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ARTICLE INFO ABSTRACT

Keywords: Biotin, thiamine, and lipoic acid are industrially important molecules naturally synthesized by microorganisms
Biotin via biosynthetic pathways requiring iron-sulfur (FeS) clusters. Current production is exclusively by chemistry
Lipoic acid because pathway complexity hinders development of fermentation processes. For biotin, the main bottleneck is

Tpiam}ne biotin synthase, BioB, a S-adenosyl methionine-dependent radical enzyme that converts dethiobiotin (DTB) to
;fltamlr;fsu st biotin. BioB overexpression is toxic, though the mechanism remains unclear. We identified single mutations in
ron-sulifur cluster . . . . . .

IscR the global regulator IscR that substantially improve cellular tolerance to BioB overexpression, increasing

Escherichia coli DTB-to-biotin biocatalysis by more than 2.2-fold. Based on proteomics and targeted over-
expression of FeS-cluster biosynthesis genes, FeS-cluster depletion is the main reason for toxicity. We demon-
strate that IscR mutations significantly affect cell viability and improve cell factories for de novo biosynthesis of
thiamine by 1.3-fold and lipoic acid by 1.8-fold. We illuminate a novel engineering target for enhancing bio-
synthesis of complex FeS-cluster-dependent molecules, paving the way for industrial fermentation processes.

1. Introduction

Vitamins are organic compounds essential for both humans and
animals. They are widely used in food, feed, cosmetics, and pharma-
ceuticals. Most vitamins are currently produced by chemical synthesis
because of challenges in establishing economically competitive, bio-
based production alternatives. For some vitamins, including thiamine
(vitamin B1), lipoic acid, and biotin (vitamin B7), slow catalysis of key
enzymes is a significant barrier (Acevedo-Rocha et al., 2019; Cramer
and Jarrett, 2018; Cronan, 2014; Palmer and Downs, 2013). The slow
biosynthetic enzymes are phosphomethylpyrimidine synthase (ThiC)
for the thiamine pathway, lysosomal acid lipase/cholesteryl ester hy-
drolase (LipA) for lipoic acid, and biotin synthase (BioB) for biotin. All
are S-adenosyl methionine (SAM) radical enzymes that use iron-sulfur
(FeS)-clusters for catalysis. These FeS-clusters are oxygen sensitive and
require anaerobic conditions for isolation and in vitro studies, making
the enzymes challenging to investigate (Broderick et al., 2014).

Production of some vitamins, such as riboflavin, has successfully
transitioned from chemical synthesis to a biotechnology-based process,
with others in development (Acevedo-Rocha et al., 2019;
Schwechheimer et al., 2016). However, despite decades of strain
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engineering efforts by industry and academia (Brown et al., 1991;
Sakurai et al., 1993; Xiao et al., 2019), commercial biobased production
of biotin, thiamine and lipoic acid is too inefficient to replace the
chemical synthesis processes (Brown and Komagowa, 1991).

A major bottleneck in biotin production is BioB, which catalyzes the
last step in the pathway, converting dethiobiotin (DTB) to biotin
(Fig. 1a) (Ifuku et al., 1995; Xiao et al., 2019). Evidence for the bot-
tleneck is that engineered biotin cell factories accumulate DTB. An
engineered Bacillus subtilis strain overexpressing native biotin genes
reportedly produces 4 mg/L biotin and > 600 mg/L DTB in a 30 h
fermentation, supplemented with 1 g/L pimelic acid and 7.5 g/L lysine
(Van Arsdell et al., 2005). Xiao et al. also reports BioB as a bottleneck in
Pseudomonas mutabilis cell factories producing 270 mg/L biotin in a fed-
batch fermentation of 174 h supplemented with 1 g/L pimelic acid
(Xiao et al., 2019). The highest reported fermentation titer of biotin is
600 mg/L, achieved by multiple rounds of random mutagenesis and
antimetabolite selection combined with overexpression of a mutated
biotin operon in Serratia marcescens (Masuda et al., 1995). However,
also this strain accumulated DTB (200 mg/L) and fermentation time
was 11 days, which is infeasible for industrial purposes. Despite these
reports of progress, an additional 10-20 fold process performance is
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still required for an industrially competitive fermentation process.
The complex catalysis of BioB requires two SAM equivalents and
sulfur donation from the [2Fe2S] cluster, one of two BioB FeS-clusters.
This mechanism presumably requires cluster regeneration after each
turnover (Cramer and Jarrett, 2018). BioB has a low turnover number
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and a slow catalysis when characterized in vitro (Broderick et al., 2014;
Jarrett, 2005). In addition, when overexpressed in vivo, BioB inhibits
growth (Ifuku et al., 1995), impeding development of biotin cell fac-
tories (Qiu et al., 2019; Sakurai et al., 1995). Ifuku et al. further de-
monstrated that growth inhibition by BioB overexpression is
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Fig. 1. Mutant IscR increases tolerance to BioB expression and enables higher biotin production titers.

Toxicity when overexpressing BioB was used as the foundation for assays to select for colonies with improved tolerance for BioB expression. a) Schematic pre-
sentation of the Escherichia coli biotin biosynthesis pathway utilizing the fatty acid cycle for two rounds (2x) to build pimeloyl-ACP. The bioB gene encoding the FeS-
cluster enzyme BioB is shown in red and important co-factors in gray. Abbreviations: SAM, S-adenosyl methionine, SAH, S-adenosylhomocysteine, AMTOB, S-
adenosyl-2-oxo-4-methylthiobutyric acid, 5’-DOA, 5’-deoxyadenosine. b) General workflow for selecting mutant strains with increased BioB tolerance. ¢) Selection
behavior on mMOPS plates of strains under low and high BioB expression: 10° cells were plated and incubated at 37°C for 24 h. d) Structural representation of
dimerized apo-IscR bound to hya DNA with identified mutations in gray in stick drawings (L15F and H107Y; C92Y was not part of the crystal structure). e) Biotin
production titers of three different IscR mutants identified through selection for improved tolerance to BioB expression. N = 4, error bars represent standard
deviation. Individual replicates are shown in light gray circles. f) Growth rate data on IscR mutant strain H107Y at different induction levels, explicitly stated in black
boxes. Darker color means increasing induction. N = 4, error bars represent standard deviation. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

independent of the biotin-forming activity (Ifuku et al., 1995).

Multiple hypotheses exist for the observed toxicity of BioB over-
expression including generation of reactive oxygen species (ROS)
(Imlay, 2006; Van Arsdell et al., 2005), insufficient FeS-cluster supply
or limitations in iron availability (Reyda et al., 2008), depletion of
SAM/sulfur availability, and product inhibition by 5’-deoxyadenosine
(Choi-Rhee and Cronan, 2005; Parveen and Cornell, 2011; Streit and
Entcheva, 2003). The mechanisms of BioB overexpression toxicity are
thus numerous and previous rational engineering strategies have had a
low success rate.

Using growth selection, we identified specific point mutations that
improve cellular tolerance to BioB overexpression and significantly
increase biotin biosynthesis. All mutations were in a global regulator
involved in FeS-cluster biogenesis. Using proteomics and various en-
gineering strategies we elucidated main cellular effects caused by the
mutations. We further show that the mutations improve lipoic acid and
thiamine production titers. These results emphasize how synergistic
effects might drive metabolic engineering efforts.

2. Results
2.1. Mutant IscR improves biotin cell factories

We exploited the toxic phenotype to select for mutant E. coli with
increased tolerance for BioB overexpression (Fig. 1b). We built an ex-
pression construct that allowed BioB expression to be induced with
isopropyl-p-D-thiogalactoside (IPTG) to levels that inhibit wildtype
growth. At high BioB induction we observed a survival rate of ap-
proximately 1 in 10° plated cells (Fig. 1c). In order to generate diversity
cells were passaged in liquid culture without any selection conditions.
The resulting culture was then plated at the selective condition of high
BioB induction. We had separately performed the selection in liquid
medium, but found the final population to be less diverse as single fast-
growing mutants quickly overtook the culture. Therefore we continued
with selection on solid agar, choosing 90 surviving colonies from a
population of 5-10° cells for further investigation, including confirma-
tion of the improved growth phenotype as well as their DTB to biotin
conversion rate. We hypothesized that some of these colonies might
have spontaneous mutations that enabled them to tolerate higher levels
of BioB expression. Five colonies that had improved biotin production
levels were whole genome sequenced and their assembled genomes
were compared to the parent. The sequencing revealed three unique
strains that each harbored a single, unique mutation in the same gene:
iscR, which encodes a dual regulator of E. coli FeS-cluster assembly. The
three identified point mutations encode amino acid changes in E. coli
IscR of L15F, C92Y and H107Y (Fig. 1d).

Strains with a mutant IscR were compared to the parent strain
(BS1011) and evaluated as potential cell factories based on DTB to
biotin conversion and growth profiles at several levels of induced BioB
expression. Biotin formation profiles were similar for the three mutants
(Fig. 1e), reaching maximum titers of almost 2 mg/L in minimal media
representing a 2.2-fold increase in production over the parent strain.
With a final OD600 of 2, this corresponds to a productivity of 0.1 mg/
gCDW/h. Biotin production increased with IPTG induction of BioB
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expression from 0 to 0.1 mM IPTG, after which biotin titers plateaued at
~2 mg/L for the mutant strains. Production of the parent strain, how-
ever, started decreasing above 0.1 mM IPTG induction, correlating with
significantly reduced growth (Fig. 1f). The three mutant strains had
similar growth profiles (Fig. 1f has IscR H107Y only with data on other
strains in Supplementary Fig. S3).

IscR is a global regulator in E. coli, affecting expression of more than
40 genes (Giel et al., 2006). IscR regulates FeS-cluster assembly through
transcriptional repression of the isc-operon and activation of the suf-
operon, which are the two main FeS-cluster biosynthesis pathways in E.
coli. IscR activity depends on the intracellular FeS-cluster level, through
IscR binding to a [2Fe2S] cluster (Fig. 2a, b). For example, IscR will
only repress transcription of the isc-operon when bound to a [2Fe2S]-
cluster (holo-form), while activation of the suf-operon by IscR may
happen both in holo- and apo-form (without a [2Fe2S]-cluster) (Py and
Barras, 2010). Four amino acids coordinate FeS-cluster binding in IscR:
C92, C98, C104, and H107 (Fleischhacker et al., 2012). Two of the
three mutated amino acids in the selected strains were part of this
binding motif (C92Y and H107Y). The L15F mutation has not yet been
described in the literature to our knowledge.

2.2. Proteomics elucidate cellular effects of IscR mutations

Having confirmed that the three strains with IscR mutations pro-
duced similar high titers of biotin, we elucidated the global protein
changes caused by overexpressing BioB and mutating IscR. Nontargeted
label-free proteomics quantification was carried out for mutant strain
BS1353 (IscR H107Y) at two BioB induction levels (MutL, 0.025 mM
IPTG induction, and MutH, 1 mM IPTG induction). Control strains were
IscR wildtype (BS1011, WT) with the BioB expression plasmid and re-
ference strain (BS1013, Ref) with native BioB expression, both at si-
milar induction levels as the lowly induced BS1353.

Based on ANOVA analysis with Bonferroni correction for multiple
testing, almost 200 proteins were differentially expressed in the mutant
strain compared to a nonmutant IscR strain with wildtype BioB ex-
pression (Supplementary Table S4). Proteomics data showed that BioB
protein levels were low in the wildtype strain without the BioB ex-
pression plasmid (~0% of total soluble protein, Ref). BioB levels were
high in the wildtype strain with BioB overexpression induced at
0.025 mM IPTG (~1% of total soluble protein, WT). At 0.025 mM IPTG,
the strain carrying the IscR mutation (MutL) had BioB levels similar to
the wildtype, while at high induction (1 mM IPTG, which is toxic to
wildtype cells), BioB levels were 2-fold higher than wildtype (~2% of
total soluble protein, MutH). We further measured biotin production by
the same four cultures after feeding with DTB and found that biotin
levels correlated linearly with the level of soluble BioB (Fig. 2¢). Hence,
the data showed that the IscR mutation allowed cells to have higher
levels of BioB protein and that BioB enzyme activity per protein was
constant across induction levels and strain backgrounds.

Next, we considered the FeS-cluster biosynthesis pathways: The
protein levels of most proteins from the isc- and suf-operons increased in
the IscR mutant strain compared to the corresponding wildtype strain
with BioB overexpression at induction with 0.025 mM IPTG. This result
was consistent with the regulatory function of IscR. In the apo-form,
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Fig. 2. Elucidation of the effects of identified IscR mutations using proteomics. Isc- and suf-operons constitute the two main pathways for FeS-cluster biogenesis,
both regulated by IscR. Mutations in IscR were found in strains with elevated biotin production and proteomics was performed to compare protein levels in strains
with and without IscR mutations. a) Schematic presentation of the isc-operon with the IscR regulatory mechanism. b) Schematic presentation of the suf-operon,
including effects on expression from transcriptional regulators IHF, OxyR and FUR. c¢) Relationship between BioB protein expression and measured extracellular
biotin produced from DTB for 3 strains at 2 induction conditions, low; 0.025 mM IPTG, high; 1 mM IPTG. Individual replicates are shown as separate dots, n = 3. d)
Percentage protein content of proteins from isc- and suf-operons. N = 3, error bars represent standard deviation; individual replicates are in gray circles. e) Relative
expression of proteins with significantly changed expression levels based on ANOVA with 95% confidence interval, Bonferroni correction, grouped based on protein
function with potential influence on BioB reaction. Abbreviations in the figure; Ref: BS1013 (wildtype IscR) holding pBS430, induced at 0.025 mM IPTG, WT: BS1011
(wildtype IscR) holding pBS412, induced at 0.025 mM IPTG, MutL: BS1353 (IscR H107Y) holding pBS412, induced at 0.025 mM IPTG, MutH: BS1353 (IscR H107Y)

holding pBS412, induced at 1mM IPTG.

without a bound FeS-cluster, IscR binds psys to activate it and dis-
sociates from p;;.g resulting in derepression (Fig. 2a, b) (Fleischhacker
et al., 2012; Yeo et al., 2006). In the IscR mutant strain, levels of pro-
teins from the suf-operon protein were even higher at high induction of
BioB (1 mM IPTG) than at lower induction (0.025 mM IPTG) (Fig. 2d).
The proteomics data suggested that toxicity observed in IscR wildtype
cells overexpressing BioB could be due to FeS-cluster depletion.

To understand the global effects of mutating IscR, we used pro-
teomics data to compare the relative protein levels of wildtype and
mutant IscR strains with functional BioB expression plasmids: 15 pro-
teins had significantly changed levels (Fig. 2e), of which only SufA, IscS
and NfeR (YqjI) are members of the IscR regulon (Giel et al., 2006).
Comparing protein levels of strains at low induction (0.025 mM IPTG,
WT and MutL), we observed that SufA, IscS, NfeR, Ndh, GdhA, MetB,
PepB, and GsiA levels were increased in the IscR mutant strain (MutL),
while protein levels of FtnA, NadA, NlpA, BamE and ThiF were de-
creased. Similarly, we found that levels of SufA, Ndh, GdhA and MetB
further increased and FtnA further decreased in IscR mutant strains
with high BioB induction (MutH) compared to low BioB induction
(MutL). Also, in IscR mutant strains, relative protein levels of YfcF,
EntC, BamE and ThiF were higher with high BioB expression than low
expression while NfeR and GsiA levels were lower.

We observed an effect on the level of proteins involved in oxidative
stress, iron availability and electron transfer potential such as YfcF,
EntC and Ndh (Kanai et al., 2006; Nahlik et al., 1989; Price and
Driessen, 2010). Also, biosynthesis of methionine, a highly oxidation-
sensitive amino acid (Ezraty et al., 2017), was affected by mutation in
IscR through MetB and NIpA (Ferla et al., 2019; Zhang et al., 2003),
which are involved in methionine biosynthesis, although the me-
chanism is not clear. These results illustrate that the effects of mutating
IscR were global and likely extended beyond FeS-cluster biogenesis.

2.3. Combining IscR mutations was not additive

We hypothesized that the three identified IscR mutations each dis-
rupted FeS-cluster binding. If binding was completely disrupted by each
mutation, combining the mutations would have no synergistic effects.
However, if binding was only partially disrupted, combining the mu-
tations could lead to full FeS-cluster binding disruption, leading to the
phenotypic effect of further increased biotin production. The effect of
combinatorial mutations in IscR as well as iscR deletion on expression of
enzymes in the isc- and suf-pathways, has been investigated in detail for
other processes (Fleischhacker et al., 2012; Yeo et al., 2006). Sub-
stituting alanines for any or all of the three FeS-coordinating cysteines
of IscR results in similar changes in expression from the sufA and iscR
promoters (Yeo et al., 2006). A similar expression profile is seen in
strains with an IscR H107A mutation (Fleischhacker et al., 2012).
However, expression profiles from strains combining mutations in H107
with any FeS-cluster coordinating cysteines have not been reported.

We introduced the three mutations we identified in all seven com-
binatorial possibilities using multiplex genome engineering and tested
for biotin production under expression conditions of 0, 0.01 and 0.1
mM IPTG (Fig. 3a). Overall, biotin production profiles for the combi-
natorial mutant strains were comparable to the single-mutant strains.
This result suggested that mutating either of the FeS-cluster

coordinating amino acids completely disrupted the IscR FeS-cluster
binding ability. Also, mutant strains with the L15F substitution in IscR
had a production profile similar to the other strains. From the IscR
crystal structure, position L15 is proximal to the FeS-cluster co-
ordinating amino acid H107Y (Fig. 1d). We do not further elucidate the
structural mechanism of the L15F mutation. The phenotypic effect of
this mutation is similar to the two mutations that disrupt binding of the
FeS-cluster in IscR in all variables measured. Therefore, we expect the
L15F mutation to also disrupt binding of the FeS-cluster to IscR.

2.4. Comparing engineering strategies for FeS-cluster supply

Our results indicated that FeS-cluster assembly was a limiting factor
in BioB expression. We tested if previously reported engineering stra-
tegies to enhance FeS-cluster availability for other FeS-cluster enzymes
through rational modification of iscR further improved BioB expression
and biotin production. Deleting iscR to derepress the isc-operon has
been shown to improve hydrogenase activity and hydrogen production
in E. coli (Akhtar and Jones, 2008; Kuchenreuther et al., 2010). In ad-
dition to engineering IscR, overexpression of either the isc- or suf-op-
erons improves expression and/or activity of the FeS-cluster enzymes
holo-ferredoxins (Nakamura et al., 1999), nitrogenases (Li et al., 2016),
LipA (Kriek et al., 2003) and IspH (Grawert et al., 2007).

We generated an iscR knockout strain by introducing premature stop
codons at amino acid positions 22 and 33 of iscR (Fig. 3b) and biotin
production was evaluated at three induction conditions (0, 0.01, and
0.1 mM IPTG). The iscR knockout strains had production profiles
comparable to the IscR wildtype strain and growth toxicity from BioB
overexpression was not mitigated. Deleting iscR increases pjscr expres-
sion and decreases psua €xpression (Yeo et al., 2006). The finding that
iscR knockout strains were similar to the IscR wildtype strain suggested
that the expected increase in isc-operon expression did not supply en-
ough FeS-cluster formation capacity to overcome growth inhibition
from BioB overexpression.

The effect on biotin production from overexpressing the isc- and suf-
operons was evaluated using plasmid libraries expressing native E. coli
SUfABCDSE or iscSUA-hscBA-fdx-iscX operons with 16 different con-
stitutive promoters with predicted strength ranging from 3 arbitrary
units (AU) to 866 AU (V K Mutalik et al., 2013). Cells with the libraries
had low viability, with only four unique operon plasmids identified
from 96 sequenced colonies. More than half of the sequenced colonies
had lost the isc- or suf-plasmid, suggesting that plasmid expression was
a burden to the cells. The strongest identified predicted promoter
strength was 156 AU for the isc-operon and 99 AU for the suf-operon
(Supplementary Table S2), which was at the lower end of the library
range. We did not investigate if host viability correlated with promoter
strength.

We evaluated the effect on biotin production of the four uniquely
identified constructs (Fig. 3c). Co-expression of either the isc- or the suf-
operon constructs with the BioB-overexpressing plasmid improved
biotin titers 1.2-fold to 2-fold compared to the wildtype IscR control
strain. The best-performing auxiliary construct expressed the suf-operon
from the apFAB251 promoter with a predicted strength of 30.1 U
(Vivek K Mutalik et al., 2013) and had approximately 80% the biotin
production of the reference strain with mutated IscR (suf-D7 vs. IscR
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Fig. 3. FeS-cluster engineering in E. coli. After identifying three unique mutations in IscR, hypothesized to affect FeS-cluster binding, metabolic engineering
strategies were used to evaluate and compare effects on biotin production. Error bars represent standard deviation and individual replicates are in gray circles. All
strains expressed BioB from plasmid pBS412. a) Biotin production data for a combinatorial IscR mutant strain compared to a single mutant strain and wildtype
reference strain (WT) (n = 4). Naming is based on IscR genotype. b) Biotin production data of iscR knockout strains (E22* +/— E33*) and strains with predicted
increased expression of the C92Y IscR mutant through RBS, ribosome binding site, engineering. The predicted relative increases are 21x and 42x. Expression is
compared to an IscR mutant strain with native RBS and IscR wildtype (n = 3). ¢) Biotin production data of IscR wildtype (WT) strains carrying plasmids expressing
promoter libraries of isc- or suf. Mutant and wildtype IscR control strains carried control plasmid expressing GFP instead of isc- or suf-operon (n = 6).

H107Y, Fig. 3c).

Plasmid overexpression of isc- and suf-operon was hypothesized to
be a burden to cells based on low viability with the expression library,
which is a drawback for the genetic stability of cell factories (Rugbjerg
et al.,, 2018). We hypothesized that a stronger ribosome-binding site
(RBS) in front of mutant iscR would elevate levels of apo-IscR, leading
to suf-operon activation and slightly higher isc-operon expression
(Fig. 4), while being a lower burden to the cells compared to plasmid
overexpression of isc- or suf-operon. However, engineering to increase
RBS strength did not increase biotin titer. Mutant IscR strains with an
altered RBS produced more biotin than the IscR wildtype strain but
~30% less than strains with native RBS (Fig. 3b). The decrease in biotin
production could be due to predictions about RBS strength, which have
high inaccuracy (Salis, 2011), or might be caused by altered expression
in parts of the IscR regulon other than isc and suf.
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2.5. IscR mutations improve production from other FeS-cluster-dependent
pathways

We investigated if other potential cell factories with FeS-cluster
enzymes benefited from IscR mutations. ThiC in thiamine biosynthesis
and LipA in lipoic acid biosynthesis are FeS-cluster enzymes that are
proposed bottlenecks in their production because of low catalytic rates
(Cronan et al., 2005; Palmer and Downs, 2013). We hypothesized that,
like BioB, increased expression of these enzymes would improve flux
towards their products, but with a high risk of FeS-cluster depletion.

In the lipoic acid biosynthesis pathway (Fig. 5a), LipA catalyzes the
last step converting octanoic acid to lipoic acid. Plasmid overexpression
of the isc-operon improves expression of soluble LipA in cell lysates
(Kriek et al., 2003). Based on Fe and S measurements in soluble vs.
insoluble cell lysate fractions, Kriek et al. suggest this increase is due to
increases in FeS-cluster-bound holo-LipA, with apo-LipA in the in-
soluble fraction. Catalysis by LipA is reported to be similar to BioB
catalysis, requiring [4Fe4S] cluster regeneration for multiple turnovers
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(Cronan, 2013; McCarthy and Booker, 2017). Due to these similarities,
we hypothesized that the reaction catalyzed by LipA would also benefit
from mutations in IscR. Cell factories for lipoic acid production were
established similar to the biotin cell factories, expressing LipA from an
inducible plasmid. Because lipoic acid is synthesized in vivo as cova-
lently attached lipoylated lipoyl domains to specific enzymes (Cronan,
2013) (Fig. 5a), we co-expressed a truncated version of a lipoylated
pyruvate dehydrogenase subunit encoded by aceF (Ali and Guest, 1990;
Sun et al., 2017). Production of free lipoic acid was evaluated in strains
with and without IscR mutations (C92Y and H107Y) after 24 h growth
in minimal media supplemented with octanoic acid. Growth profiles for
IscR C92Y and wildtype IscR were generated under different LipA in-
duction levels (Fig. 5b). The mutant strain had higher LipA expression
than the wildtype strain, alleviated overexpression toxicity, and im-
proved production titers of extracellular, free lipoic acid (Fig. 5¢). Even
though most lipoic acid is expected to be protein bound, a small fraction
is released as free lipoic acid by unidentified mechanisms. We assumed
this level to correlate with the total amount of protein-bound lipoic acid
generated. The mutant strains produced 9.3 ug/L free, extracellular li-
poic acid when LipA expression was induced, representing a 1.8-fold
increase compared to the wildtype IscR strain (Cronan et al., 2005).
Similar to lipoic acid, the effects of mutations in the FeS-cluster
binding site of IscR were tested on thiamine production in bacterial cell
factories. Thiamine has a complex biosynthetic pathway with two
branches and seven core genes (Fig. 5d), of which two encode radical
SAM enzymes (ThiC and ThiH) (Jurgenson et al., 2009). Improvements
in chemical synthesis of thiamine (Eggersdorfer et al., 2012) have
generated a highly efficient process. Cost-competitive microbial pro-
duction will require extensive improvements (Acevedo-Rocha et al.,
2019) but little metabolic engineering has been reported in the litera-
ture on the thiamine pathway (Schyns et al., 2005). A study using
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transposon mutants identified several genes related to FeS-cluster
homeostasis that were affected in strains with altered thiamine pro-
duction (Cardinale et al., 2017), supporting thiamine as a good fit for
testing the IscR mutations. We established an E. coli thiamine cell fac-
tory by overexpressing the native thiCEFSGH operon on a plasmid with
a strong constitutive promoter. Based on initial characterization, the
thiamine production strain was limited by the SAM radical enzyme
ThiC. Each identified mutation in the FeS-cluster binding site of IscR
that was beneficial for BioB expression was introduced into the strain.
Extracellular thiamine production evaluated after incubation for 24 h in
minimal media showed a 1.3-fold increase in thiamine production by
the mutant strains compared to the optimized parent cell factory, for a
titer of 1.9 mg/L extracellular thiamine (Fig. 5e). This further re-
presents a 1.5 fold improvement over the previously best reported titer
of 1.3 mg/L based on engineered Bacillus subtilis(Schyns et al., 2005).

3. Discussion

Improving BioB has long been limiting for establishing high-pro-
ducing biotin cell factories (Ifuku et al., 1995; Van Arsdell et al., 2005;
Xiao et al., 2019). We demonstrate that single mutations in the IscR
regulator diminish growth inhibition because of BioB overexpression
and enable a 2.2-fold increase in biotin production compared to a strain
expressing BioB to the limit of toxicity (Fig. le, f). Based on these re-
sults and previous reports that C92, C98, C104 and H107 in IscR are
responsible for FeS-cluster binding (Fleischhacker et al., 2012; Yeo
et al., 2006), we hypothesize that our mutant strains generate an IscR
protein that is always in apo-IscR form regardless of cellular FeS-cluster
concentration. FeS-cluster binding determines the regulatory nature of
IscR, which has a central role in FeS-cluster biogenesis (Py and Barras,
2010). IscR in apo-form only, would constantly derepress the isc-operon
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and activate the suf-operon (Fleischhacker et al., 2012; Yeo et al.,
2006), increasing FeS-cluster biogenesis (Fig. 2a,b,e, 4). Increased ex-
pression of Isc-proteins in iscR mutant strains confirms the observation
from literature. The additional increase of Suf-proteins between IscR
mutant strains with low (MutL) and high (MutH) induction of BioB
(Fig. 2b) suggests a change in regulation from Fur and/or OxyR-IHF,
potentially due to altered stress-conditions when increasing expression
of BioB. The observation that upregulation of FeS-cluster biogenesis
reduced growth toxicity from BioB overexpression suggested that FeS-
cluster depletion is a main contributor to the observed toxicity in IscR
wildtype strains. Insufficiencies in FeS-cluster formation can lead to
inactivation of other, essential FeS-cluster proteins, including members
of the TCA cycle such as those encoded by acnA, acnB, fumA and fumB
(Py and Barras, 2010).

We evaluated overexpressing the isc- or suf-operon as an alternative
way to improve FeS-cluster supply and affect biotin production.
Plasmid-based overexpression of either the suf- or isc-operon improves
catalysis of FeS-cluster enzymes such as nitrogenases (Li et al., 2016),
LipA (Kriek et al., 2003) and IspH (Grawert et al., 2007). Although
biotin production improvements ranged from 1.2 to 2-fold (Fig. 3c)
when overexpressing isc- and suf-operon at different levels, the strains
holding the plasmid libraries had low viability. One possible explana-
tion is that the plasmid that highly expressed entire operons was a
higher burden to cells than genomically engineered improvements in
FeS-cluster supply. Metabolic burdens and toxicities are major draw-
backs for cell factory scale-up (Rugbjerg and Sommer, 2019) and even
small differences in these can have a large impact on production sta-
bility over generations of growth in industrially relevant fermentation
scales (Rugbjerg et al., 2018; Rugbjerg and Sommer, 2019). Single point
modifications in genomic IscR seemed to burden cells less than plasmid
overexpression of isc- and suf-operons and offer a more elegant solution
with greater freedom to quickly test the effect of other plasmid-ex-
pressed genes that might benefit biotin production. In summary, the
findings supported the hypothesis that FeS-cluster supply was a limiting
factor in strains overexpressing BioB, because biotin production im-
proved over wildtype IscR when FeS-cluster biogenesis was improved.

Our improved production strains reach 2 mg/L after 24 h of small-
scale batch fermentations with a biotin productivity of 0.1 mg/gCDW/
h. For comparison, the previously best reported biotin productivities
are ~0.003 mg/gCDW/h for B. subtilis(Van Arsdell et al., 2005), ~0.02
mg/gCDW/h for P. mutabilis(Xiao et al., 2019) and ~0.04 mg/gCDW/h
for S. marcensens(Masuda et al., 1995), indicating a 2.5-fold higher
productivity for our strain over previous reported efforts. However, it
should be kept in mind that the growth conditions compared are very
different; 400 pl batch-cultures in minimal media vs. 2 L fed-batch
fermentations in various complex growth media. Furthermore, the
biomasses are estimates based on reported optical densities which may
change with more precise values for cell mass.

BioB is suggested to be a “suicide enzyme” with one or fewer
turnovers per monomer in vitro (Berkovitch et al., 2004; Jarrett, 2005).
From our proteomic analysis, we observed that extracellular biotin le-
vels correlated linearly with levels of measured BioB protein. These
observations neither confirmed nor rejected the hypothesis of BioB as a
true suicide enzyme. The catalytic [2Fe2S]-cluster (Cramer and Jarrett,
2018) may be regenerated during BioB catalysis, similar to one of the
two [4Fe4S]-clusters in LipA. NfuA also efficiently reconstitutes the
[4Fe4S] auxiliary cluster during LipA catalysis in a non-rate-limiting
step (McCarthy and Booker, 2017). However, the factors responsible for
a potentially similar mechanism in BioB remain to be identified.

When mutating a global regulator such as IscR, which has a regulon
of more than 40 genes (Giel et al., 2006) including some that also have
regulatory roles, several pathways are likely to be affected and ra-
tionally predicting all changes can be difficult. While limitations in FeS-
cluster supply and repair are likely to be main factors explaining BioB
toxicity, based on the direct effect of mutating IscR on isc- and suf-
operon expression (Fig. 2d), proteomics suggested that other areas
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might also be affected. These areas include oxidative stress tolerance,
iron availability, methionine biosynthesis and redox potential (Fig. 2e).
Metalloproteins such as FeS-cluster enzymes are prone to damage by
ROS leading to oxidative stress (Imlay, 2006). The decrease in FtnA
protein levels in the IscR mutant strain compared to the wildtype strain
at low BioB induction (Fig. 2e) could be an effect of improved expres-
sion of FeS-cluster biogenesis proteins resulting from mutating IscR
(Yeo et al., 2006). FtnA is a ferritin used to store iron or damaged FeS-
clusters to avoid ROS generation (Bitoun et al., 2008). An increased
ability to synthesize and repair FeS-clusters would decrease the need for
scavenging. In addition to improving FeS-cluster generation, IscR mu-
tations in the FeS-cluster binding site are reported in E. coli strains
evolved for increased tolerance of oxidative stress using treatment with
paraquat (Yang et al., 2019). Yang et al. explain the increased tolerance
to oxidative stress as increased FeS-cluster biosynthesis to overcome
predicted mismetallation of IscU, the FeS-cluster assembly protein of
the isc-pathway (Yang et al., 2019). These observations are consistent
with our finding that mutations in IscR affects both FeS-cluster shortage
and cellular oxidative stress levels, helping to mitigate the growth in-
hibition from BioB overexpression. Additional omics analyses such as
transcriptomics and metabolomics could further elucidate the cellular
effects of mutating IscR and assist in expanding the explanation for BioB
toxicity.

Finally, we demonstrated improvements of 1.8-fold for lipoic acid
titers and 1.3-fold for thiamine production (Fig. 5) by introducing the
IscR mutations into lipoic acid and thiamine production strains. Since
the biosynthesis of lipoic acid and thiamine both depend on FeS-cluster
enzymes for key enzymatic steps (Cronan et al., 2005; Palmer and
Downs, 2013), the improvement in titers confirmed that the FeS-cluster
(s) in BioB are the most likely source of growth inhibition when BioB is
overexpressed. The results further emphasize the likelihood of in-
creased FeS-cluster supply and repair as the main reason for improve-
ments in strains with mutated IscR.

The induction levels of lipA required to reach toxicity are approxi-
mately 10- to 100-fold lower than for bioB (Fig. 1e). We cannot expect
that the protein levels for BioB correspond to the protein levels of LipA
at the same induction levels due to expected differences in translational
initiation rate, mRNA stability, protein stability etc. Therefore, we
cannot know if the toxicity of LipA is caused by the same factors as for
BioB. However, what is evident from the data is, that the IscR mutation
does reduce the toxicity, as is the case for BioB, which indicates that
FeS-cluster draining is part of the LipA toxicity.

The finding that three independent biosynthesis pathways had im-
proved production titers indicated that the mutations in IscR likely
disrupted its regulatory FeS-cluster binding and have broad platform
potential. Mutating the FeS-cluster binding site of IscR will likely
benefit other cell factories with FeS-cluster enzymes. The results show
how the consequences from such mutations can benefit production of
different compounds when the mutations are involved in a metabolic
hub branching to many different metabolites. Our findings emphasize
how tools to improve production of some compounds and their sy-
nergistic effects may accelerate the development of cell factories for
high-value compounds. Mutating the FeS-cluster binding site of IscR is
likely to benefit additional FeS-cluster enzymes.

4. Methods
4.1. Materials and media

All chemicals were from Sigma Aldrich or Carl Roth unless other-
wise stated. Minimal MOPS media was made as described in
Supplementary Note 1 and used as standard assay medium unless
otherwise stated. Minimal MOPS succinate media was prepared as
minimal MOPS media, replacing glucose with 50 mM succinic acid
disodium (final concentration). Biotin stock solution was prepared in
DMSO to a final concentration of 100 mM and then diluted in mMOPS.
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Lipoic acid stock solution was prepared in ethanol to a concentration of
1 g/L with dilutions made in minimal MOPS succinate medium.
Plasmid and PCR purifications were performed according to manu-
facturers’ guidelines, using E.Z.N.A. Plasmid Mini Kit I, V-spin and
E.Z.N.A. Cycle Pure Kit I from VWR.

4.2. Isolating iscR mutant strains

The biotin selection system was based on a single plasmid encoding
an IPTG-inducible E. coli bioB gene combined with a biotin auxotrophic
BW25113 AbioB strain. Cell cultures grown for several generations and
passaged for 4 days were plated on mMOPS plates with kanamycin
(50 pg/mL) and 0.1 mM IPTG to induce BioB expression to toxicity.
Cells appearing on induction plates after 24 h incubation at 37 °C were
characterized as described in the main text. In-depth characterization of
the selection system is in Supplementary Note 2.

4.3. Strains and plasmids
See Supplementary tables S1-S3.
4.4. Structural investigations of IscR mutants

The identified IscR mutations were highlighted by “stick drawings”
in the protein structure of apo-IscR bound to hya DNA (PDB ID: 4HF1
(Rajagopalan et al., 2013)) using PyMOL v. 1.7 (Delano W. L., 2002).
Each mutated amino acid was changed from the original by copying the
residue followed by the “Wizard Mutagenesis” tool. Changing the vi-
sualization to stick drawings were done using “sticks” under “show”
options.

4.5. Construction of modified IscR strains

Combinatorial IscR mutant strains, iscR knockout and RBS mutant-
iscR strains were constructed using up to 6 rounds of MAGE (Wang and
Church, 2011). Briefly, BS1011 holding pBS136 was grown in 4 mL
Luria broth (LB) with 100 pg/mL ampicillin at 37°C with shaking
(250 rpm) in culture tubes. At OD600 0.5, 400 pl 20% arabinose was
added to induce the A-Red system. Incubation continued for 30 min,
after which cells were placed on ice for 5 min, spun down in a precooled
centrifuge at 5000G for 5 min and washed twice in 2 mL icecold water.
Cells were collected by centrifuging at 5000G for 5 min and re-
suspended in 200 pl icecold water. A 45-ul cell suspension was trans-
ferred to precooled 1 mm electroporation cuvette and mixed with 5 pl
100 puM oligo stock (or oligo pool) followed by electroporation at
1800 V before 950 pl prewarmed SOC media were quickly added and
cells transferred to growth tubes for incubation for 1-2 h. Three mL LB
with 100 pg/mL ampicillin was added, and procedures repeated up to 6
times to OD600 0.5. Successful introduction of mutations was evaluated
by colony PCR using 0oBS1670 and oBS1991, annealing temperature
56°C, and elongation time 2 min with subsequent sequencing of pur-
ified PCR constructs. MAGE oligos were designed using MODEST soft-
ware (Bonde et al., 2014) (Supplementary Table S3).

4.6. Construction of lipoic acid cell factory

BS1912 was constructed by curing the Keio AlipA strain of its kanR
marker. MAGE used moBS150, introducing the IscR C92Y point muta-
tion into BS1912, as described above, resulting in BS2114. The lipA and
truncated aceF (Ali and Guest, 1990) genes were amplified from
genomic E. coli DNA with PhusionU polymerase using, respectively,
0BS2200 + 0BS2197 and oBS2274+0BS2277. By amplifying pBS0910
with 0BS1587 4+ 0BS1591 using PhusionU polymerase, lipA was USER-
cloned behind the IPTG inducible promoter, T5lacO (Cavaleiro et al.,
2015). The resulting plasmid, pBS0992, was amplified with oB-
$1468 +0BS2273 using PhusionU polymerase and truncated aceF was
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USER-cloned behind a strong constitutive promoter, apFAB309. Cloned
plasmids were transformed into homemade RbCl chemically competent
BS1912 and BS2114. Plasmids were purified and sequenced verified
with Sanger sequencing. BS1912 and BS2114 containing the correctly
assembled plasmid, pBS1037, with constitutively expressed, truncated
aceF and IPTG-inducible lipA, were used for lipoic acid production and
LipA toxicity experiments.

4.7. Construction of thiamine cell factory

The two native operons involved in thiamine biosynthesis, thiC and
thiM, were amplified from E. coli MG1655 genomic DNA using Phusion
High-Fidelity Polymerase (Thermo Scientific, F530L) according to the
manufacturer’s instructions. Primer pairs oGEN227 +0GEN264 and
0BS421 +0BS422 were used to introduce 25-33 bp of homology
overlap with the target backbones and a strong RBS in front of the first
genes of thiC and thiM, respectively. Two empty backbone plasmids
carrying strong apFAB promoters (Vivek K Mutalik et al., 2013) pBS100
(apFAB46) and pGEN50 (apFAB71) were linearized by PCR using
Phusion polymerase and oligos 0GEN265 and oGEN266. The thiC-op-
eron was introduced to pBS100 and thiM-operon was introduced to
PGEN50 using Gibson Assembly Master Mix (New England Biolabs,
E2611L) according to the manufacturer’s protocol (Gibson et al., 2009)
and transformed into One Shot TOP10 chemically competent cells
(ThermoFisher Scientific, C404006) according to the supplier’s in-
structions. Single colonies isolated on LB agar plates containing kana-
mycin (50 mg/mL) were used to inoculate 4-ml cultures grown in liquid
LB + kanamycin (50 mg/L) overnight for retrieval of assembled plas-
mids using NucleoSpin Plasmid miniprep kits (Machery-Nagel, 740588)
according to the manufacturer’s protocol, omitting the optional
washing step with AW buffer. Resulting plasmids carrying thiamine
operons thiC and thiM were verified by Sanger sequencing (Eurofins
Genomics) to ensure correct assembly, and named pBS116 and pBS117,
respectively. The entire plasmid carrying the thiC-operon (pBS116) was
linearized through PCR using Phusion polymerase and primer pair
0GEN289+ 0GEN290. The thiM-operon including the promoter was
amplified from pBS117 with primer pairs 0GEN182+0GEN184. The
two linearized operons were assembled into a single plasmid (pBS140)
using Gibson Assembly Master Mix, transformed into One Shot TOP10
chemically competent cells, isolated with the NucleoSpin Plasmid
miniprep kits and sequenced verified. Finally, the complete thiamine-
producing plasmid was introduced into the production strain by elec-
troporation as described above.

4.8. Cloning and evaluation of suf- and isc-libraries

Promoter libraries of native E. coli suf- and isc-operons (without
iscR) were made. Plasmid backbone was amplified from pBS1055 using
0BS2235-0BS2250 and oBS1468 to introduce promoter variants. The
suf- and isc-operons were amplified from genomic E. coli DNA using,
respectively, primer pairs 0BS2259 + 0BS2260 and 0BS2264 + 0BS2265.
All PCR used PhusionU polymerase, for subsequent USER cloning
(Cavaleiro et al., 2015), at annealing temperature 60 °C and elongation
time 7 min. Ligations were transformed into chemically competent
BS1011 strains with pBS412, plated on selective mMOPS plates, in-
cubated at 37°C overnight and verified by colony PCR (56°C annealing
temperature, 5 min elongation time) and Sanger sequencing using
primers 0BS666 + 0BS955 (isc) and 0BS666 +0BS1745 (suf) and o0BS666
(sequencing). The viability of cells with libraries was very low, resulting
in only 4 unique constructs based on sequencing of 96 clones: 1 for the
isc-operon and 3 for the suf-operon.

PCR reactions were in total volume 50 pl, with 1.5 pl each primer
(10 uM stock; when several primers were used, 1.5 pl of a pre-mixed
pool was added), 1 ul template (< 10 ng total), 1 ul polymerase, 10 ul
5x HF buffer, 1.5 ul ANTP (10 mM) and 34.5 pl MilliQ water. For colony
PCR, reactions were scaled to 10 pl using X7 polymerase. For USER
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cloning, ~1 pmol total fragments in equimolar amounts were used,
mixed with 1 pl Dpnl enzyme and 1ul Dpnl buffer (10x). Reaction vo-
lumes were adjusted to 10 pl with MilliQwater and incubated for
15 min at 37°C. To reactions, 1 pl USER enzyme was added for in-
cubation for 15 min at 37°C, followed by 15 min incubation at room
temperature.

4.9. Production of biotin, thiamine and lipoic acid

All production tests used a similar protocol. Single colonies were
picked for preculturing in 400 pl minimal MOPS with necessary anti-
biotics (ampicillin, 100 mg/mL; kanamycin 50 mg/mL; spectinomycin,
50 mg/mL; and/or chloramphenicol 30 mg/mL) in deep-well plates
(DWPs) sealed with breathable seal and incubated overnight at 37°C
with shaking (250 rpm). Precultures were used to inoculate 400 pl
production cultures in DWPs to initial OD600 0.01. Production cultures
were in minimal MOPS with necessary antibiotics with DTB (0.1 g/L)
for biotin production or octanoic acid (0.6 g/L) for lipoic acid pro-
duction. Production cultures were incubated for 24 h at 37°C with
shaking (250 rpm), sealed with breathable seals. For experiments with
growth profiles, 600 pl production cultures were prepared. Before in-
cubation, 200 pl was transferred to a microtiter plate, sealed with
transparent breathable seal and OD monitored every 20 min using a
microplate photometer (Multiskan FC, Thermo Scientific). OD600 of
production cultures was measured at the end of incubation, cells were
spun at 5000 G for 5 min, and supernatants transferred to detect pro-
duct.

4.10. Bioassay for biotin detection

We used a modified version of a published liquid bioassay (Demoll
and Shive, 1986) using E. coli BW25113 AbioB (BS1011) with ZeoR
plasmid pBS451 as the bioassay strain that was unable to grow on any
amount of DTB. A single colony from an LB plate with zeocin (40 mg/L)
was used to inoculate minimal MOPS media with zeocin (40 mg/L) for
growth at 37°C overnight starved for biotin. Bioassay medium was
made by diluting the bioassay culture in minimal MOPS medium with
zeocin (40 mg/L) to a final OD600 of 0.01. In a microtiter plate, 15 pl
sample supernatant was mixed with 135 pl bioassay medium. Separate
wells contained a standard curve with known concentrations of biotin
in bioassay medium. Plates were sealed with breathable seals and in-
cubated at 37°C for 20 h with shaking 250 rpm. OD600 was measured
and biotin concentrations calculated. If necessary, sample supernatants
were diluted to be in range of the bioassay.

4.11. Thiochrome assay for thiamine detection

Thiamine and thiamine derivatives (thiamine monophosphate and
thiamine pyrophosphate) in the supernatants of production samples
were measured by derivatization to fluorescent thiochromes as de-
scribed (Genee et al., 2016). Briefly, 50 pl supernatant was mixed with
100 pl 4 M potassium acetate in black microtiter plates and 50 pl freshly
prepared 3.8 M potassium ferricyanide in 7 M NaOH was added and
mixed by pipetting. Quenching was by adding 50 ul fresh 0.06% H,0»
in saturated KH,PO,. Fluorescence emission was measured at 444 nm
after excitation at 365 nm and concentration of thiamines estimated
based on comparison to standard curves included in the derivatization
plate.

4.12. Bioassay for lipoic acid detection

An assay similar to our biotin bioassay was set up based on the E.
coli BW25113 AlipA strain (BS1912) with a ZeoR plasmid (pBS451) as
the bioassay strain. Liquid bioassays were based on a previous pub-
lication (Herbert and Guest, 1970). A single colony of the bioassay
strain from an LB plate with zeocin (40 mg/L) was used to inoculate

Metabolic Engineering 60 (2020) 97-109

minimal MOPS succinate media with zeocin (50 mg/L) for growth at
37°C overnight, starved for lipoic acid. Usually no detectable growth
was observed, and cultures were used directly as bioassay medium. In
microtiter plates, 15 pl sample supernatant was mixed with 135 pl
bioassay medium. A standard curve with known concentrations of li-
poic acid in bioassay medium was included in separate wells. Plates
were sealed with breathable seal and incubated at 37°C for 20 h with
shaking at 250 rpm before measuring OD600 and calculating lipoic acid
concentrations. Sample supernatants were diluted if necessary, to be in
range of the bioassay.

4.13. Proteomics analysis

Label-free proteomics was carried out at Groningen University by
the Molecular Systems Biology group led by Professor Matthias
Heinemann as described (Schmidt et al., 2015). Precultures were in-
oculated with single colonies in mMOPS media with ampicillin
(100 pg/mL) and incubated at 37°C with 250 rpm shaking overnight
before using to inoculate 50 mL mMOPS with ampicillin and either
0.025 mM IPTG or 1 mM IPTG in a 250 mL baffled shaker flask to initial
0OD600 0.001. Flasks were incubated at 37°C with 250 rpm shaking for
10 generations (OD600-0.5) and 8 X 10® cells were harvested in
technical triplicates by centrifuging at 4°C at 17,000 G for 3 min. Su-
pernatants were evaluated for production using bioassays and cell
pellets were washed twice in 2 mL icecold PBS buffer. Cell pellets were
snap-frozen in liquid nitrogen and stored at —80°C until mass spec-
trometry (MS)-MS-analysis.

Data were normalized as the percentage fraction of each protein to
the total amount of protein in each sample, based on intensity-based
quantification (iBAQ) values for each strain as

iBAQ [specific protein] 100
iBAQ [total protein]

Protein fraction (%) =

Data were analyzed based on ANOVA multiple comparison test with
95% confidence intervals applying Bonferroni-correction using the
MaxQuant software Perseus (Tyanova et al., 2016). Prior to analysis,
data with a quality score (measure of false discovery rate) of more than
0.01 were removed, together with proteins undetected in more than
30% of the samples.

4.14. Calculations of productivities for biotin cell factories reported in
literature

Productivities were calculated for end-point measurements reported
for B. subtilis (Van Arsdell et al., 2005), P. mutabilis (Xiao et al., 2019),
and S. marcescens (Masuda et al., 1995), using conversion factors for
0OD600 to g cell dry weight (gCDW) reported in literature of 0.322 for B.
subtilis (Wenzel et al., 2011) and of 0.4 for E. coli (Glazyrina et al.,
2010). As no value was reported for P. mutabilis, it is assumed to be
similar to P. putida of 0.4 (Azoddein et al., 2017).
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