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Strain specific properties of Escherichia Rl

coli can prevent non-canonical amino acid
misincorporation caused by scale-related
process heterogeneities
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Abstract

Background: Fscherichia coliis one of the most important hosts for production of recombinant proteins in biop-
harmaceutical industry. However, when selecting a suitable production strain, it is often not considered that a lot of
different sub-species exist, which can differ in their genotypes and phenotypes. Another important development step
is the scale-up of bioprocesses with the particular challenge that heterogeneities and gradients occur at production
scale. These in turn can affect the production organism and can have negative impact on the process and the product
quality. Therefore, researchers developed scale-down reactors, which are used to mimic manufacturing conditions in
laboratory scale. The main objectives of this study were to determine the extent to which scale-related process inho-
mogeneities affect the misincorporation of non-canonical amino acids into the recombinant target protein, which is
an important quality attribute, and whether strain specific properties may have an impact.

Results: We investigated two industrially relevant E. coli strains, BL21(DE3) and HMS174(DE3), which produced an
antigen binding fragment (Fab). The cells were cultivated in high cell density fed-batch mode at laboratory scale and
under scale-down conditions. We demonstrated that the two host strains differ significantly with respect to norleu-
cine misincorporation into the target protein, especially under heterogeneous cultivation conditions in the scale-
down reactor. No norleucine misincorporation was observed in E. coli BL21(DE3) for either cultivation condition. In
contrast, norleucine incorporation into HMS174(DE3) was already detectable in the reference process and increased
dramatically in scale-down experiments. Norleucine incorporation was not random and certain positions were pre-
ferred over others, even though only a single codon exists. Differences in biomass and Fab production between the
strains during scale-down cultivations could be observed as well.

Conclusions: This study has shown that £. coli BL21(DE3) is much more robust to scale-up effects in terms of norleu-
cine misincorporation than the K12 strain tested. In this respect, BL21(DE3) enables better transferability of results at
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different scales, simplifies process implementation at production scale, and helps to meet regulatory quality guide-

lines defined for biopharmaceutical manufacturing.

Keywords: Scale-down, Recombinant protein production, Fab, Norleucine misincorporation, Escherichia coli

Background

About 30% of all recombinant therapeutic proteins were
produced in Escherichia coli in the beginning of the last
decade, and new approvals are still made today [1, 2],
demonstrating the importance of this production host for
the biopharmaceutical industry. The advantages of E. coli
as robust, fast growing and well characterized host are
well known in the scientific community [2], but the diver-
sity of clones available in nature and industry is often
overlooked. For example, some subspecies can induce
severe health problems by production of toxins [3], while
others are classified as biosafety level 1 and do not pose a
severe health risk [4]. The different genotypes and result-
ing phenotypes of industry relevant strains were investi-
gated in several studies [5-9].

In large-scale production processes of several m> het-
erogeneities of substrate, dissolved oxygen (DO) and pH
almost inevitably occur due to higher mixing times in
the large-scale tanks [10-12]. These resulting gradients
can affect the production organisms and thus influence
the overall process by decreasing the biomass yield or
increasing the byproduct formation [11, 13]. Moreover,
even the protein of interest (POI) itself can be changed
by the unwanted incorporation of non-canonical amino
acids (ncAA) caused by the heterogenous conditions.

It was reported that norleucine, norvaline and
[-methyl-norleucine can get misincorporated for methio-
nine, leucine and isoleucine, respectively [14]. One pro-
posed mechanism, illustrated by Reitz et al. [14], is based
on an increased flux through the branched-chain amino
acid pathway. This flux change is caused by the overflow
metabolism and pyruvate accumulation in the cell origi-
nating from the heterogeneities the cells are exposed to,
and by the intracellular amino acid depletion due to the
high expression of the POI [15, 16]. Thereby, not only the
production of canonical amino acids is increased, but
also the production of the before mentioned ncAA. The
higher intracellular level of ncAAs increases the prob-
ability of erroneous loading of the corresponding tRNAs,
which results in the misincorporation into the POI [17].
Proteins high in branched chain amino acids, especially
leucine, were reported to be prone to misincorporation,
such as the biopharmaceutical relevant proteins Interleu-
kin-2 [18], bovine somatotropin [15] and recombinant
hemoglobin [19]. The amino acid sequence of biotechno-
logical products is an important specification criterium
for authorities as the European Medicines Agency [20].

The industrial relevance of this problem is further high-
lighted by several patents protecting methods to avoid
the misincorporation by amino acid supplementation to
the medium [21] or molecular biological changes of the
host [22].

To simulate and investigate the scale-effects originating
from heterogenous conditions in large-scales, research-
ers developed scale-down setups [23]. These systems
have laboratory scale and consist of one or more com-
partments in which the production cells are exposed to
different gradients intended to mimic industrial produc-
tion conditions [24—26].

In this study, we used the scale-down setup described
by Mayer et al. [27] to compare the process performance
of the two different industrial relevant E. coli strains,
BL21(DE3) and HMS174(DE3) [2]. These two strains
were chosen due to the genotypic difference of K12 and
B strains regarding the regulation of glucose uptake and
metabolism described in literature [5, 28]. The scale-
down setup was used to generate heterogeneities dur-
ing the process and therefore, simulate a larger scale
(m®). An antigen binding fragment (Fab) was chosen as
model protein, because of its relevance for industry as
biopharmaceutical [29, 30]. Due to the variability of the
different sub-species, we hypothesized that the use of
HMS174(DE3) and BL21(DE3) will reveal differences in
the amount of the incorporated ncAA. Additionally, we
used mass spectrometry to investigate, whether some
methionine positions are favored for norleucine incorpo-
ration, although only one codon exists for this amino acid
for translation [14].

Results

Scale-down compared to laboratory scale cultivations

To generate heterogeneities and gradients, usually occur-
ring at production scale, a scale-down setup was used.
We compared the overall performance of scale-down
cultivations, using a two-compartment setup consisting
of a stirred tank reactor (STR) combined with a plug-
flow reactor (PFR), with lab-scale cultivations in a clas-
sical STR as reference. The two setups had the same size
of 20 L and the only difference of the used processes
were the connection of the plug-flow compartment at
feed start. By generation of heterogeneities in the PFR
of the scale-down setup, conditions similar to the ones
in large-scale (m® range) bioreactors were generated.
Therefore, the results of the scale-down setup should
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mimic the outcome of a large-scale production process.
The E. coli host strains BL21(DE3) and HMS174(DE3)
producing the antibody fragment FTN2, named
B<oFTN2>and H<oFTN2>, were grown in high cell
density cultivations.

Online data for pH and DO from scale-down and
reference cultivations (Fig. 1) already revealed differ-
ences between the strains. One measurement point
(MP) was located in the STR and four MPs were ana-
lyzed along the PFR. The MPs in the PFR correspond
to residence times (RT) of 5 s (sec), 13 s, 20 s and
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33 s, respectively. For B<oFTN2 >, acidification along
the PFR occurred faster at the beginning, but slowed
down after longer RT in the PFR. The pH during
H <oFTN2 > cultivations reached a plateau between
MP1 to MP3 and then dropped from MP3 to MP4.
Therefore, acidification during H<oFTN2 > cultiva-
tions was slower at smaller RT, but higher at the end
of the PFR, compared to cultivations with B<oFTN2>.
Oxygen consumption rate was also different along the
PER between the two strains. For H<oFTN2 >, oxygen
depletion was detected at MP2 over the whole course
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Fig. 1 Online data from scale-down cultivations showing the pH and DO for B<oFTN2 > (a, ) as well as for H<oFTN2 > (b, d). The different
measurement points (MP) correspond to following residence times (RT) in the PFR: MP1—5's, MP2 — 13 5, MP3 - 20 s and MP4 - 33 s. For MPs with
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of the cultivation and even detected at MP1 at the end
of cultivation, where the cell density was high. For
B<oFTN2>, oxygen consumption rate decreased in
the second feed phase, 9 hours (h) after feed start. This
decrease can be seen by the rise in DO at MP2.

The biomass and Fab production for B<oFTN2>,
described by Mayer et al. [27], were used here for com-
parison to H<oFTN2>. During the H<oFTN2>ref-
erence cultivation (without PFR) 81 g/L cell dry mass
(CDM) were reached (Fig. 2a), which is about 10% more
biomass than with B<oFTN2>. However, this difference
in biomass yield was only observed in the second feed
phase (growth rate (1) =0.05 h™?). In the first feed phase
(1=0.17 h™!) B<oFTN2 > reached higher biomasses. The
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CDM reduction in scale-down cultivations compared to
the reference process was about 9% for both strains.

The total specific Fab amount was almost the same with
and without the scale-down setup for H<oFTN2> (Fig. 2
b). Nevertheless, compared to the B<oFTN2 > reference
cultivation, the decrease in Fab amount was a reduction
of 40%. This loss in specific productivity could also not be
compensated by the higher biomass yield of H<0oFTN2>,
which still resulted in a 36% reduced production of Fab.
Notable is that similar to B<oFTN2>the intracellular
Fab fraction was higher during the scale-down cultiva-
tions with H<oFTN2>, even though not so pronounced
(Fig. 2c and d). For the H<oFTN2>reference cultiva-
tions, the extracellular Fab fraction was 14% whereas for
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Fig. 2 Biomass concentration (a) as well as total (b), intracellular (c) and extracellular (d) Fab production, given in mg Fab per g CDM for
B<oFTN2>and H<oFTN2>. Data points show the average of biological duplicates, the error bars indicate the results of the two individual
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the scale-down experiments it was 4%. Considering the
intracellular Fab, the fraction in the inclusion body (IB)
was neglectable compared to the soluble (cytosolic) frac-
tion as can be seen in Additional file 1: Figure S1.

Misincorporation of non-canonical amino acids

To analyze the amount of misincorporated ncAA into
the POI, the Fab was affinity purified, hydrolyzed and
amino acids were quantified by high performance liq-
uid chromatography (HPLC). B-methyl-norleucine was
not targeted by this method and norvaline could not be
quantified, because the concentrations in the samples
were below the detection limit of the method. However, a
higher incorporation of norleucine into the product was
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Fig. 3 Norleucine misincorporation at the five methionine
positions possible in the Fab FTN2. Data points show the average of
biological duplicates, the error bars show the results of the individual
experiments
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observed during cultivations with H<oFTN2> (Fig. 3).
The percentage of methionine positions occupied
were constant over the course of the cultivations, but
increased from approximately 6% to 17% when the cells
were exposed to scale-effects in the PFR. Remarkably,
during the cultivations with B<oFTN2>only 2% of the
possible incorporation sites were occupied with norleu-
cine, even when the scale-down setup was used.

As norleucine could be quantified by the HPLC
method, mass spectrometry (MS) was used to analyze
if some methionine positions are more prone for misin-
corporation than others. Therefore, the purified Fab from
the samples of H<oFTN2> cultivated with the scale-
down setup at the end of fermentation were digested
with trypsin. This treatment led to five target fragments,
each containing one of the methionine positions. Four
methionines were located on the Fab heavy chain (HC),
one was located on the Fab light chain (LC). Table 1
shows the results of the MS analysis given as a percentage
of the abundances of fragments containing norleucine.
Exemplarily shown, 18.44% of the fragment HC 1 con-
tained norleucine while the remaining 81.56% contained
the correct methionine. The average calculated in the last
line of Table 1 shows how much norleucine was incor-
porated on average at all five positions. Therefore, this
average gives the percentage of norleucine incorporation
in the whole Fab molecule and can be interpreted as the
random probability of norleucine misincorporation at
any position. It can be seen, that the fragments HC1 and
LC1 contained elevated values of norleucine compared
to the other fragments, even though only one codon
exists for methionine [14]. This method showed an aver-
age misincorporation of norleucine into the total Fab of
approximately 14%, which is very comparable to the 16%-
17% obtained by the HPLC method. The significance of
the observed differences described in Table 1 could not
be tested by a statistical test, as only duplicates were
measured. To give an estimate for the reproducibility of

Table 1 MS results for the percentage of Fab fragments found with norleucine

Fragment H<oFTN2> Scale-down 1 H<oFTN2> Scale-down 2 Average Norleucine Deviation of single
Norleucine [%)] Norleucine [%] [%] experiments to
average [%]
HC1 18.44 14.53 16.49 +1.96
HC2 13.69 850 11.10 +2.60
HC3 10.66 8.65 9.66 +1.01
HC4 14.35 11.25 128 +1.55
LC1 20.83 17.62 19.23 +1.61
Average 15.59 1211 13.85 +1.74

The results for the biological duplicates of H < oFTN2 > cultivated with the scale-down setup at 29 h after feed start are given. Four fragments resulted from the Fab
heavy chain (HC) and one from Fab light chain (LC). The column ‘Average Norleucine’ represents the average of the biological duplicates, the column ‘Deviation of
single experiments to average’ gives the deviation of the biological duplicates to the average
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the individual experiments, the deviation of the two bio-
logical duplicates to the average is indicated. The devia-
tions of single experiments to average were less than
2.6%, indicating high reproducibility.

Discussion

The comparison of both E. coli strains revealed major dif-
ferences in the process performance during the high cell
density cultivations. H<oFTN2>had a higher biomass
yield, whereas B < oFTN2 >was the much better Fab pro-
ducer. Those findings are in contradiction to Fink et al
[31], where exactly the opposite was found. Nevertheless,
the difference most probably lies in the different media
composition, the different induction strategy and p used
during the feed phase. These results show that the cul-
tivation conditions have a big impact on the behavior of
different E. coli strains during recombinant protein pro-
duction and can even reverse existing results.

The 9% biomass reduction found for H<oFTN2>,
when using the scale-down setup, was almost the same
as for B<oFTN2 > [27]. This reduction is in accordance
with Bylund et al. [11], who reported a 15% biomass
reduction in a 12 m? bioreactor, when the feed was added
directly at the reactor bottom to the medium. In the case
of H<oFTN2>, the total specific Fab production was
not affected by the heterogenous conditions generated
by the scale-down setup, which suggests that this strain
is more robust than B<oFTN2>in this respect. Never-
theless, as B<oFTN2>had a much higher productiv-
ity even during the scale-down cultivations, it would be
advisable to choose this strain for the Fab production
process. Remarkably, also a higher extracellular Fab frac-
tion was found during the reference cultivations with
H<oFTN2>as already described for B<oFTN2>[27].
This finding is supported by other literature describ-
ing that cells become less permeable and therefore more
viable when exposed to heterogenous conditions [32, 33].
For B<oFTN2>, the higher viability of the cells during
the scale-down cultivations could be shown by the lower
extracellular DNA content at fermentation end (Addi-
tional file 1: Table S2), which is a sign for a lower amount
of cell lysis. For H<oFTN2>, no significant difference in
extracellular DNA concentration between reference and
scale-down cultivations could be observed. Therefore, the
higher amount of extracellular Fab in H<oFTN2 > refer-
ence cultivations could not be explained by an increased
amount of cell lysis. The observed increase in cell lysis
during B <oFTN2 > reference cultivations and the distri-
bution of the product between the intra- and extracellu-
lar compartment can complicate downstream processing.
Therefore, an increase in cell membrane robustness and
cell viability can be interpreted as a beneficial scale-
effect. In this respect, it is also important to mention that
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the intracellular Fab fraction was produced soluble in the
periplasm and was not aggregated into IB, which would
make an additional refolding process necessary.

One of the most interesting findings of this study was
that B<oFTN2>did not show increased norleucine
incorporation into the Fab product. This is in accordance
with Ni et al. [34], who did not find ncAA incorpora-
tion into a recombinant protein vaccine candidate when
they used BL21(DE3) during well-mixed laboratory scale
cultivations. However, it is a novelty that we could show
that the incorporation did not even take place, when the
cells were exposed to the heterogenous conditions in our
scale-down setup, which should favor the production of
ncAA. The misincorporation for H<oFTN2>could be
interpreted as high, by keeping in mind that a value of
20% would mean that each Fab contains on average one
norleucine, as the Fab contains five methionine positions.
It is also notable to mention that the used Fab FTN2 is
not rich in branched chained amino acids (leucine: 7.1%,
valine: 8.5%, isoleucine: 2.5%) or methionine (1.1%),
which should make it less prone for misincorporation
[14].

These results highly suggest that BL21(DE3) and
HMS174(DE3) have different strategies to cope with the
effects induced by the scale-down setup. The online data
shown in Fig. 1 further support this hypothesis by show-
ing that H<oFTN2>had an increased oxygen demand.
Additionally, H<oFTN2>released acidifying metabo-
lites, like organic acids or carbon dioxide, after longer RT
in the PFR and then to a higher extent than B<oFTN2>.

Marisch et al. [5] reported that the gene for the outer
membrane porin C (ompC), a porin responsible for car-
bon transport, is dysfunctional in BL21. Altered carbon
transport into the cell could result in different amounts
of pyruvate produced and therefore alter the flux to the
branched chain amino acid pathway.

BL21 strains were reported to produce less acetate
than K12 strains [35], which shows that the cells handle
overflow metabolism in a different way. It is controver-
sially discussed if this difference in acetate production
originates from the use of the glyoxylate shunt in the
tricarboxylic acid cycle [5, 28, 36]. However, as the cells
are exposed to oxygen limitation in the PFR, a higher
flux through the TCA cycle is in our opinion unlikely.
Therefore, pyruvate produced in the cell has to be chan-
neled to other pathways. Yoon et al. [7] reported that
the biosynthesis of amino acids is upregulated in a B
strain compared to a K12 strain. This increase in amino
acid synthesis would have several advantages and could
explain our findings. The cell would have an option to
cope with the overflow metabolism induced by the scale
effects and the higher intracellular levels of canonical
amino acids would lower the chance of misincorporation
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of ncAA, due to affinity differences [17]. Additionally, the
higher availability of amino acids could be beneficial for
recombinant protein production [7]. Nevertheless, the
comparability between the study of Yoon et al. and ours
is limited. Yoon et al. used other K12 strains as described
in our study. Additionally, the cells were cultivated in
glucose-unlimited shake flask cultures, whereas we used
carbon-limited fed-batch bioreactor cultivations.

In this study, no elevated values of incorporated nor-
valine were detected during scale-down experiments,
whereas reports of norvaline incorporation exist in the
literature [19]. However, according to Reitz et al. [14], in
most cases either norleucine or norvaline incorporation
were reported. This behavior could also be a strain- or
protein-dependent issue.

Another outcome of the study was information
about the positions where the norleucine incorpora-
tion occurred. As expected, it could be shown that mis-
incorporation occurred at all methionine positions, as
only one codon for methionine exists. Nevertheless, the
probability to find norleucine was higher especially at
the positions at the beginning of HC and LC. The fact
that the incorporation is not completely random was
reported also by other authors [37]. Possible explanations
for this phenomenon could be differences in the adjacent
codon context of the methionine codons, or the second-
ary structure of the growing protein chain, where it was
described that incorporation is more likely in random
coils than in defined structures [38].

Conclusions

In this study, we clearly demonstrated that different
E. coli strains react differently to heterogenous condi-
tions induced by a scale-down setup. This difference was
shown not only for biomass and recombinant protein
production, but also for ncAA misincorporation into the
product. Using the host strain BL21(DE3), this unwanted
phenomenon was avoided even in scale-down cultiva-
tions, which should favor misincorporation. Another
finding was that the probability for incorporation of the
ncAA norleucine was not the same at each methionine
position. Even if only one codon is used for translation,
favored positions seem to exist. The authors are aware
that experiments at large-scale (m? range) would be ben-
eficial to verify the results obtained from the scale-down
setup. However, as a setup was used, which is commonly
acknowledged by the scientific community to reproduce
large-scale effects, this study describes a simple option
to avoid ncAA misincorporation into recombinant pro-
teins during process scale-up. By the use of more robust
strains, e.g. BL21(DE3), no additional measures have to
be taken, neither during the process, nor during strain
engineering. This avoids the risk of violating existing
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patents protecting those methods and can help to pro-
vide safe biopharmaceuticals sticking to the authority’s
guidelines after a fast scale-up.

Methods

E. coli reference and scale-down cultivations

To test the behavior of two different industrial rele-
vant E. coli strains during scale-down experiments, the
strains BL21(DE3) (New England Biolabs, USA) and
HMS174(DE3) (Novagen, USA) were used. For recom-
binant protein production, the sequence of the Fab
FTNZ2, specific for tumor necrosis factor a (TNFa), was
genome-integrated together with an OmpA translocation
sequence, to direct the Fab to the periplasm, as described
by Fink et al. [39]. The resulting strains were called
B<0oFTN2>and H<oFTN2 >respectively.

To investigate the influence of scale-effects on the
process, a custom-build laboratory scale-down setup
was used [27]. For that purpose, the scale-down setup
was designed on results from computational fluid
dynamics simulation of a lab-scale and a production
scale bioreactor. We chose a two-compartment system
consisting of STR (Bioengineering, Wald, Switzerland)
and a PFR to generate the conditions of a m? scale bio-
reactor in laboratory scale. Briefly, the STR had a maxi-
mum working volume of 20 L and the PFR a volume of
4.16 L. For the reference cultivations, only the 20 L STR
was used, for the scale-down experiments, the PFR was
connected at the beginning of feeding phase and the
feeding solution was added at the beginning of the PFR.
Apart from the connection of the PFR, the procedure of
the reference and scale-down experiments was exactly
the same. The strains were cultivated in carbon-limited
fed-batch mode with glucose to high cell densities.
Details about the used media, process characteristics
and design of the scale-down setup are extensively
described by Mayer et al. [27]. Briefly, the fermenta-
tion strategy consisted of two exponential growth
phases with a p of 0.17 h™! for the first 9 h, followed
by a second phase with a y of 0.05 h-! for another 20 h.
The batch medium was a semi-synthetic medium con-
taining yeast extract, where the salts and glucose were
added according to the amount of biomass to be pro-
duced. The feed solution contained 54% (w/w) glucose
as carbon source and had the same composition as the
batch medium, except for yeast extract, PPG 2000 and
NH,SO,, which were only added to the batch medium.
The process was designed to produce 120 g CDM in
10 L medium until batch end. In the feed phase, the
CDM should be increased to 1506 g CDM in approxi-
mately 18 L. The pH was set to 7 and the DO to 40%.
Due to oxygen supply problems at the end of cultiva-
tions with B<oFTN2>, all cultivations with this strain
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were stopped half an hour earlier. 19 h after feed start,
induction was done with a single pulse of 1 pmol IPTG
per g CDM calculated for the biomass at fermentation
end.

Biomass and product analysis

For biomass analysis, gravimetrical CDM und ODyg,
measurements were done according to Marisch et al
[6]. The sampling of cell pellets for intracellular prod-
uct analysis was described by Fink et al. [31]. For
extracellular Fab analysis, cell supernatant was stored
at — 20 °C. The cell lysis protocol and the Fab quanti-
fication by a sandwich enzyme-linked immunosorbent
assay (ELISA) was described in the literature previously
[27, 39].

Fab purification

To purify Fab for ncAA analysis, 45 mL cell suspension
were sampled at 23 h and 27 h after feed start as well as
at fermentation end. The suspension was centrifuged, the
supernatant was discarded and the pellets were stored at
— 20 °C. For Fab extraction the cells were resuspended in
buffer containing 100 mM Tris and 10 mM EDTA at pH
8, to approximately 22% (w/w). 1.5 mL of the suspension
were aliquoted and the samples were incubated for 1 h at
60 °C at a shaking frequency of 400 rpm (Thermomixer
comfort, Eppendorf, Germany). Afterwards the suspen-
sion was centrifuged for 20 min at 21,000 rcf. The super-
natant was stored and filtered with a 0.22 pm syringe
filter. 12 mL of the extract were used for purification with
ProteinG affinity chromatography.

An AKTA™ pure workstation (Cytiva, Sweden) was
used in combination with a KanCap'" G (Kaneka, Japan)
prepacked column. Sample load was done via the sample
pump and elution was done with a step elution. Detailed
information about the used buffers, as well as the purifi-
cation protocol is given by Schimek et al. [40]. An exem-
plary chromatogram can be found in Additional file 1:
Figure S2a. The eluted purified Fab solution was stored at
4 °C and used for ncAA quantification by HPLC.

For the samples taken at fermentation end, additional
purifications were performed. During these runs the
eluted Fab solution after the affinity purification was
collected in a sample loop and loaded on a Source 15S
column (Cytiva, Sweden) for cation exchange (CIEX)
chromatography. This step was used to further analyze
the purified Fab. The used buffers and chromatography
protocol can be found in literature [40]. A chromatogram
can be found in Additional file 1: Figure S2b. The result-
ing peak during the elution step was fractioned and ana-
lyzed by MS.
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Fab hydrolysis and non-canonical amino acid analysis
using HPLC

Prior to ncAA amino acid quantification the affinity puri-
fied Fab had to be hydrolyzed to obtain the free amino
acids. Therefore, aliquots containing approximately 10 pg
Fab were transferred to 1 mL glass ampoules (SCHOTT,
Germany). 10 nmol of taurine (Sigma-Aldrich, MO,
USA) were added as internal standard and the solution
was dried by using a Savant SPD131DDA SpeedVac
concentrator (Thermo Fisher Scientificc MA, USA) at
45 °C. After this step 100 pL of a solution containing 6 M
HCI, 0.1% Phenol and 0.1% Thioglycolic acid were added.
A centrifuge was used to spin down the solution and
hydrolysis was started for 24 h, at 100 °C under vacuum.
The solution was again dried and the hydrolyzed Fab was
dissolved in 100 pL high-quality water (Ultra Clear Basic,
SG, Germany). The sample was transferred to a HPLC
vial and was used for further analysis.

For amino acid separation and quantification, a Series
1050 HPLC (Hewlett Packard/Agilent Technologies,
CA, USA) was used together with a Kinetex® 5 pm C18
100 A, 250 x 4.6 mm, liquid chromatography column
(Phenomenex, CA, USA). The samples were precolumn
derivatized by using 4 pL o-Phthaldialdehyde dissolved
in 0.4 M sodium borate buffer pH 10.0 containing 1%
Brij 35 and 0.4% 2-mercaptoethanol [41]. For the separa-
tion 100 mM Na-acetate buffer pH 6.6 with 1% Tetrahy-
drofuran and 0.001% Na-azide was used as solvent (A).
The elution buffer (B) was a solution containing 50%
35 mM Na-acetate pH 6.6 and 50% Acetonitrile. A gra-
dient from 20% to 57% B for 25 min was used and fol-
lowed by a second gradient from 57% to 95% B for 4 min.
Afterwards 100% Acetonitrile was applied for 2 min fol-
lowed by 4 min of 25% B to regenerate the column. The
flow rate was 1.2 mL/min during the whole process and
the pressure was at 180 bar. For detection a RF-10AXL
fluorescence detector (Shimadzu, Japan) at an excitation
wavelength of 340 nm and an emission wavelength of
450 nm was used. Elution profiles can be seen in Addi-
tional file 1: Figure S3.

The peak area of the internal taurine standard was used
together with empirical correction factors (Additional
file 1: Table S3) and the peak areas of the different amino
acids to calculate the corresponding amino acid concen-
trations in the affinity purified samples (Class-VP v5.03,
Shimadzu, Japan).

Mass spectrometry

The samples after CIEX chromatography were
S-alkylated with iodacetamide and digested in-solution
with trypsin (Promega, WI, USA). The digested sam-
ples were loaded on an ACQUITY PRM HSST 3.1 C18
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column (1.8 pm, 2.1 x 150 mm, Waters, MA, USA).
0.1% formic acid was used as aqueous solvent (A) and
a mixture of 80% Acetonitrile and 20% A was used as
elution buffer (B). A gradient from 3.5% B to 40% B in
35 min was applied and followed by a gradient from
40% B to 95% B in 5 min at a flow rate of 6 uL/min. The
second gradient should facilitate the elution of large
peptides. An Agilent Series 6560 LC-IMS-Q-TOF-MS
instrument (Agilent, CA, USA) with the Jetstream ESI
source in positive ion, switching to MS—MS mode for
eluting peaks (DDA mode) was used for detection.
MS-scans were recorded from 400 — 3200 Da and the 5
highest peaks were selected for fragmentation. Calibra-
tion was done using ESI calibration mixture (Agilent,
CA, USA).

Norleucine was quantified by using the software Sky-
line (version 21.2) and integration of the extracted-ion
chromatograms of the first four isotopic peaks of the
peptides. Additionally, the analysis files were converted
to mgf files for further analysis using MS/MS ion search
with X!-Tandem. The files were searched against an E.
coli database, additionally containing the sequence of
the used Fab FTN2.
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