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Abstract

The uncontrolled incorporation of non-canonical branched chain amino acids (ncBCAAs) such as norleucine, nor-
valine and 3-methylnorleucine into recombinant proteins in £. coli production processes is a crucial problem in the
pharmaceutical industry, since it can lead to the production of altered proteins with non-optimal characteristics.
Despite various solutions, to date there are no engineered strains that exhibit a reduced accumulation of these
ncBAAs. In this study, novel E. coli K-12 BW25113 strains with exogenous tunable expression of target genes of the
BCAA biosynthetic pathway were developed. For this purpose, single gene knock-outs for thrA, ilvA, leuA, ilviH, ilvBN,
ilvGM and ilvC were complemented with plasmids containing the respective genes under control of an arabinose
promoter. These clones were screened in a mlL-bioreactor system in fed-batch mode under both standard cultivation
conditions and with pyruvate pulses, and induction of a min-proinsulin. Screening was performed by comparing the
impurity profile of the recombinant mini-proinsulin expressed of each clone with the £. coli BW25113 WT strain, and
the most promising clones were cultivated in a 15L Screening showed that up-regulation of ilvC, ilviH and ilvGM, and
downregulation of leuA and ilvBN trigger a reduction of norvaline and norleucine accumulation and misincorporation
into mini-proinsulin. The stirred tank bioreactor cultivations confirmed that up-regulation of ilv/H and ilvGM were most
effective to reduce the ncBCAA misincorporation. This novel approach for a reduced ncBCAA misincorporation may
be solution to this old challenging problem in the large-scale production of human therapeutics.

Keywords: Non-canonical branched chain amino acids, Genetic engineering, Strain screening, Mini-reactor,
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Introduction

Biosynthesis and misincorporation of non-canonical
branched chain amino acids (ncBCAAs) such as norleu-
cine, norvaline and B-methylnorleucine into recombinant
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proteins has been reported in a number of E. coli produc-
tion processes. NcBCAAs can be synthesized by E. coli
metabolism as by-products of the BCAA biosynthetic
pathway as a result of the low specificity of the /e and
ilv-operon-encoded enzymes for their substrates. There
are three main factors triggering ncBCAA biosynthesis
in E. coli: overflow metabolism driven by glucose accu-
mulation and oxygen limitation due to inefficient mixing
in large-scale reactors [1, 2], de-regulation of enzymes
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encoded by the leu operon resulting from leucine deple-
tion—particularly during production of leucine-rich
recombinant proteins [3]—and genetic background of
the E. coli strain used as host [4]. Free ncBCAA can be
mis-incorporated into cellular proteins through tRNA
mis-aminoacylation during protein translation due to
their structural similarity with the respective canoni-
cal amino acids. For instance, leucyl-tRNA synthetase
(IeuRS) can transfer both leucine and the non-canon-
ical counterpart norvaline, which only differ by a single
methyl group [5]. Similarly, methionyl-tRNA synthetase
(metRS) can catalyze methionine and norleucine [6],
and isoleucyl-tRNA synthetase (ileRS), isoleucine and
B-methylnorleucine [7] (Fig. 1). Such misincorporation
might lead to the production of altered recombinant pro-
teins, having non optimal characteristics e.g. altered bio-
logical activity, modulated sensitivity to proteolysis and
immunogenicity [8]. This represents an important con-
cern for the pharmaceutical industry since product qual-
ity is pivotal for recombinant proteins that are to be used

Page 2 of 12

as human therapeutics in order to ensure patient safety.
Several valuable strategies for reducing misincorpora-
tion of ncBCAAs into recombinant proteins have been
already described in the literature: mutation of methio-
nine codons of the gene encoding the recombinant pro-
tein [9], co-expression of enzymes capable of degrading
ncBCAAs [10], supplementation of exogenous canoni-
cal amino acids [11], overproduction of methionine by
mutating genes involved in methionine and threonine
biosynthesis [12, 13], knocking-out genes involved in
the BCAA biosynthetic pathway [3, 14, 15], optimiza-
tion of fermentation conditions [4], supplementation of
trace elements [16] and use of alternative E. coli expres-
sion strains with a genetic background less prone to non-
canonical BCAA misincorporation [4]. However, most
of the aforementioned strategies have numerous limita-
tions, which impede them to be effectively applied in
large-scale recombinant protein production processes.
This study focuses on another approach which has not
yet been explored and that might contribute to close the
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Fig. 1 Schematic representation of the BCAA biosynthetic pathway. Molecular structure of canonical BCAAs appear in blue while non-canonical
BCAAs are shown in red. The corresponding canonical/non-canonical amino acid pairs are framed in the same color, e.g. pair leucine/norvaline is
framed in yellow. See main text for detailed description. Adapted from Reitz et al. [24]
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scientific gap; engineering of novel E. coli strains allowing
tunable expression of target genes involved in the BCAA
biosynthetic pathway to reduce the biosynthesis of the
ncBCAAs.

The first substrate of both isoleucine and ncBCAA
biosynthetic pathways is a-ketobutyrate, which can be
either synthesized from threonine by threonine deami-
nase (ilvA), or from pyruvate via keto acid chain elonga-
tion by the leucine operon encoded enzymes (leuABCD)
[15]. As mentioned before, the synthesis and intracel-
lular accumulation of ncBCAAs results from the sub-
strate promiscuity of the leu and ilv-operon encoded
enzymes, involved in the BCAA biosynthetic pathway.
This explains the sequential keto acid chain elongation
from pyruvate to a-ketocaproate over o-ketobutyrate
and a-ketovalerate by the actuation of the lex enzymes
a-isopropylmalate synthase (leuA), P-isoprolylmalate
dehydrogenase (leuB) and a-isoprolylmalate isomerase
(leuCD). Despite a-ketoisovalerate is the intermediate
for biosynthesis of canonical BCAAs valine and leucine
and thus the preferred substrate for a-isopropylmalate
synthase, this enzyme also shows certain affinity towards
alternative a-keto acids such as pyruvate, a-ketobutyrate
and a-ketovalerate [17-20]. The transformation of the
two last ones by the /eu-operon encoded enzymes gen-
erates intermediates for the formation of the ncBAAs.
Moreover, the three consecutive reactions catalyzed by
the ilv-operon encoded enzymes acetohydroxy acid syn-
thase (ilvBN, ilvGM, ilvIH), acetohydroxy acid isomer-
oreductase (ilvC) and dihydroxyacid dehydratase (ilvD)
are involved not only in the biosynthetic pathways of
valine and isoleucine, but also in the synthesis pathway
of p-methylnorleucine. Acetohydroxy acid synthase
(AHAS) catalyzes a 2-step enzymatic reaction. In the
first reaction step only pyruvate can bind to AHAS, cata-
lyzing decarboxylation to form an active intermediate.
In the second reaction step three alternative substrates
(pyruvate, a-ketobutyrate or a-ketovalerate) can bind to
the pre-formed intermediate to generate three alternative
acetohydroxy acids. Pyruvate is the preferred substrate
for acetohydroxy acid synthase, but it is also able to trans-
form the other two. Nevertheless, additionally it must be
considered that there are three different isoenzymes of
acetohydroxy acid synthase, each one showing different
substrate preference and catalytic properties [21, 22].
Also transaminase B (i/lvE) shows substrate promiscuity
since it catalyzes transamination of leucine, valine, iso-
leucine, norleucine, norvaline, p-methylnorvaline and
homoisoleucine intermediates [23]. A schematic repre-
sentation of the ncBCAA biosynthetic pathway is shown
in Fig. 1.

The BCAA biosynthesis pathway is effectively modu-
lated by a complex regulatory network. This enables cells
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to adapt BCAA biosynthesis to shifting environmen-
tal conditions. Regulation can take place at enzymatic
or genetic level (for a compact overview see Additional
file 1: Table S1). At post-translational level, many of the
target genes are subjected to feedback inhibition and/or
allosteric activation. Aspartokinase/homoserine dehy-
drogenase (thrA) is inhibited by threonine and activated
by isoleucine and methionine [25]. Threonine deaminase
(ilvA) is inhibited by isoleucine and activated by valine
[26, 27]. Acetohydroxy acid synthase isozyme III (ilvIH)
is feedback-inhibited by valine, leucine and isoleucine
[28]. a-isopropylmalate synthase (leu#A) is inhibited by
leucine [29], while acetohydroxy acid synthase isozyme
I is inhibited by valine [28]. Furthermore, transcription
of operons ilvBN, ilvGMEDA, leuABCD and thrABC is
regulated by attenuation [30]. Operon ilvYC is regulated
by an operon-specific mechanism mediated by protein
IIvY. In addition, operons ilviH, ilvGMEDA and leuABCD
are regulation by Lrp (leucine-responsive protein). ilvBN
operon is subjected to global catabolite repression con-
trol mediated by CAP (catabolite activator protein) as
well. Moreover, the global IHF (integration host factor)
also regulates expression of operons i/lvBN and ilvGM-
EDA [28]. Additionally, the global RelA/SpoT modulon is
also described to regulate transcription of operons impli-
cated in amino acid biosynthesis [31].

To decrease ncBCAA biosynthesis, the following strat-
egies could be effective by modulating the expression
of different genes of the pathway: (i) limit conversion of
pyruvate to a-ketobutyrate, (ii) limit transformation of
threonine to a-ketobutyrate and (iii) limit conversion of
a-ketobutyrate to o-ketovalerate. Strategy (i) might be
achieved by down-regulating operon leuABCD but also
by up-regulating operon ilvBN, strategy (ii) may be real-
ized by down-regulating the thr genes as well as ilvA.
Strategy (iii) could be accomplished by down-regulat-
ing the expression of leuABCD and up-regulating ilvIH,
ilvGM or ilvC. According to this hypothesis novel E. coli
strain mutants were genetically engineered so that the
expression of single target genes (leuA, thrA, ilvA, ilvC,
ilvIiH, ilvBN and ilvGM) could be modulated in order to
evaluate the effect of genetic modulation in ncBCAA
biosynthesis.

We used the araBAD promoter in order to regulate
expression of the target genes. In order to ensure func-
tionality of the araBAD promoter, strain E. coli K-12
BW25113 was selected as the model organism for this
study, since it is deficient in arabinose catabolizing
enzymes. Furthermore, in order to properly evaluate the
effect that expression regulation of target genes has on
ncBCAA biosynthesis and subsequent misincorporation
into cellular proteins, mini-proinsulin was selected as
a model recombinant protein in this study. The protein



Garcia et al. Microbial Cell Factories (2022) 21:30

sequence of recombinant mini-proinsulin contains sev-
eral canonical amino acids (3 methionine, 14 leucine
and 5 isoleucine residues) that can be potentially sub-
stituted by the non-canonical counterparts (norleucine,
norvaline and p-methylnorlelucine, respectively) upon
mistranslation. In order to regulate expression of tar-
get genes involved in the BCAA biosynthetic pathway it
was first necessary to eliminate endogenous expression
of such genes in the E. coli cell. Hence, following single
target genes/operons were knocked out from the E. coli
K-12 BW25113 genome by homologous recombination:
thrA, ilvA, leuA, ilvIH, ilvBN, ilvGM and ilvC. Expression
regulation of previously knocked-out genes was carried
out by transforming arabinose-based tunable expres-
sion plasmids (pACG_araBAD series) containing the
native sequence of the target genes into the respective
engineered E. coli K-12 BW25113 KO mutants. Plasmid
pSW3_lacI™ expressing recombinant mini-proinsulin
was additionally transformed into the aforementioned
mutants in order to evaluate effect of genetic regulation
on ncBCAA misincorporation. The engineered tun-
able E. coli mutants were screened in a mini-reactor by
triggering induction of different expression levels of the
target genes. The impurity profile of recombinant mini-
proinsulin was then compared with the control non-
engineered E. coli host. Screening was performed in
fed-batch mode under standard cultivation conditions
and under conditions mimicking large-scale effects i. e.
pyruvate pulsing and DO limitation [32]. After screen-
ing in the mini-reactor system, the most promising can-
didate strains were cultivated in fed-batch cultivations in
a 15 L bioreactor and the impurity profile of the recom-
binant protein was analysed in order to confirm the
improvement.

Materials and methods

Strains and strain engineering

E coli K-12 BW25113 [F~ DE(araD-araB)567
lacZ4787(del):rrnB-3 LAM™ rph-1 DE(rhaD-rhaB)568
hsdR514] was used as reference strain. A library of knock-
out (KO) strains derived from the reference strain was gen-
erated by homologous recombination, according to the
method described by Datsenko and Wanner [33]. The KO
strains consisted of single knock-outs of genes involved in
the branched-chain amino acid biosynthesis pathway: leuA,
thrA, ilvA, ilvC, ilvIH, ilvBN or ilvGM. In order to modulate
expression of the aforementioned knocked-out genes, arab-
inose-based tunable expression plasmids carrying the native
sequence of the corresponding target gene (Additional file 1:
Figure S1, pACG_araBAD plasmid series) were transformed
into the KO strains. All strains used in this study contained
additionally the plasmid pSW3_lacI*s (Additional file 1: Fig-
ure S2) for expression of recombinant mini-proinsulin (MPI)
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under the control of an isopropyl-p-D-thiogalactopyranosid
(IPTG)-inducible tac-promoter.

Cultivation medium

Cultivations were performed in mineral salt medium
containing (per L): 2.0 g Na,SO,, 2.468 g (NH,),SO,,
0.5 g NH,C], 14.6 g K,HPO,, 3.6 g NaH,PO, x 2 H,O and
1.0 g (NH,)2-H-citrate, 2 mL of a 1.0 M MgSO, solution,
and 2 mL of a trace elements solution. The trace elements
solution contained (per L): 0.5 g CaCl, x2 H,0, 0.18 g
ZnSO, x7 H,O, 0.1 g MnSO, x H,O, 16.7 g FeCl; x 6
H,0, 0.16 g CuSO, x5 H,0 and 0.18 g CoCl, x 6 H,O.
The medium contained the carbon source as described
in the sections below. All chemicals were from Sigma-
Aldrich (Munich, Germany) with exception of NH,Cl
and MnSO, x H,O, which were from Merck (Darmstadt,
Germany).

Evaluation of L-arabinose induction of gene expression
in E. coli mutants
The aim of these experiments was to evaluate the effect of
different L-arabinose concentrations on the expression of
target genes involved in the BCAA biosynthetic pathway,
which are under the control of an araBAD promoter in
the mutant E. coli strains engineered in this study.
Cultures were prepared by inoculating 50 pL of a cry-
ostock of the corresponding E. coli strain into 15 mL
tubes pre-loaded with 5 mL of 1:3 diluted supplemented
mineral salt medium containing 5 g L™ glucose (Merck,
Darmstadt, Germany), 0.1 M Na-phosphate buffer
(Merck, Darmstadt, Germany) and 100 pug mL~" ampicil-
lin (Sigma-Aldrich, Munich, Germany). For the tunable
E.coli strains, medium also contained 25 pg mL~' chlo-
ramphenicol (Sigma-Aldrich, Munich, Germany). Dif-
ferent concentrations of L-arabinose were added to the
different cultures prepared for each strain and these were
incubated at 37 °C and 250 rpm, overnight. OD,, was
then measured after a cultivation time of 16 h. Results are
reported in Additional file 1: Figure S3.

Cultivation conditions in the PALL24 mini-reactor system
In this study, two different cultivation modes were tested
in a Pall Micro24 reactor system (Microreactor Technol-
ogies Inc., Mountain View, CA, USA), as described in our
previous paper [32]. The first is the reference cultivation
and consists of a glucose-limited fed-batch cultivation
under aerobic conditions. The second cultivation type is
a glucose-limited fed-batch cultivation where pyruvate
pulses and transient down-shifts of the oxygen supply
were applied additionally to trigger DO limitation.
Cultivation conditions for the reference strain were
described in Garcia et al. [32]. However, additional con-
siderations were taken into account in this study to
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adapt the method to the tunable E. coli strains, which are
described below.

Cultivation medium of pre-cultures for the tunable
E.coli strains also contained 25 pg mL™" chlorampheni-
col (Sigma-Aldrich, Munich, Germany) and the mini-
mum L-arabinose (Sigma-Aldrich, Munich, Germany)
concentration necessary to recover cell growth levels of
the reference E. coli K-12 BW25113 pSW3_lacl™ strain
(Additional file 1: Figure S3): 0.05% L-arabinose for ilvA
tunable E. coli, 0.1% for leuA tunable E. coli, 0.4% for
ilvC and thrA tunable E. coli and 0% for ilvBN-, ilvIH
and ilvGM tunable E.coli strains. In addition, cultivation
medium for the tunable E. coli strains in the STR was
supplemented with different concentrations of L-arab-
inose in order to trigger different expression levels of the
target gene in the tunable E. coli strains: 0.05/0.2/0.8%
L-arabinose for ilvA, ilvBN, ilvGM and ilvIH tunable E.
coli, 0.1/0.2/0.4% for leuA tunable E. coli and 0.4/0.8/1.6%
for ilvC and thrA tunable E. coli strains.

Cultivation conditions in the 15L STR

As for the PALL24 mini-reactor system, two different
cultivation conditions were tested in a 15 L stirred-tank
reactor. The experimental procedure for the reference
strain is described in the Materials and Methods section
in Garcia et al. [32]. However, following points were addi-
tionally considered in this experiment in order to adapt
the method to the tunable E. coli strains.

Cultivation medium in pre-cultures, feed solution and
STR for ilvIH and ilvGM tunable E. coli strains addition-
ally contained 25 pg mL~! chloramphenicol. Moreover,
reactor medium also contained 0.8% L-arabinose from
the beginning for expression induction of target genes.

Analysis of cell growth and mini-proinsulin

Cell growth was determined by the optical density at
600 nm (ODy,) in an Ultraspec 2100 pro photometer
(Amersham Bioscience, Marlborough, MA, USA). If nec-
essary, samples were diluted with the original medium
into an ODyg, range of 0.3-0.8.

Concentration of recombinant mini-proinsulin was
determined from hourly samples taken after IPTG induc-
tion from the E. coli cultivations carried out in the STR
according to an HPLC method internally available at
Sanofi-Aventis Deutschland GmbH.

Analysis of ncBCAAs

NcBCAA analysis was performed as previously described
by Garcia et al. [32]. NcBCAA concentrations were ana-
lysed from hourly samples taken after IPTG induction
from E. coli cultivations performed in the STR. NcBCAA
concentrations from cultivations carried out in the mini-
reactor system were only determined at the end of the
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cultivation (2-3.5 h after induction, depending on the
tested strain) due to the limited available volumes.

Results

Screening of tunable E. coli strains in a PALL24
mini-reactor system, based on ncBCAA misincorporation
into recombinant mini-proinsulin

Previously [32] we demonstrated that by combining the
enzyme-based glucose delivery method Enbase® in a
PALL24 mini-bioreactor system with repeated pyruvate
pulses and simultaneous oxygen downshifts, an increase
in the ncBCAAs norvaline and norleucine in both intra-
cellular soluble protein and recombinant mini-proinsulin
inclusion body fractions occurs. This cultivation strategy
is easy to apply under standard laboratory conditions for
strain screening purposes since it might facilitate identi-
fication of E. coli strains with a phenotype more resistant
to ncBCAA misincorporation, which are more valuable
for recombinant protein manufacturing.

In the current study, several E. coli strains with control-
lable expression of target genes involved in the BCAA
biosynthetic pathway (leuA, thrA, ilvA, ilvC, ilvIH, ilvBN
and ilvGM) were cultivated in parallel in a PALL24 mini-
bioreactor system in fed-batch mode under reference
cultivation conditions and under conditions reproduc-
ing large-scale effects. In order to assess the impact of
gene regulation on the misincorporation of ncBCAAs
norvaline, norleucine und {-methylnorleucine into
recombinant mini-proinsulin, different concentrations
of L-arabinose were tested for each strain, which trigger
different expression levels of the target gene. Screening
was performed by comparing the impurity profile of the
recombinant mini-proinsulin expressed in each tested
strain with the non-engineered E. coli BW25113 host. For
each cultivation, molar concentrations of norvaline pre-
sent in the recombinant mini-proinsulin inclusion body
fraction were analyzed from samples taken 2 to 3.5 h
after IPTG induction, depending on the tested E. coli
strain (Fig. 2). An overview of the experimental design is
shown in Additional file 1: Tables S2 and S3.

In the reference cultivation, ilvC and ilvIH tunable
E. coli reported a significant decrease of norvaline con-
centration in the inclusion body fraction when add-
ing increasing concentrations of L-arabinose into the
medium. The opposite behavior was observed for ilvBN
tunable E. coli. For thrA and ilvGM tunable E. coli strains,
norvaline concentration showed a significant reduc-
tion with respect to the control E. coli strain but effect
of increasing L-arabinose concentrations did not show a
clear effect on ncBCAA concentration. For ilvA tunable
E. coli no significant variation of norvaline concentration
was reported with respect to the control E. coli strain
and effect of increasing L-arabinose concentrations did
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not seem to show a clear effect on ncBCAA concentra-
tion. The highest reduction of norvaline concentration
with respect to the non-engineered E. coli BW25113
host was reported when inducing ilvIH tunable E. coli
with 0.8% L-arabinose (-40.7%) and ilvGM tunable E.
coli with 0.05% L-arabinose (-61.8%). In the cultivation
with pyruvate pulses combined with DO limitation, all
tested strains with exception of leuA and ilvIH tunable
E. coli showed the same pattern described at the previous
paragraph for the reference cultivation. Interestingly, the
two aforementioned strains reported the opposite effect
(Fig. 2). Results for norleucine are in accordance with
norvaline (see Additional file 1: Figure S4)

Verification of ilvGM and ilviH tunable E. coli strains

in a 15 L bioreactor under cultivation conditions
reproducing large-scale effects

According to screening results shown in previous sec-
tion, ilvIH and ilvGM tunable E. coli strains induced with
0.8% L-arabinose showed the highest reduction of ncB-
CAA misincorporation into recombinant mini-proinsu-
lin, compared to the non-engineered strain. The aim of
the current experiment was to verify the performance of

the aforementioned potential tunable E. coli strains in a
15 L stirred-tank reactor in fed-batch mode and under
cultivation conditions triggering formation of ncBCAAs,
i.e. pyruvate pulses and DO limitation, in order to con-
firm their advantage as strains ensuring recombinant
product quality. The impurity profile of the recombi-
nant mini-proinsulin expressed by each tested strain
was compared with the non-engineered E. coli BW25113
reference strain over cultivation time. For each cultiva-
tion, molar concentrations of norvaline, norleucine and
3-methylnorleucine present in the intracellular soluble
protein fraction and in the recombinant mini-proinsulin
inclusion body fraction were analyzed from hourly sam-
ples taken after IPTG induction. In addition, ODy, and
recombinant mini-proinsulin concentration were ana-
lyzed over cultivation time for each tested strain (Fig. 3).
Results reported in Fig. 3 for the reference strain were
already published by Garcia et al. [32]. In order to avoid
catabolite repression and enable arabinose induction
of target genes, glucose levels remained limiting during
cultivation, according to fed-batch cultivation approach
used in this study (data not shown).
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the reference strain were already published in Garcia et al. [32]

Fig. 3 Growth and mini-proinsulin production in 15 L stirred tank bioreactor fed-batch cultivations with conditions triggering ncBCAA
accumulation (i.e. pyruvate pulsing combined with DO limitation as described in the Materials and Methods section) of different tunable and
reference E. coli strains, and accumulation of ncBCAAs in the intracellular soluble protein fraction (ISPF) and in the inclusion bodies. A ODy, B
volumetric concentration of mini-proinsulin (B), molar concentrations of norvaline and norleucine normalized to ODgy, in the ISPF (C, E) and
inclusion body fraction (D, F), and molar concentrations of 3-methylnorleucine normalized to ODg, present in the ISPF (G). Samples were
analyzed hourly after IPTG induction. —Reference cultivation with E. coli K-12 BW25113 pSW3_laclt; []J—ilvGM tunable strain E. coli K-12 BW25113
PSW3_lacl™ pACG_araBAD_ilvGM; A—ilvIH tunable strain E. coli K-12 BW25113 AilviH pSW3_lacl™ pACG_araBAD_ilviH. Arrows indicate time points
where 1 g L™! pyruvate pulses combined with 5 min DO limitation were applied. Results represent the average of 3 technical replicates. Results for

The cultivation of the control E. coli strain sub-
jected to pyruvate pulses combined with DO limitation
showed a progressive accumulation of norleucine and
B-methylnorleucine in the intracellular soluble protein
fraction over time after induction, being most significant
for norleucine. Furthermore, norvaline concentration
also increased progressively under the aforementioned

cultivation conditions, but only until 3 h after induc-
tion. From that time point on, norvaline concentra-
tion decreased until reaching initial values at 5 h after
induction. This might suggest that after 2 h, i.e. after
the last pyruvate pulse combined with DO limitation,
its associated effect triggering norvaline accumulation
is not active anymore. Both tested potential mutants in
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cultivations, the ilvGM and ilvIH tunable strains showed
much lower levels of norvaline and norleucine concen-
trations in the intracellular soluble protein fraction. The
level was lowest in the ilvGM tunable strain. However,
[-methylnorleucine concentrations did not significantly
vary with respect to the control cultivation. It is notewor-
thy to highlight, that for most samples norvaline could
not be properly detected as its concentration was below
the limit of detection (Fig. 3, Charts C, E and G).

The cultivation of the control E. coli strain subjected
to pyruvate pulses combined with DO limitation showed
a progressive accumulation of norvaline and norleucine
in the inclusion body fraction over time after induc-
tion. Both tested potential mutants in cultivations with
the ilvGM and ilvIH tunable E. coli showed a dramatic
reduction of norvaline and norleucine concentrations in
the inclusion bodies, and this decrease was more pro-
nounced for norleucine in the ilvGM tunable strain. Nor-
valine could not be detected in any case for both tested
mutants (Fig. 3, Charts D and F).

Moreover, the effect caused by pyruvate pulses with the
concomitant DO limitation on growth (ODg,,) and on
intracellular accumulation of recombinant mini-proinsu-
lin was really similar in any of the tested strains. Hence,
the specific production of the recombinant mini-proin-
sulin by the ilvIH and ilvGM tunable E. coli strains is at
least as good as by the reference strain (Fig. 3, Charts A
and B).

Discussion

In this study, novel E. coli strain mutants were geneti-
cally engineered so that expression of single target genes
(leuA, thrA, ilvA, ilvC, ilvIH, ilvBN and ilvGM) could be
modulated in order to evaluate its effect on ncBCAA bio-
synthesis and misincorporation into recombinant mini-
proinsulin. Screening of the engineered E. coli mutants
was performed in a 10 mL mini-reactor under reference
cultivation conditions. Additional screening of mutants
under cultivation conditions triggering ncBCAA, i. e.
pyruvate pulses and DO limitation, allowed elucidating
performance of mentioned E. coli mutants under culti-
vation conditions which were earlier shown to enhance
the production of the ncBCAAs. In order to support
discussion of the reported results following hypothesis
already described in literature were assumed: (i) since the
recombinant protein expressed in this study has a high
leucine-content, a depletion of the intracellular leucine
pool after IPTG induction is expected, thus causing de-
regulation of the /e operon, which, in turn, triggers a rel-
ative increase of ncBCAA biosynthesis [5, 15], (ii) under
cultivation conditions based on pyruvate pulses and DO
limitation an intracellular accumulation of pyruvate and,
consequently, an increase of the metabolic flux through
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leucine, valine and ncBCAA pathways is expected [1], I).
In addition, for each scenario, transcriptional and post-
translational regulation of target genes was also taken
into consideration for discussion.

Down-regulation of leuA was hypothesized to limit
ncBCAA biosynthesis by restricting the successive keto
acid chain elongation reactions starting from pyruvate
until ncBCAA formation. Some investigations previously
demonstrated that knocking-out one or more leu genes
reduces ncBCAA biosynthesis [3, 15]. Results obtained
for leuA tunable E. coli under standard cultivation con-
ditions in this study are in accordance with the logic of
the metabolic pathway since, for the mentioned E. coli
mutant, norvaline and norleucine concentrations present
in both tested protein fractions progressively increased
by adding increasing concentrations of L-arabinose into
the medium, i.e. by increasing leuA expression. Interest-
ingly, under cultivation conditions subjected to pyruvate
pulses and DO limitation, increasing leuA expression did
not translate into significant variation of ncBCAA con-
centrations but those remained always higher than under
standard cultivation conditions. This observation might
be explained due to a saturation of the metabolic pathway
comprising the consecutive keto acid chain elongation
reactions starting from pyruvate and leading to ncBCAA
caused by the expected intracellular accumulation of
pyruvate and de-regulation of /ex under such cultivation
conditions, so that higher leuA expression would then
not trigger more carbon flux to ncBCAA formation.

Up-regulation of ilvC was hypothesized to trigger
reduction of ncBCAA biosynthesis, since that would
stimulate the metabolic flux from a-ketobutyrate through
the isoleucine biosynthetic pathway, thereby relatively
reducing o-ketobutyrate availability for ncBCAA for-
mation. The results confirmed the hypothesis since, for
ilvC tunable E. coli under standard cultivation condi-
tions, norvaline and norleucine concentrations present
in both tested protein fractions progressively decreased
by adding increasing concentrations of L-arabinose into
the medium, i.e. by increasing ilvC expression. The same
trend was observed when pyruvate pulsing and DO limi-
tation conditions were applied. As expected, under those
cultivation conditions, ncBCAA concentrations were
higher.

AHAS 1II has more substrate preference for
a-ketobutyrate than pyruvate [22, 28, 34]. Hence, an
increase in AHAS III concentration would favor the
metabolic flux from a-ketobutyrate into a-acetohydroxy-
butyrate at the expense of the alternative enzymatic reac-
tion leading to ncBCAA synthesis. Results confirmed this
hypothesis since for ilvIH tunable E. coli under stand-
ard cultivation conditions, norvaline and norleucine
concentrations present in both tested protein fractions
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progressively decreased by adding increasing concentra-
tions of L-arabinose into the medium, i. e. by increasing
ilvIH expression. Surprisingly, under cultivation condi-
tions subjected to pyruvate pulses and DO limitation,
the opposite trend was observed: increasing ilvIH expres-
sion was translated into an increase of ncBCAA concen-
trations. The simultaneous presence of multiple factors
playing a role in the regulation of the BCAA metabolic
pathway under mentioned cultivation conditions made
challenging to find a plausible explanation for those
observations.

The ilvGM tunable E. coli strain also reported a reduc-
tion of norvaline and norleucine concentrations com-
pared with the wild type E. coli strain under both tested
cultivation conditions. As expected, under cultivation
conditions subjected to pyruvate pulsing and DO limi-
tation, ncBCAA concentrations were higher. Moreo-
ver, the highest ncBCAA reduction observed among
all tested mutant strains was reported for this mutant.
This might be because AHAS II shows the highest sub-
strate preference for a-ketobutyrate among the AHAS
isozymes, being then most of the metabolic flux from
a-ketobutyrate directed to the isoleucine pathway. In
addition, k,,/K,, of AHAS Il is about 20-fold higher than
AHAS 1II [22, 28, 34]. However, increasing of ilvGM
expression did not translate into significant variation of
ncBCAA concentrations. That might be explained by
a negative feedback regulation due to an excess of free
isoleucine, which would decrease AHAS II activity [28],
thus counteracting the increased AHAS II activity driven
by L-arabinose addition. Thus, in the ideal case, ilvGM
expression should be up-regulated as much as possible
but without leading to an accumulation of isoleucine.

Unexpectedly, the ilvBN tunable E. coli strain showed
the opposite behavior than the tested ilvIH- and ilvGM
tunable E. coli strains under standard cultivation condi-
tions: norvaline and norleucine concentrations progres-
sively increased by adding increasing concentrations of
L-arabinose into the medium, i. e. by increasing ilvBN
expression. As opposed to AHAS II and III, AHAS I
prefers pyruvate to a-ketobutyrate as substrate [22, 28,
34]. Hence, an increase in AHAS I concentration would
favor the metabolic flux from pyruvate into the valine
and leucine biosynthetic pathway at the expense of pyru-
vate transformation to a-ketobutyrate by the leu operon.
However, up-regulation of ilvBN might trigger overpro-
duction of valine, which is demonstrated to inhibit enzy-
matic activity of AHAS III by feedback regulation and to
activate enzymatic activity of L-threonine dehydratase
(ilvA-encoded enzyme) [28]. According to this configu-
ration, more o-ketobutyrate would be produced from
the threonine pathway and, since activity of AHAS III is
feedback regulated, a-ketobutyrate might then preferably
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enter the ncBCAA biosynthetic pathway to the detri-
ment of the isoleucine biosynthetic pathway. This meta-
bolic configuration might explain why, as opposed to first
hypothesized, a down-regulation of operon ilvBN trig-
gers reduction of ncBCAA biosynthesis. The same trend
was observed when pyruvate pulsing and DO limitation
conditions were applied but, interestingly, ncBCAA con-
centrations were lower than under standard conditions.
The simultaneous presence of multiple factors playing a
role in the regulation of the BCAA metabolic pathway
under mentioned cultivation conditions made challeng-
ing to find a plausible explanation for those observations.

The thrA tunable E. coli strain showed a reduction of
norvaline and norleucine concentrations in both tested
protein fractions compared with the wild type strain
under both tested cultivation conditions. As expected,
under cultivation conditions subjected to pyruvate puls-
ing and DO limitation, ncBCAA concentrations were
higher. However, effect of increasing L-arabinose con-
centrations did not show a clear effect on ncBCAA
concentrations. With 0.4% L-ara, a significant decrease
in norvaline and norleucine was observed. However, a
further increase in thrA expression when using higher
L-ara concentrations did not show any further varia-
tion of ncBCAA concentration if compared with 0.4%
L-ara. That might be explained by a bottleneck taking
place in the metabolic pathway downstream of thrA, so
that a higher thrA expression does not translate in higher
a-ketobutyrate production. In addition, it is well known
that L-threonine allosterically inhibits enzyme activity
of thrA-encoded enzyme [25] so that an excessive ara-
binose induction triggers accumulation of threonine,
then causing feedback inhibition of enzymatic activity,
hence annulling the higher expected thrA expression.
This observation might indicate that the threonine met-
abolic pathway is not the one redirecting more flux to
a-ketobutyrate but the pyruvate pathway.

The ilvA tunable E. coli strain showed that, mainly in
the intracellular protein soluble protein fraction, norva-
line and norleucine concentrations report a reduction
compared with the reference strain under both tested
cultivation conditions but effect of increasing L-arab-
inose concentrations did not show a clear trend on vari-
ation of ncBCAA concentrations. As expected, under
cultivation conditions subjected to pyruvate pulsing and
DO limitation, ncBCAA concentrations were higher.
With 0.05% L-ara, a significant decrease in norvaline
and norleucine levels was observed. However, a further
increase in ilvA expression when using higher L-ara con-
centrations did not show any further reduction of ncB-
CAA concentration if compared with 0.05% L-ara. As for
thrA, that might be explained by a bottleneck in the met-
abolic pathway downstream of ilvA. Moreover, it is well
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known that isoleucine allosterically inhibits the enzyme
activity of L-threonine dehydratase (ilvA) [26, 27]. We
suggest that a strong induction with arabinose triggers
accumulation of isoleucine, then causing feedback inhi-
bition of enzymatic activity, hence annulling the higher
expected ilvA expression. As stated before, this observa-
tion might indicate that the threonine metabolic pathway
is not the one redirecting more flux to a-ketobutyrate but
the pyruvate pathway.

The positive results with the ilvIH and ilvGM tunable
E. coli strains could be successfully confirmed in the 15 L
reactor. These novel E. coli strains showing a strongly
reduced ncBCAA misincorporation profile may be useful
in the pharmaceutical industry. The use of these strains
as standard hosts for recombinant protein production
might result in a higher manufacturing efficiency as
well as an excellent product quality, which is crucial for
recombinant proteins intended for human therapeutics.

Conclusions and outlook

This study was aimed to close the scientific gap by devel-
oping a new scientific approach in order to reduce ncB-
CAA biosynthesis and subsequent misincorporation into
recombinant proteins since all the alternative strategies
published so far had numerous disadvantages which chal-
lenge their effective application. In this study we demon-
strated that ncBCAA biosynthesis can be exogenously
controlled by fine tuning expression of target genes
involved in the BCAA biosynthetic pathway. By screening
different engineered tunable E. coli mutants in a mini-
reactor system we demonstrated that an up-regulation
of ilvC, ilvIH and ilvGM and down-regulation of leuA
and ilvBN trigger a reduction of norvaline and norleu-
cine biosynthesis and misincorporation into recombinant
mini-proinsulin expressed in this study. Concerning tar-
get genes ilvA and thrA, results support previous results
which show that the threonine pathway is not providing
the highest metabolic flux to a-ketobutyrate. Among the
tested genes, up-regulation of ilvIH and ilvGM showed
the highest reduction of ncBCAA biosynthesis and
misincorporation.

Interestingly, norleucine was the most mis-incorpo-
rated ncBCAA and B-methylnorleucine levels did not
significantly change under the tested experimental condi-
tions, which may suggest that f-methylnorleucine is syn-
thesized by an alternative unknown metabolic pathway.
Potential ilvIH and ilvGM tunable E. coli strains show-
ing a preferred protein impurity profile during screen-
ing in the mini-reactor system were further verified in
a 15 L reactor under cultivation conditions subjected
to pyruvate pulsing and DO limitation, with the same
recombinant mini-proinsulin production and a highly
significant reduction of ncBCAA misincorporation into
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the recombinant protein in comparison with the non-
engineered E. coli strain. This is in accordance with what
was reported at mini-reactor level, thus confirming the
reliability and robustness of the aforementioned strains.
These novel E. coli strains might then be employed as
expression hosts in large-scale reactors for industrial pro-
duction of recombinant proteins with a reduced ncBCAA
misincorporation profile. Testing of the engineered E.
coli strains in alternative scale-down reactors such as a
2-compartment scale-down reactor [35] would give more
hints about their applicability in industrial scale recombi-
nant protein production processes.

Moreover, optimal expression levels of single target
genes leading to a reduction of ncBCAA misincorpora-
tion into recombinant mini-proinsulin were investigated
in this current study. However, it might be also very
interesting to investigate expression regulation of two or
more target genes simultaneously in order to achieve fur-
ther reduction of ncBCAA misincorporation that might
not be possible by just considering a single gene. Rec-
ommended genetic combinations which probably would
provide the lowest production and incorporation of ncB-
CAAs are: (i) down-regulation of leuA and repair or up-
regulation of operon ilvGM, (ii) down-regulation of leuA
and up-regulation of the ilvIH operon. These combina-
tions may be with other methods such as: (i) avoidance
of codons in the sequence gene of interest that cause a
higher ncBCAA misincorporation, (ii) protein engi-
neering to increase specificity of biosynthetic enzymes
for certain a-keto acids, and (iii) protein engineering to
increase specificity of aminoacyl tRNA synthetases for
the canonical amino acids.
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