
tively greater accessibility of its ribosome binding site 
[9]. Remarkably, the significant increase in recombinant 
protein yield (more than 5 times) induced no stress to 
the host cells, since their growth rate was not affected, 
and no accumulation of aggregates/inclusion bodies was 
observed despite the silent mutations that generated 
sequences for rare codons. The results might be inter-
preted otherwise, namely, that the higher yields are due 
not to improvement but to a worse global efficiency of 
the selected construct. This condition would result in a 
slower translation rate, which is more compatible with 
the metabolic and folding capacities of the host cells. In 
this sense, the system introduced by Li et al. [79], who 
engineered a controllable plasmid replication system to 
regulate the available gene copies and indirectly control 
gene expression, might be useful.

Impact of recombinant proteins on the metabolism
A surprising discovery of recent years is that the meta-
bolic burden induced by recombinant protein expression 
in bacteria is not due to energy limitations, as generally 
accepted, but rather to the accumulation of ATP and pre-
cursors of glycolysis. This is true for both the expression 
system based on the BL21(DE3)/T7 promoter [80] and 
for the combination of TG1 (an E. coli K12 strain) and 
the tac promoter [81]. This apparently leads to an unbal-
anced metabolic repertoire that results in the observed 
growth inhibition. These results provide further support 
for the use of downregulated expression conditions that 
can be obtained by either controlling the energy supply 
or tuning the expression rate more accurately, for exam-
ple, using promoters that enable more effective tuning 

of polymerase activity [5, 82]. From this perspective, the 
possibility of switching cell resources from biomass for-
mation to recombinant protein synthesis and viceversa 
would make sense [75, 76]. In contrast, it is difficult to 
anticipate the effect of optimizing the 16  S ribosomal 
RNA for faster translation [83]: might it result in less 
stress for the cells because ribosomes can deal with more 
mRNA (exogenous and endogenous) or more stress 
because then there are not enough downstream foldases, 
chaperones or secretion machineries? This report does 
not provide information about the quality of the pro-
duced proteins, preventing any possibility of evaluating 
this strategy.

Notably, great differences exist even among bacterial 
strains, and these differences may affect the final out-
come. For example, the differences in glucose metabo-
lism between the K12 and B. coli strains seem to be the 
basis of the experimentally observed significantly higher 
rate of misincorporation of noncanonical amino acids in 
K12-type HMS174(DE3) bacteria than in the BL21(DE3) 
strain [84]. The conditions that lead to critical accumu-
lation of such amino acids are generally typical of high-
density fermentation, but since any modification that is 
necessary for adoption in the advanced process phases 
requires longer setting work, the reported data suggest 
that beginning the whole process with the most robust 
BL21(DE3) bacteria is preferable. As a potential alter-
native, it has been proposed to supplement the growth 
medium with amino acids, assuming that the metabolic 
burden (and amino acid misincorporation? ) is the conse-
quence of (strain dependent? ) reduced capacity to trans-
late endogenous proteins necessary for host metabolism 
caused by amino acid shortages [85].

Conclusions
It is somehow astonishing that, although E. coli has 
been investigated for decades and has become, at least 
in research labs, the most commonly used organism for 
producing recombinant proteins more than 30 years 
ago, many theoretical and technical advancements still 
accumulate. Paradoxically, this abundance can become 
a hindrance, since it is not only difficult to follow the 
constant updates but also almost impossible to test all 
the proposed solutions aimed at improving the different 
steps of the technology, even when rational approaches 
are applied to guide the choice [86]. Some of these meth-
ods can be technically too demanding for a standard 
lab, for example, providing precisely controlled feed-
ing during fermentation or coordinating more expres-
sion steps simultaneously. The consequence is that 
improving the efficiency of one of them might negatively 
affect the downstream process because the capacity of 
involved structures will be undersized with respect to 
the upstream optimized step. The problem is perhaps 
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because we do not truly know what “metabolic burden” 
means, despite several single mechanisms have been 
thoroughly described [5]. On the one hand, it is clear that 
the expression of an exogenous protein induces stress 
in the host cell, but what is, or are, the bottleneck(s)? Is 
there competition between endogenous metabolism and 
the supplementary need for biological building blocks, 
for ribosomes or possibly even for chaperones or secre-
tion structures? Is it always true that “less is more”, 
namely, that decreasing recombinant expression is posi-
tive because it avoids pushing the host capacity to its 
limits, despite evidence that apparently succeeded in 
overcoming such an expected ceiling, yielding several 
hundreds of mg/L recombinant proteins [23]?

At the lab level, setting aside more theoretical issues, 
identifying the rationale suitable for deciding which 
innovation is worthy of investment in time and resources 
remains a problem. The choice is usually challenged by 
the restricted number of examples reported in the litera-
ture. Many (recent) proposals base their conclusions on 
experiments performed with few samples and, in most 
cases, only one or just a few groups tested the new tech-
nologies. Comparative works are rare, and the character-
ization of the final proteins is often performed differently 
and is usually not sufficiently accurate and complete, 
at least with respect to exhaustive standards proposed 
recently [87]. There is an extremely broad spectrum of 
experimental accuracy among the published results, 
highly heterogeneous methods of data reporting and very 
variable access to lab instrumentation. For example, in 
recent years, the BOKU unit has made impressive contri-
butions in terms of information, but it uses very sophisti-
cated fermentation conditions that are absent in almost 
any standard laboratory “simply” interested in producing 
recombinant proteins as intermediate reagents for bio-
logical experiments. Of course, this is not BOKU’s fault, 
nevertheless, the example indicates that data recovered 
in a single lab may represent a sort of “systematic devia-
tion” with respect to other, common external conditions, 
and consequently, it might be difficult to repeat some 
experiments and combine the information generated by 
independent labs that work differently.

There are several options, among those described 
in this review, that seem potentially powerful and that 
will be worth following through the publications that 
will appear in the next years (Fig.  1). At the same time, 
it seems that we must accept that there is no one-size-
fits-all approach to this topic and, consequently, mul-
tiple parameters require simultaneous consideration to 
carry out recombinant protein production optimiza-
tion in E. coli. Since new information carried further 
questions rather than providing definitive answers, it 
would be beneficial to guide the development by means 
of benchmarking works aimed at validating the recently 

proposed methods using larger experimental sets. Filling 
this knowledge gap would remove odd data and mislead-
ing conclusions, allowing concentrating on solid options. 
Furthermore, the adoption of more uniform data collec-
tion and organization would be highly beneficial since 
it would render acquired information suitable for arti-
ficial intelligence-based metadata analysis. This proce-
dure would be highly desirable for evaluating not only 
the effectiveness of the proposed innovations but also its 
transferability in terms of required skills and resources.
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