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Riboswitches with desired properties, such as sensitivity, threshold, dynamic range, is important for its appli-
cation. However, the property change of a natural riboswitch is difficult due to the lack of the understanding of
aptamer ligand binding properties and a proper screening method for both rational and irrational design. In this
study, an effective method to change the threshold of riboswitch was established in vivo based on growth coupled
screening by combining both positive and negative selections. The feasibility of the method was verified by the
model library. Using this method, an N-acetylneuraminic acid (NeuAc) riboswitch was evolved and modified

riboswitches with high threshold and large dynamic range were obtained. Then, using a new NeuAc riboswitch,
both ribosome binding sites and key gene in NeuAc biosynthesis pathway were optimized. The highest NeuAc
production of 14.32 g/1 that has been reported using glucose as sole carbon source was obtained.

1. Introduction

Riboswitches are RNA-based regulators of gene expression com-
posed of a ligand-sensing aptamer domain followed by an overlapping
expression platform (Barrick, 2009; Breaker, 2011). As an RNA reg-
ulatory element, they plays an important role in the regulation of me-
tabolism in vivo (Sherwood and Henkin, 2016). The aptamers response
to intracellular metabolite concentrations by altering conformation of
allosterically bound ligand metabolites, leading to premature tran-
scription termination, inhibition in translation initiation or mRNA de-
gradation (Barrick et al., 2004; Corbino et al., 2005; Lee and Oh, 2015a;
Nudler and Mironov, 2004; Roth and Breaker, 2009; Winkler and
Breaker, 2005; Winkler et al., 2004). So far, many natural riboswitches
have been excavated (McCown et al., 2017; Pavlova et al., 2019;
Serganov and Nudler, 2013), mainly responding to fundamental me-
tabolites including coenzymes, nucleobases or their derivatives, amino
acids, and other small molecule ligands. As a riboswitch component,
ribozymes cleave itself in a highly sequence-specific manner (de la Pena
et al., 2017; Felletti and Hartig, 2017; Gebetsberger and Micura, 2017)
to control gene expression (Auslander et al., 2010).

In synthetic biology, riboswitches were used as in vivo biosensors
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(Aghdam et al., 2016; Ogawa, 2011; Rogers et al., 2016; Williams et al.,
2016; Zhang et al., 2015). Compared to protein-based biosensors, ri-
boswitches based biosensors are usually specific to a limited number of
metabolites, but faster response time and less metabolic burden on cells
(Liu and Arkin, 2010). Furthermore, riboswitches can be combined as
tandem copies, leading to a tighter regulation of gene expression
(Henkin, 2008). Therefore, riboswitches have been extensively applied
to substrate detection, dynamic regulation of cell metabolism and
strains screening (Lee and Oh, 2015b; Mayer and Famulok, 2006;
Penchovsky and Stoilova, 2013; Wang et al., 2015; Zhou and Zeng,
2015). New aptamers have also been designed and selected using an in
vitro technology called SELEX (Systematic Evolution of Ligands by Ex-
ponential enrichment) (Carothers et al., 2009; Ellington and Szostak,
1990; Findeiss et al., 2017; Ogawa, 2011).

However, the properties of riboswitch, such as the threshold, sen-
sitivity and response range (Mannan et al., 2017), do not meet practical
metabolic applications, and the precise tuning them remains a sig-
nificant challenge. Studies showed that RNA architecture influence
threshold of riboswitch (Souliere et al., 2013). SELEX technology was
reported to screen riboswitches with different performances, but need
much time and labor (Jang et al., 2017). Introducing mutations in the
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ligand binding region was possible to change ligand binding capabilities
(Serganov et al., 2008; Souliere et al., 2013).

Growth coupled screening methods have been developed for high
throughput screening (Dietrich et al., 2010; Lee and Oh, 2015b) and
population quality control (Xiao et al., 2016). A method based on tetA,
coding tetracycline resistance protein, was effective to screen for ap-
propriate riboswitch mutants. TetA is a bifunctional protein, which can
transport nickel ions (Ni%*) into cells to inhibit cell growth, and can
excrete tetracycline from cells to obtain tetracycline resistance
(Muranaka et al., 2009).

In this study, a strategy to evolve and screen the N-acetylneuraminic
(NeuAc) riboswitches in vivo was established. Base-saturation mutations
on binding loops changed the affinity of the riboswitch and affected
threshold of riboswitch. Then a selected high threshold riboswitch was
used to optimize pathway and evolve key enzymes. An engineered
strain with the highest NeuAc titer was obtained using glucose as the
sole carbon source.

2. Materials and methods
2.1. Bacterial strains, plasmids and media

Bacterial strains and plasmids used in this study are listed in Table
S1. Escherichia coli DH5a were used for cloning purposes and were
propagated in Luria-Bertani (LB) medium at 37 °C under aeration. For
Ni%* and tetracycline selection, M9B minimal medium was used. This
medium contained (per liter): 6 g KH,PO4, 24 g KoHPO, 1 g
NasCitrate:2H,0, 10 g (NH4)2SO4, 0.6 g MgSO47H,0 and 0.025 g
CaCly2H50. The trace elements were supplied as follows (per liter):
0.01 mg CoCly6H,0, 0.01 mg H3BO3, 0.01 mg CoSO,5H-0, 0.5 mg
FeSO47H,0, 0.033 mg MnSO4H,0, 0.38 mg ZnSO47H,0 and 0.01 mg
NaMoO,42H,0. Vitamin B1 was added to a final concentration of 10 pug/
ml. The strains DN5 were used for fermenting to produce NeuAc.
Modified terrific broth (MTB) medium (12 g/1 tryptone, 24 g/1 yeast
extract and 5 g/1 NaCl) was used for NeuAc fermentation. Antibiotics
were added when necessary (ampicillin 100 pg/ml, kanamycin 25 pg/
ml, chloramphenicol 17 pg/ml and spectinomycin 100 pg/ml).

2.2. Plasmid construction

Oligonucleotides used in this work are listed in Table S2. A high-
fidelity DNA polymerase (Takara, Japan) was used for plasmid con-
struction purpose and 2 x Taq MasterMix (CWBIO, China) was used for
colony PCR. Plasmid 99a-rs-tetA-gfp was constructed as follows. The
sfgfp gene was generated by PCR with primers 99a-gfp-F and tetA-gfp-R,
using psfGFP-ssrA as the template. To extend homology arm, resulting
fragment was used as template to perform another cycle of PCR using
primers 99a-gfp-F and tetA-gfp-R2, generating fragment gfp2. Plasmid
99a-rs-tetA digested with EcoRI was used as the backbone after gel
purification. Then, gfp2 and digested 99a-tetA were assembled together
using an assembly method (Gibson, 2011; Gibson et al., 2009). The
assembled plasmid was transformed into strain DH5a, and colony PCR
and sequencing were performed to verify the correctness of the plasmid.
For 99a-tetA-gfp construction, 99a-rs-tetA-gfp was digested with EcoRI
and Xbal. The fragment was generated by PCR using primers Xbal-tetA-
F and EcoRI-gfp-R, and then was digested with EcoRI and Xbal. Then,
two fragments were ligated together using T4 DNA ligase for half an
hour at 25 °C.

The riboswitch mutant library was constructed as follows. Eighteen
primers are mixed in Table S3, the fragment rs-tetA-gfpm was generated
by PCR with mixed primers and primer tetA-gfp-F. Plasmid 99a-rs-tetA-
gfp was amplified by PCR using primers neuRS-F and 99a-R, and the
fragment was used as the backbone after Dpnl digestion and PCR re-
cycling. Then, rs-tetA-gfpm and the backbone were assembled together.
Plasmid 99a-rsd-tetA was constructed by reverse PCR using primers rsd-
F and rsd-R, and resulting fragment was then digested with Dpnl and
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assembled. For p15A-SdT construction, the riboswitch on p15A-S was
mutated by reverse PCR using primers rsd-F and rsd-R and was trans-
formed into E. coli DH5a after Dpnl digestion. For p15A-SdT con-
struction, sfgfp was used to replace tetA by Gibson assembly.

The plasmid pBac was constructed by replacing the isozymes of Age
and NeuB on pB. Gene neuB, (neuB gene from Campylobacter jejuni) was
generated by PCR using primers cam-F and cam-R, and gene age, (age
gene from Anabaena sp. CH1) was generated by PCR using primers ana-
F and ana-R. Plasmid pB was amplified by PCR using primers pB-F and
pPB-R, and the fragment was used as the backbone after Dpnl digestion
and PCR recycling. Then, age,, neuB. and the backbone were assembled
together using Gibson assembly.

Plasmid pBac-based RBS library was generated as follows. The
backbone was amplified from pBac using primers pBac-F1 and pBac-R1.
The four genes with mixed RBS were amplified from pBac using mixed
primers neuB-F1/neuB-F2/neuB-F3/neuB-F4/neuB-R, ana-F1l/ana-F2/
ana-F3/ana-F4/ana-R, GNA1-F1/GNA1-F2/GNA1-F3/GNA1-F4/GNA1-
R and glmS-F1/glmS-F2/glmS-F3/glmS-F4/glmS-R, respectively. Then
the five fragments were assembled together using the Gibson method.
Positive rate of the library was detected by colony PCR using primers
pB-testF/pB-testR.

The age. mutant library was generated as follows. The backbone was
amplified from pBac using primers pB-F/pBac-R2. Error-prone PCR was
performed using Gene Morph II Random Mutagenesis kit (Agilent
Technologies, USA) following the manufacturer's instructions.
Randomly mutated age. was amplified from pBac using primers ana-F2/
ana-R and then were assembled together with the backbone using the
Gibson method.

2.3. Strain cultivation

For NeuAc biosensor characterization using gfp as the reporter, a
single colony was inoculated into 5 ml LB and incubated for 12 h at
37 °C and 220 rpm. 96-well plate was used to detect green fluorescence
using a Multi-Detection Microplate Reader (Synergy HT, Biotek, USA)
for 24 h cultivation by adding different amounts of NeuAc (0 g/1, 1 g/1,
2 g/l, 4 g/1, 8 g/D. For further characterization in shake flask, the
preculture was inoculated into 50 ml of fresh M9B containing 20 g/1
glucose with 2% inoculum. Different amounts of NeuAc (0 g/1, 4 g/1,
8 g/1) were added to the culture. Cultivation was maintained at 30 °C
and 220 rpm. The fluorescence intensity was determined at 3 h inter-
vals.

For optimizing the riboswitch screening method, a single colony
was inoculated into 5 ml LB and cultivated for 12 h at 37 °C and
220 rpm. 96-well plate was used to detect green fluorescence using a
Multi-Detection Microplate Reader for 24 h cultivation with different
amounts of NeuAc (0 g/1,1 g/1,2g/1,4g/1,8 g/1) added to the culture.
The preculture was then inoculated into 200 pl of fresh M9B minimal
medium containing 20 g/1 glucose and 200 M Ni** with 1% inoculum.
For further characterization in shake flasks, the preculture was then
inoculated into 50 ml of fresh M9B minimal medium containing 20 g/1
glucose and 200 pM Ni** with 1% inoculum. Different amounts of
NeuAc (0-100 mM) were added to the culture at start. Cultivation was
maintained at 30 °C and 220 rpm. Samples were taken at 4 h intervals
for analysis.

To perform riboswitch positive selection, M9B minimal medium
with 20 g/1 glucose, 10 pg/ml vitamin B1, 200 uM Ni** and different
amounts of NeuAc (4 g/l, 8 g/l, 12 g/1) was used. To perform ri-
boswitch negative selection, M9B minimal medium with 20 g/1 glucose,
10 pg/ml vitamin Bl and 10 pg/ml tetracycline was used. When cells
reached to the late-exponential stage (ODgog = 1.0-1.2), the culture
was transferred to fresh selection medium with 1% inoculum. Positive
selection and negative selection were alternated for three rounds.

To perform pathway optimization, M9B minimal medium with
20 g/1 glucose, 10 pg/ml vitamin B1, 200 uM Ni** was used. Single
colonies were inoculated into each well of a 96-well plate, and green
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fluorescence was detected using a Multi-Detection Microplate Reader.

To perform age, selection, M9B minimal medium with 20 g/1 glu-
cose, 10 pg/ml vitamin By, 200 pM Ni2* and 200 uM IPTG was used.
When cells reached to the late-exponential stage, the culture was
transferred to fresh selection medium with 1% inoculum. After three
serial cultivations, negative selection was performed as described
above.

To perform NeuAc batch fermentation, a single colony was in-
oculated into 5 ml LB medium containing the appropriate antibiotics
and incubated for 12 h at 37 °C. The pre-culture was then inoculated
into 50 ml of fresh MTB medium containing 20 g/1 glucose and 200 uM
IPTG with 4% inoculum. Fermentation was performed at 30 °C and
220 rpm, and pH was maintained at approximate 7.0 by 30% NH,OH
throughout the fermentation. Samples were taken at 6 h or 12 h (at
night) intervals for analysis. The conditions and methods of fed-batch
fermentation are the same as those of batch fermentation, but when the
glucose is less than 10 g/1, the glucose is added to 20 g/1.

2.4. Analytical methods

Optical density (OD) was measured at 600 nm with a spectro-
photometer (Shimazu, Japan). Fermentation samples were centrifuged
at 12,000 rpm for 5 min and the supernatant was used for extracellular
metabolites detection. Glucose, NeuAc, acetate, ethanol, formate, pyr-
uvate, GIcNAc and ManNAc were quantitatively determined by HPLC
(Shimadzu, Japan) equipped with a refractive index detector (RID-10A)
(Shimadzu, Japan) and an Aminex HPX-87H ion exclusion column (Bio-
Rad, USA) as described previously (Li et al., 2013). NeuAc levels were
additionally determined by a resorcinol based colorimetric assay
(Hooks et al., 2013).

3. Results and discussion
3.1. Designing a method for in vivo evolution of high threshold riboswitches

An in vivo NeuAc biosensor was constructed by placing the NeuAc
aptamer upstream of sfgfp under the control of promoter Pa3i¢g, re-
sulting plasmid pS-gfp, in our previous study (Yang et al., 2017), and
the same construction without NeuAc riboswitch was named p-gfp.
Although this biosensor was successfully constructed and responded to
NeuAc in vivo, we did not spend much efforts on tuning its sensitivity
and dynamic properties in previous paper, so we don't know if this
aptazyme-based biosensor can work well for screening much higher
NeuAc yield strain. In order to accurately characterize the properties of
riboswitch in vivo, first of all, the exogenous NeuAc should not be di-
verted. Thus, nanA, the first gene of NeuAc degradation pathway was
deleted from the genome of E. coli DH5a, resulting strain D5A. To
characterize the designed NeuAc sensor in vivo, exogenous NeuAc
ranging from 0 g/1 to 8 g/1 was added to D5A strains harboring plasmid
pS-gfp and p-gfp, respectively, and the fluorescence intensity was
measured. As shown in Fig. 1, the fluorescence intensity decreased in
D5A/pS-gfp with increased exogenous NeuAc addition, while no ob-
vious fluorescence alteration was observed in negative control. With
4 g/l NeuAc added, there was about a 5.8-fold decrease of the fluor-
escence. The fluorescence intensity at 8 g/1 NeuAc was almost the same
as that at 4 g/1 NeuAc, indicating that 4 g/1 NeuAc had already satu-
rated the riboswitch and the threshold is quite low.

To improve the threshold, an in vivo riboswitch evolution method
was developed to screening riboswitch mutant library. NeuAc ri-
boswitch comprise an aptamer and a hammerhead ribozyme (Cho et al.,
2013). Two loops of the aptamer are NeuAc binding domain, which
contains 18 nts and was adopted for random mutagenesis (Fig. S1). The
dual selection marker tetA was adopted to screen high threshold ri-
boswitches (Muranaka et al., 2009). In our strategy, positive screening
is performed using Ni®>* to remove too high threshold or nonresponsive
riboswitches, because these riboswitches had a less down-regulation of
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Fig. 1. Characterization of the NeuAc riboswitch and determination of
selection conditions. (A) Using sfgfp as the reporter gene, effects of exogen-
ously added NeuAc on the fluorescence intensity of D5A/p-gfp or D5A/pS-gfp
were shown. Strains were cultured in M9B medium with 2% glucose. The
fluorescence intensity of sfgfp was normalized by ODggo.

tetA at high concentration of NeuAc than the low threshold ri-
boswitches, resulting slow growth on Ni?*. And then negative
screening is performed using tetracycline to remove low threshold ri-
boswitches, because these riboswitches would more thoroughly turned
off the expression of tetA when at low NeuAc concentration than those
high threshold riboswitches, resulting incapable of growing on tetra-
cycline (Fig. 2). One positive screening and one negative screening were
defined as one round of screening. Then the positive and negative
screening is performed in turn for three rounds to enrich the modified
riboswitches. Finally, the riboswitch with threshold limited to the ap-
propriate range should be enriched and screened out (Fig. S2).

3.2. Determination of riboswitch screening conditions

The gene sfgfp was fused to the c-terminal of tetA linked by a 3 GS
linker for characterizing. To determinate selection conditions, different
concentrations of Ni** or tetracycline were tried under given NeuAc
concentrations. We found that the strain showed most obvious growth
difference at 200 uM Ni®* or 10 ug/ml tetracycline (Figs. S3 and S$4).
Using the measured conditions, significant growth differences were
obtained in shake flask. The selection conditions were further demon-
strated to be effective in shake flask (Fig. 3A and B). The fluorescence
intensity proved that the expression level of tetA was negatively cor-
related with the concentration of NeuAc.

To demonstrate the feasibility of the screening method, an enrich-
ment assay using defined model libraries was performed. Three strains,
D5A/pTrc99a (no tetA expression), D5A/99a-tetA-gfp (constitutively
expressed tetA) and D5A/99a-rs-tetA-gfp (tetA expression controlled by
riboswitch), were co-cultured in M9B medium at a ratio of 1:1:1 and
100:100:1. After three rounds positive screening and negative screening
alternately, the culture was subjected to single colony isolation. Colony
PCR was performed to evaluate the proportion of three strains. For a
total of 3 independent replicates of the experimental group at 1:1:1
ratio, the proportion of D5A/99a-rs-tetA-gfp was 96%, 96%, and 100%,
respectively. For a total of 3 independent replicates of the experimental
group at 100:100:1 ratio (Strain containing riboswitch was inoculated
in smaller proportions), the proportion of D5A/99a-rs-tetA-gfp was
96%, 92%, and 100%, respectively (Fig. S5). This means a more than
184-fold enrichment of the strain D5A/99a-rs-tetA-gfp was obtained.
This result demonstrated the feasibility of the designed selection
method in riboswitch selection process.



Q. Pang, et al.

Responsive

riboswitches J

OD()UU

Nonresponsive
riboswitches X

-

Time(h)

Metabolic Engineering 59 (2020) 36-43

High threshold \/

riboswitches

OD6DO

Low threshold x
riboswitches

Time(h)

.=” " Responsive ~ “~_

Responsive
riboswitches

Positive screening

ANi*

riboswitches

Nonresponsive
riboswitches

High threshold
riboswitches

Low threshold
riboswitches

Negative screening

* NeuAc * Tetracycline () Growth advantage 5% Growth disadvantage

Fig. 2. In vivo evolution method of riboswitches. When high concentration of NeuAc is present, the normal riboswitches have self-cleavage activity, preventing
tetA expression, thus the cells survive in the presence of Ni>*. The unresponsive riboswitch normally expresses tetA, and the TetA protein imports Ni**, resulting in
cell death. When there is low concentration of NeuAc, the normal riboswitch normally expresses tetA, the cells survive normally with tetracycline. The low threshold
riboswitches have self-cleavage activity, and tetracycline kills cells. The curve at the bottom shows the growth of cells with different riboswitches in either positive or
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Fig. 3. Determination of selection conditions. (A) Ni?>* screening effect verification in shake flask. Using tetA as the reporter gene, effects of exogenously added
NeuAc on intracellular NeuAc and cell growth of D5A/99a-rs-tetA-gfp, DSA/99a or D5A/99a-tetA were shown. Strains were cultured in M9B minimal medium with
2% glucose and 200 uM Ni?*. Results are averages from three independent experiments, with standard deviations indicated by error bars. (B) Tetracycline screening
effect verification in shake flask. Using tetA as the reporter gene, effects of exogenously added NeuAc on intracellular NeuAc and cell growth of D5A/99a-rs-tetA-gfp,
D5A/99a or D5A/99a-tetA were shown. Strains were cultured in M9B minimal medium with 2% glucose and 10 pg/ml tetracycline.
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Table 1

Characterization of riboswitch mutants.
Name Mutants® Enrichment Threshold (g/1)  Sensitivity Dynamic

percentage” range

Rso - - 9.77 45.9 1.64
Rsa A32G 50% 21.97 43.55 2.15
Rsb T31C 83% 15.43 18.65 3.25
Rsc T24C 42% 9.9 27.46 1.19
Rsd C34T 42% 18.38 39.69 3.12

@ For riboswitch selection, tree independent experiments were performed
with 4 g/1, 8 g/l and 12 g/l NeuAc. Rsa was enriched in experiment group 1
with 4 g/1 NeuAc in positive screening and 2 g/1 NeuAc in negative screening.
Rsb was enriched in experiment group 2 with 8 g/l NeuAc in positive screening
and 4 g/1 NeuAc in negative screening. Rsc and Rsd were enriched in experi-
ment group 3 with 12 g/1 NeuAc in positive screening and 8 g/l NeuAc in
negative screening.

> The enrichment percentage was determined by the sum of one kind of
plasmid dividing total sequenced clones. “-”indicates selection experiment was
not performed.

3.3. In vivo evolution of NeuAc riboswitch with high threshold

To generate new NeuAc riboswitch with modified threshold, a li-
brary of riboswitch mutants was constructed. Single-base mutations
were introduced into 18 nucleotides in the ligand-binding region of the
NeuAc riboswitch using 18 designated primers, each with a degenerate
base N (including A, T, C and G). Screening was conducted in three
groups. Group 1 was screened with 4 g/l NeuAc in positive screening
and 2 g/1 NeuAc in negative screening. Group 2 was screened with 8 g/
1 NeuAc in positive screening and 4 g/ NeuAc in negative screening.
Group 3 was screened with 12 g/I NeuAc in positive screening and 8 g/
1 NeuAc in negative screening. At each group, 24 randomly selected
colonies were sequenced. In group one, Rsa was screened out 12 times,
accounting for 50% and other mutants have been detected less than 1
time. At group two, Rsb was detected 20 times, and the rest mutants are
all different. Rsc and Rsd were detected 10 times respectively from
group three and the rest mutants are all different. Four riboswitch
mutants were significantly enriched at rates of 50%, 83%, 42% and
42%, respectively (Table 1). Sequence information for riboswitch mu-
tants is shown in Fig. S6.
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The mutants enriched from the library were characterized using
green fluorescent protein. Ligand response range of Rsa and Rsd ex-
panded markedly (Fig. 4A). Taking Rsa as an example, its dose-response
curve became slower decreased, but can keep falling in a large con-
centration range of NeuAc (0-35 g/1), while Rso only responded to a
range of about 0-15 g/1 NeuAc. The threshold, sensitivity and dynamic
range were calculated according to the method (Mannan et al., 2017).
The thresholds of the four mutants were 21.97 g/1, 15.43 g/1, 9.90 g/1
and 18.38 g/l, respectively, which were significantly increased com-
pared to the original riboswitch Rso (9.77 g/1) (Table 1). The sensitivity
of Rsa and Rsd is basically the same as the original Rso, and is higher
than Rsb and Rsc. The dynamic range of Rsb and Rsd is larger than Rso,
Rsa and Rsc. Rsc has low threshold, low sensitivity and small dynamic
range. Taken together, Rsd is the best mutant, because it has the high
threshold, the high sensitivity and the large dynamic range. After de-
leting the sfgfps of four biosensors, the growth-coupled selection were
characterized in M9B medium with 200 pM Ni2+ (Fig. 4B). Rsd exhibit
largest growth changes at a wide range of NeuAc concentrations. Mo-
lecular docking and molecular dynamics simulations were performed to
obtain the three-dimensional structure and ligand binding information
of riboswitch mutants. Through structural align between Rsa and Rsd,
minor structural changes were found (Figs. S6A, S6B, S6C). The cal-
culated binding free energy showed that the mutants were more en-
ergetically favorable than the original riboswitch (Fig. S6D), which
indicates that their substrate binding capacity/specificity were un-
affected. The reason for the threshold change may be caused by cou-
pling binding to an unfavorable binding-induced folding event. A
theory was put forward that the distal mutation can alter riboswitches
characteristics without altering specificity (Ricci et al., 2016), which
was demonstrated by the kinetic simulations of riboswitch mutants. To
detect the response effect of riboswitch biosensor at the population
level, the fluorescence intensity distribution of riboswitches was de-
termined by flow cytometry (Fig. S9), and results shown that fluores-
cence changes were uniform, which indicate that cells are responding in
the same way.

3.4. Pathway optimization using the evolved NeuAc riboswitch

To prove the usefulness of the new generated riboswitch, the NeuAc
biosynthesis pathway was again evolved and optimized according to

B
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Fig. 4. Characterization of selected NeuAc riboswitch. (A) Comparison of the response curves of riboswitches. Relative fluorescence in the presence of NeuAc at
various concentrations were fitted. (B) Comparison of the growth curve of riboswitches with different concentration NeuAc under Ni2* screening.
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Fig. 5. Fluorescence of RBS selection and batch fermentation results. (A) Schematic presentation of NeuAc synthesis pathway in engineered E. coli. Genes: glmS,
feedback resistant GlcN-6-P synthase; GNA1, GlcN-6-P N-acetyltransferase; age,, GIcNAc 2-epimerase; neuB., NeuAc synthase. Abbreviations: Fru-6P, fructose-6-
phosphate; GlcN-6P, glucosamine-6-phosphate; GlcNAc-6P, N-acetylglucosamine-6-phosphate; GlcNAc, N-acetylglucosamine; ManNAc, N-acetylmannosamine;
NeuAc, N-acetylneuraminate. The red squares represent the RBS of the four genes, and a red star represents the presence of a mutation. (B) Fluorescence of 384
selected colonies. Red means low fluorescence, green means high fluorescence. The three lowest fluorescent squares are marked with purple boxes. (C) Batch-
fermentation for NeuAc production in engineered E. coli strains. Blue indicates neuraminic acid, orange indicates acetylglucosamine, and gray indicates acet-
ylmannosamine. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Characterization of age, mutants.

Name NeuB mutants® Enrichment percentageb
A T910G 17%
B T1108G 54%
C A1058C 13%
D G98C 43%

2 For age, evolution, two independent experiments were performed. A and B
were enriched in experiment group 1. C and D were enriched in experiment
group 2.

> The enrichment percentage was determined by the sum of one kind of
plasmid dividing total sequenced clones.

the method we developed previously. The NeuAc biosynthesis pathway
was constructed by overexpressing a feedback resistant GlcN-6-P syn-
thase from E. coli MG1655 (glmS*), a GlcN-6-P N-acetyltransferase from
Saccharomyces cerevisiae EBY100 (GNA1), a GlcNAc 2-epimerase from
Anabaena sp. CH1 (age,), and a NeuAc synthase from Campylobacter
jejuni (neuB.) (Fig. 5A). The resulting plasmid was named pBac. To
optimize this pathway, we engineered the RBS of the above four en-
zymes. The same strong RBS (AAGGAGATATACC) was initially used for
all genes. Fine-tuning of this pathway was done via RBS engineering.
The three groups of RBS were used to form mutant library by changing
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RBSs of the four genes using mixed primers in plasmid pBac, followed
by Gibson assembly as described previously (Yang et al., 2017) (Table
S4).

To test the effectiveness of new modified riboswitch, the riboswitch
Rsd were cloned into a p15A-ori plasmid to generate p15A-Sdg. The
mutant library was transformed into DN5 harboring p15A-Sdg. Then,
384 single colonies were inoculated into four 96-well plates for green
fluorescence detection (Fig. 5B). The three RBS combinations with the
lowest fluorescence were selected (Table S5). DN5/pBac with three
group RBS mutants were used for batch fermentation. As a result, DN5/
pBac2 and DN5/pBac3 produced more NeuAc than the original strain
DN5/pBac (Fig. 5C). DN5/pBac2 produced 2.73 g/1 NeuAc at 36 h
(~39% improved compared with DN5/pB), which is the highest yield
among tested strains. Glucose consumption rates and growth of the
three strains were comparable to that of DN5/pB, but the accumulation
of GlcNAc, ManNAc and NeuAc increased (Fig. 5C).

3.5. Evolution of key enzyme age using the evolved NeuAc riboswitch

In many studies, slr1975 from Synechocystis sp. PCC 6803 was used
to catalyze GlcNAc into ManNAc. This reversible enzyme uses ATP as
activator and is inhibited by excess pyruvate. It has a relatively low
affinity for ATP, which limited the catalytic efficiency (Zhang et al.,
2010). In this study, acylglucosamine 2-epimerase (age,) from
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Fig. 6. Batch fermentation result of engineered strains with different age
mutants at 36 h. A single colony was inoculated into 5 ml LB medium con-
taining the appropriate antibiotics and incubated for 12 h at 37 °C. The pre-
culture was then inoculated into 50 ml of fresh MTB medium containing 20 g/1
glucose and 200 pM IPTG with 4% inoculum. Fermentation was performed at
30 °C and 220 rpm, and pH was maintained at approximate 7.0 by 30% NH,OH
throughout the fermentation. Samples were taken at 6 h or 12 h intervals for
analysis. Fermentation was stopped at 36 h.

Anabaena sp. CH1 was used to replace slr1975, which has a relatively
high affinity for ATP. However, accumulation of GlcNAc indicates a
bottleneck still exist in GlcNAc epimerization (Fig. 5B). We thus chose
N-acylglucosamine 2-epimerase (age,) to increase its activity using ri-
boswitch with high threshold. The mutagenetic age, gene generated by
error-prone PCR was used to replace the wild type age, on pBac. The
mutant library was transformed into DN5 and then evolved and
screened using the new NeuAc riboswitch.

The evolution process was stopped after three rounds and 24 ran-
domly selected colonies were sequenced and four variants were en-
riched (Table 2). Variants B and D reached to 54% and 42% of the total
population, respectively. Two other mutants, A and C were also en-
riched, although in a lesser extent. The four best age, mutants were
cloned into pBac2 (replacing the wild type age,) to evaluate the NeuAc
production. Both B and D produced more NeuAc than the wild type
age,. DN5/pBac2B produced 4.32 g/1 NeuAc (45% improved than DN5/
pBac2), and DN5/pBac2D produced 3.16 g/1 (7% improved than DN5/
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pBac2) (Fig. 6).

To evaluate the NeuAc production potential of DN5/pBac2B, we
performed fed-batch fermentation in shake flasks. As shown in Fig. 7A,
DN5/pBac2B produced 14.23 g/l NeuAc after 120 h. Only small
quantity of ManNAc, formate, acetate and ethanol were detected, but
still considerable amounts GlcNAc was accumulated (Fig. 7B). GlcNAc
accumulation was due to the characteristic of age. age is a reversible
enzyme which uses ATP as activator. New age, may have higher con-
version specific activity and we obtained a higher ratio of ManNAc and
GlcNAc in the medium. In previous experiments, we used the original
riboswitch to increase the production of NeuAc, while the production of
NeuAc was only increased by 6% (Yang et al., 2017). The threshold of
the riboswitch limited the further evolution of NeuAc biosynthesis.
Using the new riboswitch, which have high threshold and large dy-
namic range, the key enzyme and RBS were further optimized and the
production of NeuAc further increased by 42%.

4. Conclusion

As a flexible regulatory element, riboswitch has been widely used in
metabolic engineering, but its properties often need improved and op-
timized. Here, we established an in vivo riboswitch evolution method
and selected the modified riboswitch with a high threshold, a high
sensitivity and a large dynamic range. As an example, we were able to
improve the NeuAc production to14.32 g/1 with new riboswitch fa-
cilitated RBS optimization and age evolution. This is the highest NeuAc
titer that has been reported using glucose as the sole carbon source by
fermentation. This screening method can be regarded as a generalized
method for effectively improving the properties of other riboswitches.
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