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Abstract
Biotechnological production of glycosides is an economically competitive manu-
facturing alternative to classical chemical synthesis. Due to continuous improve-
ment in production, glycosides can now be used in low-cost products by various
industries. However, many production systems still suffer from low yields.
Directed evolution, coupled with a suitable screening method, can tackle this
challenge. We generated glycosyltransferase mutants through error-prone-PCR
and screened the library using a small-scale whole-cell biotransformation sys-
tem to identify highly productive strains. The screening of only 176 colonies
yielded three putative candidates. Detailed analysis revealed that the reason for
the increase in product titer was mainly due to different expression effects of the
mutant genes rather than improved enzyme kinetics. An up to 60-fold increase
in whole-cell product quantity was achieved. Therefore, in addition to the qual-
ity of the mutant library, an efficient and stable expression system is crucial
to achieve high concentrations of active enzyme and product, as formation of
inclusion bodies and other inactive forms of the biocatalyst reduces productivity.
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1 INTRODUCTION

Glycosides are conjugates of one or more sugars and a secondary molecule, which is referred to as the aglycone.
The aglycone gains polarity due to the sugar moiety, resulting in higher water solubility, and altered bioavailability
of the glycoside.1 Therefore, glycosylation modulates the effect of pharmaceuticals.2 Glycosides are currently used as
sweeteners,3 and as drugs.4,5 The use as industrial water treatment agent was also proposed.6

Classical chemical synthesis can only be used for the production of high-value glycosides because the synthesis
requires multiple protection and deprotection steps. Protective group chemistry coupled with long reaction times and low
yields results in high production costs.7 Low-value glycosides are not available to industry. However, as biotechnological
production offers a cost-effective alternative to classical chemical synthesis, low-cost glycosides are gaining importance
for numerous applications.8 Identification and characterization of new glycosyltransferases (GTs) provide more efficient
enzymes for their production9 and enables a growing variety of possible glycoside products.10
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GTs transfer an activated sugar-moiety to an acceptor molecule. Activated sugars are expensive fine chemicals
and have to be recycled in order to establish an economical process.11,12 One of the largest groups of GTs are the
UDP-glycosyltransferases (UGTs), which use uridine diphosphate (UDP)-sugars as a donor.13 A number of plant UGTs
have already been characterized and they produce economically interesting glycosides such as flavonoids, terpenols, and
phenolic compounds.14,15

UGTs can be produced by, and purified from genetically modified Escherichia coli cells. The in vitro production
of glycosides has been improved by adding additional enzymes for UDP-sugar regeneration.8,16 Nevertheless, the in
vitro production of glycosides still requires purified enzymes and starting concentrations of UDP-glucose or UDP.
Direct use of UGT-expressing E. coli cells as whole-cell biocatalysts may provide an even more cost-effective solution.17

However, some whole-cell biocatalysts show inefficient conversion rates.8 Poor transformation rates can be a result
of low substrate availability, toxicity of the substrate or product, low enzyme concentration, or the use of ineffi-
cient enzymes.18–20 Enzyme activity can be improved through directed evolution coupled with an efficient screening
system.21–23 Whole-cell biocatalysts offer unique advantages, including endogenous cofactor regeneration, and are widely
used for the efficient production of fine and bulk chemicals and active pharmaceutical ingredients. In addition, advances
in synthetic biology and metabolic engineering have led to a renaissance in whole-cell biocatalysis, which can enable
the manufacture of value-added products from cheap feedstock.24 Genetic modification of the rhamnose biosynthesis
pathway by overexpression of dTDP-rhamnose synthesis genes (rmlABCD) yielded 4.3 g/L quercetin 3-O-α-L-rhamoside
when rhamnose was fed to E. coli MG1655 harboring GtfC.25 Only 0.35 g/L cyanidin 3-O-β-D-glucoside was obtained
from catechin by whole-cell biotransformation although the intracellular UDP-α-D-glucose pool was augmented,26

while 3.9 g/L quercetin-3-O-β-glucoside was produced by E. coli MEC367 (MG1655 pgi) expressing UGT73B3 from
quercetin.27 Furthermore, E. coli cells transformed with GtUF6CGT1 yielded only 42 mg/L chrysin 6-C-β-D-glucoside
from chrysin, even though the UDP-α-D-glucose pool was genetically enhanced by the incorporated of several car-
bohydrate metabolism genes.28 The highest titer of 7.2 g/L was obtained for maple furanone ß-D-glucoside by E.
coli Waksman cells transformed with UGT71K3a. Because genetic modification of the UDP-α-D-glucose pool was
not necessary to achieve this titer, the UDP-α-D-glucose pool appears not to be the rate-limiting factor in gluco-
side formation in E. coli.29 Optimization of microbial cell factories concentrate on improving heterologous pathway
flux, precursor supply, cofactor balance, as well as other aspects of cellular metabolism, to enhance the efficiency of
biocatalysts.30 When the whole-cell biocatalyst product is exported directly into the surrounding medium, the efficiency
of the cell factories can be easily determined by analytical methods, making the system very convenient for screening
mutants.

In this study, a biocatalyst composed of E. coli BL21(DE3) and VvGT14a from grape (Vitis vinifera) was optimized
using a directed evolution approach to improve the product titer of terpenol glucosides by whole-cell biotransformation.
VvGT14a shows activity towards a variety of terpenols and other alcohols.31 The codon-optimized gene VvGT14ao was
subjected to error-prone PCR (epPCR) according to a published protocol32. The PCR product was cloned into pRSFDuet-1
and E. coli BL21(DE3) was transformed with the resulting library. This library was screened by medium-throughput
screening of the whole-cell biocatalysts coupled with LC-UV as readout. The goal of this screening was to find
mutant strains with improved geranyl glucoside yields. The strain E. coli BL21(DE3) /pRSFDuet-1_VvGT14ao was
used as a wild type reference during the screening. The results show that not only improvements in the activity of
the protein, but also optimizations of the host are equally important to increase the product yield of the whole cell
approach.

2 MATERIALS AND METHODS

2.1 Chemicals, enzymes, and expression vectors

Chemicals were purchased from Sigma-Aldrich (Taufkirchen, Germany), Merck (Darmstadt, Germany), VWR (Darm-
stadt, Germany), Acros Organics (Geel, Belgium), and Carl Roth (Karlsruhe, Germany). DNA oligos were purchased
from Eurofins Genomics Germany GmbH (Ebersberg, Germany; Table S1) and metabion international AG (Planegg,
Germany; Table S2). Q5® High-Fidelity DNA Polymerase was obtained from New England Biolabs (Frankfurt am
Main, Germany), FastAP Thermosensitive Alkaline Phosphatase, FastDigest AatII, FastDigest BamHI, FastDigest
BsaI, FastDigest Eco31I, FastDigest NotI, FastDigest SspI, and T4 DNA polymerase were from Thermo Fisher Sci-
entific (Planegg, Germany), and T4 DNA ligase was purchased from Promega (Mannheim, Germany). Expression
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vectors pET-29a(+) (pET29a), pET-32a(+) (pET32a) and pRSFDuet-1 were obtained from Merck (Darmstadt, Ger-
many), pGEX-4T-1 from GE Healthcare Life Sciences (Solingen, Germany) and pET His6 Sumo TEV LIC cloning
vector (1S) (pET-SUMO) was a gift from Scott Gradia (Addgene plasmid # 29659; http://n2t.net/addgene:29659; RRID:
Addgene_29659).

2.2 Nucleic acid extraction

Plasmid DNA was extracted from E. coli by using the PureYield™ Plasmid Miniprep System (Promega, Mannheim,
Germany). DNA fragments from PCR reactions and agarose gels were purified by using the NucleoSpin® Gel and PCR
Clean-up kit (Macherey-Nagel, Düren, Germany).

2.3 Creation of pET32aK and pGEX-K

pET32aK and pGEX-K were created from pET32a and pGEX-4T-1, respectively. Their ampicillin resistance cassette was
exchanged with the kanamycin resistance cassette from pRSFDuet-1.33

2.4 Cloning of VvGT14ao, and VvGT14ao-S168N-W353R in pET29a, pET32aK, pGEX-K,
and pRSFDuet-1

The gene VvGT14ao was amplified by PCR using primers with BamHI- and NotI-extensions (for pRSFDuet-1 the forward
primer GT14ao-Bam_+1_fw, for pET29a, pET32aK, and pGEX-K forward primer GT14ao-BamHI-fwd; reverse primer
GT14ao-NotI_rev; Table S1). The PCR product and the empty vectors were digested by BamHI and NotI. The linearized
vectors were dephosphorylated by using FastAP Thermosensitive Alkaline Phosphatase to prevent self-ligation. The lig-
ation was performed by T4 DNA ligase with a vector-to-insert ratio of 1:3 (n/n). The cloning of the gene coding for
VvGT14ao-S168N-W353R in pET29a, and pGEX-K was carried out in the same way.

2.5 Cloning of VvGT14ao in pET-SUMO

The pET-SUMO_VvGT14ao construct was created using ligation-independent cloning.33

2.6 Cloning of VvGT14ao-S168N and VvGT14ao-W353R

Point mutations were created by using the QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, Santa
Clara, CA, USA). Primers SDM-VvGT14a-SN-fwd and SDM-VvGT14a-SN-rev were used to obtain the S168N variant of
VvGT14ao, and SDM-VvGT14a-WR-fwd and SDM-VvGT14a-WR-rev were used for the W353R variant.

2.7 Cloning of SN, WR, and SN-WR mutants of VvGT15a, and VvGT16

The SN variant was created by two PCR steps. The first PCR step was used to amplify two fragments and intro-
duce the point mutation in the overlapping region. Primers VvGT15a-Fwd and VvGT15a-SN-rev were used for the
first fragment of VvGT15a, and VvGT15a-SN-fwd and VvGT15a-Rev were used for the second fragment. The two
fragments were applied in the second PCR together with the end primers VvGT15a-Fwd and VvGT15a-Rev. The
second PCR reaction yielded the complete gene with the SN mutation. The entry vector pGEX-4T-1 was cut and
subsequently dephosphorylated by FastAP Thermosensitive Alkaline Phosphatase. The cloning of the DNA fragment
was carried out with restriction using BamHI and NotI, and ligation using T4 DNA ligase with a vector-to-insert
ratio of 1:3 (n/n). The cloning of the WR mutation was carried out analogously, but with VvGT15a-WR-rev and
VvGT15a-WR-fwd primers instead of VvGT15a-SN-rev and VvGT15a-SN-fwd, respectively. The SN-WR variant was also

http://n2t.net/addgene:29659;
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created by two PCR steps. However, the first PCR step was used to amplify three fragments and introduce both point
mutations in the overlapping regions. Primers VvGT15a-Fwd and VvGT15a-SN-rev were used for the first fragment
of VvGT15a, VvGT15a-SN-fwd, and VvGT15a-WR-rev were used for the second fragment, and VvGT15a-WR-fwd and
VvGT15a-Rev were applied for the third fragment. The three fragments were used in the second PCR together with
the end primers VvGT15a-Fwd and VvGT15a-Rev. Like before, the second PCR reaction yielded the finished gene.
The cloning into the entry vector was carried out analogously to the single mutants. The cloning of the VvGT16 vari-
ants was similar to that of the VvGT15a variants, except that VvGT16 primers were used instead of the VvGT15a
primers.

2.8 Sequencing

New constructs were sequenced by Eurofins Genomics GmbH (Ebersberg, Germany) and confirmed by DNA sequence
alignment by Serial Cloner (http://serialbasics.free.fr/Serial_Cloner.html; version 2.6.1). The genome sequencing was
performed by Eurofins Genomics GmbH and the sequencing of the RT-PCR products by GENEWIZ Germany (Leipzig,
Germany).

2.9 Minimal medium

M9 minimal medium was produced according to a published protocol (https://www.helmholtz-muenchen.de/fileadmin/
PEPF/Protocols/M9-medium_150510.pdf).

2.10 Creation of the mutant library

The mutant library was created by using the GeneMorph II Random Mutagenesis Kit (Agilent Technologies, Santa Clara,
CA, USA). As template 3.7 μg pRSFDuet-1_VvGT14ao were used for the epPCR, containing 1000 ng of target DNA. The
PCR reaction was performed with 30 cycles, using the primers GM2_RSF-14ao_fwd and GM2_RSF-14ao_rev. The PCR
product was gel-purified and cloned in pRSFDuet-1 using restriction with BamHI and NotI followed by ligation using T4
DNA ligase.

2.11 Library screening using hitplate cultivation

In vivo glycosylation was performed using hitplate cultivation as described.33 One milliliter sample was transferred from
each well to a microreaction tube and was centrifuged. The supernatant was analyzed by LC-UV as described.33

2.12 Plasmid curing

In order to remove plasmids from an E. coli strain, a cultivation under temperature stress without selective pressure
was carried out. Lysogeny broth (LB medium; 10 g/L tryptone, 5 g/L yeast extract, and 10 g/L sodium chloride) was
used as culture medium, and the cultivation was carried out at 42◦C without the use of antibiotics.34 A small quantity
(approximately 200 cells) from each passage was spread onto agar plates without antibiotics. Single colonies were collected
on two collection plates, one with and one without the previously needed antibiotics. The antibiotic-free plates yielded
one colony for each picked one. The agar plate with antibiotics served as control and showed which culture still contained
the plasmid. More than 10 passages were required to cure the strains.

2.13 Protein production

Enzymes for in vitro experiments were purified from crude cell extracts using affinity chromatography according to.31

http://serialbasics.free.fr/
https://www.helmholtz-muenchen.de/fileadmin/PEPF/Protocols/M9-medium_150510.pdf
https://www.helmholtz-muenchen.de/fileadmin/PEPF/Protocols/M9-medium_150510.pdf
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2.14 In vitro analysis

The glycosylation reaction was analyzed with the UDP-Glo™ Glycosyltransferase Assay (Promega, Mannheim, Germany)
according to the manufacturer’s protocol. The luminescence of the samples was measured after an incubation period of
60 min in the dark using the CLARIOstar plate reader (BMG LABTECH GmbH, Ortenberg, Germany).

2.15 SDS gel

The protein expression was determined by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). The
stacking and resolving gel contained 5% and 12% acrylamide, respectively. Equal volumes of the culture and 2x Laemmli
Buffer (Bio-Rad, Munich, Germany) were mixed and boiled at 95◦C for 5 min. The gels were loaded with 10 μL sample
per well and run at 100 V for 3 h. The gels were stained overnight with a colloidal coomassie staining solution (50 g/L
aluminum sulfate-18-hydrate, 200 mL/L ethanol, 1 g/L coomassie blue G250, and 23.5 mL/L ortho-phosphoric acid) and
destained with water for a few hours. The glutathione S-transferas (GST)-GT bands were confirmed via western blot using
anti-GST antibody and quantified using ImageJ (https://fiji.sc/).

2.16 Reverse transcription polymerase chain reaction

The RT-PCR was performed with the SuperScript IV One-Step RT-PCR System from Thermo Fisher Scientific (Planegg,
Germany). The RT-PCR products were analyzed by gel electrophoresis on a gel containing 1% (w/v) agarose.

2.17 Complementary DNA synthesis

The complementary DNA (cDNA) was synthesizes using the iScript™ cDNA Synthesis Kit from Bio-Rad Laboratories
(Feldkirchen, Germany).

2.18 Real-time quantitative PCR

The real-time quantitative PCR (qPCR) was performed with the OneStepPlus Real-Time PCR system from Applied
Biosystems (Foster City, CA, USA) using the SensiFAST™ SYBR® Hi-ROX Kit from Bioline GmbH (Luckenwalde,
Germany).

3 RESULTS

A guided evolution approach was employed to increase the geranyl glucoside yield from a whole-cell biocatalyst using
VvGT14a from grape (V. vinifera). The gene VvGT14ao was subjected to an epPCR using 1000 ng of target DNA and 30
amplification cycles. The DNA library was obtained by cloning the PCR product into pRSFDuet-1 and E. coli NEB10β was
transformed with the library. The plasmid DNA of several transformants was sequenced. The mutation rate was analyzed
at the protein level and was described as amino acid exchanges per gene (AAE). The mutant library showed an average
mutation rate of 0.63 AAE, resulting in a distribution of 37% 0 AAE, 43% 1 AAE, 17% 2 AAE, and 3% 3 AAE variants in
the library.

E. coli BL21(DE3) was transformed with the DNA library for the mutant screening. The transformants were distributed
on collection plates with petri dish stickers displaying a 100-square grid. Each collection plate contained 99 putative
mutants and one colony of E. coli BL21(DE3) /pRSFDuet-1_VvGT14ao as reference. The transformation and collection
was repeated several times, to have fresh cell material at hand for the screening. The putative mutants were tested by
hitplate cultivation for their ability to produce geranyl glucoside. The hitplates were loaded with the reference strain and
11 putative mutants, each in duplicate. The geranyl glucoside concentration was quantified in the supernatant by LC-UV.
In this way, the performance of the whole-cell process was investigated and not merely the catalytic activity of the mutant
protein alone. The screening results were sorted by decreasing product yield (Figure 1).

https://fiji.sc/
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F I G U R E 1 Screening of the mutant library. The geranyl glucoside yield of 192 colonies was determined in 16 screening plates each
containing 11 putative mutants (light gray) and one wild type reference (dark gray) in duplicate. In total 176 putative mutants were screened.
The error bars show the SD of the replicates. Superior mutants (I), wild type strains and neutral mutants (II), inferior mutants (III), and
loss-of-function mutants and empty vector strains (IV)

The resultant strains could be categorized into four distinct groups. Group I (superior mutants) consisted of three
putative mutants that produced significantly elevated concentrations of geranyl glucoside. Group II (wild type strains and
neutral mutants) comprised most of the cultures studied. These candidates showed an activity similar to the wild type
references. The mutations occurring in these candidates had no effect on the geranyl glucoside yield. Group III (infe-
rior mutants) contained candidates with a lower activity than the wild type strains. Therefore, the mutations present in
those strains were unfavorable and resulted in an inferior production system. The members of group IV (loss-of-function
mutants and empty vector strains) showed no measurable geranyl glucoside production. These candidates either con-
tained a mutation, which destroyed the activity of VvGT14a, or they harbored an expression vector without the GT gene
(empty vector strains).

The reference strain E. coli BL21(DE3) /pRSFDuet-1_VvGT14ao produced 0.014 mM of geranyl glucoside on average.
The three screening hits from group I, K60, K43, and K163, produced 0.051, 0.203, and 0.848 mM of geranyl glucoside
in the initial screening, respectively. The plasmids from group I were isolated and sequenced to elucidate the specific
mutations.

3.1 Screening hit K60

K60 contained a mixture of expression vectors. Two independent sequencing analyses showed the empty vector sequence
and the elevated product yield was confirmed by two independent biotransformation experiments. The strain was cured
of the expression vectors, and retransformed with pRSFDuet-1_VvGT14ao. This strain showed only the activity of the
wild type strain. The GT gene was detected in the original K60 strain by colony PCR (cPCR) using VvGT14ao specific
primers. Sequencing of the cPCR product showed a mutation within VvGT14ao resulting in the variant VvGT14ao-T398S.
This mutation is located two positions downstream of the plant secondary product glycosyltransferase (PSPG) motif in the
C-terminal direction of the enzyme. The PSPG motif is responsible for binding of the sugar donor.17,35 Furthermore, the
sequencing chromatogram revealed a mixture of the variant and the wild type gene in the cPCR product. Initial sequenc-
ing identified the empty vector sequence; therefore, we concluded that the majority of the plasmids within K60 were empty
vectors. According to the cPCR sequencing data the second most abundant plasmid was pRSFDuet-1_VvGT14ao-T398S
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followed by the wild type vector. The T398S variant was cloned and analyzed with E. coli BL21(DE3) as a host. However,
the product concentration was roughly 6.5 times lower than the yield of the wild type strain.

3.2 Screening hit K43

K43 showed the wild type VvGT14ao sequence without mutations. Resequencing confirmed the initial result and
the increased activity of K43 was verified by further experiments. The strain K43 was also cured of the expres-
sion vector. The cured strain, E. coli BL21(DE3)K43, showed no sign of product formation. Upon retransformation
with pRSFDuet-1_VvGT14ao, the product yield again reached the elevated levels, indicating a beneficial mutation
in the genomic background of the production host. The genome of E. coli BL21(DE3)K43 was sequenced and com-
pared with the wild type laboratory strain. The sequencing reaction revealed several single nucleotide polymorphisms
(SNPs) and insertions/deletions (indels) located in five loci. The large number of genomic mutations could be a
result of the curing process, which may have added some genomic mutations. However, the mutation attributing
to the increase in product yield must be within the five loci as the retransformed strain also showed the increase
in yield.

Locus 1 contained one SNP and was located at the position 110,370 in the E. coli BL21(DE3) genome
(AM946981; http://www.ebi.ac.uk/Tools/dbfetch/expasyfetch?AM946981). The SNP was between lpxC (an essential
zinc-dependent deacetylase of bacterial lipid A synthesis) and secM (regulates production of cotranslated SecA), but
not within any identified regulatory element. This mutation should therefore not affect the glycosylation ability of
the host.

The second locus contained six SNPs and one insertion in the region between the positions 2,929,276 and 2,929,309.
The insert was rather small, with only three base pairs added. The locus is downstream of two coding sequences, yggW
(probably acts as a heme chaperone, transferring heme to an unknown acceptor) and yggM (uncharacterized). Similar to
locus 1, the second locus was also not within any known regulatory element and should therefore be irrelevant for the
glycosylation process.

Locus 3 only contained one SNP and was located at position 2,964,343, between the coding sequences pulK (minor
pseudopilin, Type II secretion system protein K) and yghE (putative type II secretion system L-type protein). Because
there is no promoter or terminator between the two coding sequences, this mutation should not affect the glycosylation
efficiency of E. coli BL21(DE3)K43.

The fourth locus was the largest with 41 SNPs and six indels. This locus was located within the coding sequence of
yghJ, between 2,975,823 and 2,977,059 in the E. coli BL21(DE3) genome. The expressed protein yghJ or acfD (accessory
colonization factor) is a lipoprotein anchored in the cell membrane. This protein contains a M60 protease domain and
showed mucinase activity in pathogenic E. coli strains.36,37 Thirty-two SNPs and four indels were located within the M60
metalloprotease domain. Even though the gene contained multiple SNPs and indels, it still coded for an uninterrupted
yghJ variant. The variant enzyme contained 17 AAE compared with the laboratory strain. There is no apparent link
between the mucinase activity and the GT activity.

The last locus was at position 3,857,938 and contained a large insertion of 1338 base pairs. The insert con-
tained the promoter region and coding sequence from an IS4-like element ISVsa5 family transposase (NCBI, Standard
Nucleotide BLAST; 100% identity according to https://www.ncbi.nlm.nih.gov/nucleotide/CP040667.1?report=genbank&
log$=nuclalign&blast_rank=1&RID=RCHP6UZM01R&from=590392&to=591597). The transposase gene was inserted
into the unpaired loop of the rho transcription terminator, rendering it useless. Therefore, we concluded that the follow-
ing operon could be cotranscribed with rho. This operon is approximately 13 kb long and contained 12 genes: rfe, wzzE,
rffE, rffD, rffG, rffH, rffC, rffA, wzxE, rffT, wzyE, and rffM. The encoded enzymes are involved in the synthesis and trans-
port of lipid III, and the formation of the cyclic enterobacterial common antigen38. RT-PCR showed the cotranscription
of rho and the following operon in E. coli BL21(DE3)K43, but also in the wild type strain (Figure S1). In addition, qPCR
proved that the transcripts of the following operon were much more abundant in the K43 strain than in the wild type
strain (Figure 2(A)). By contrast, the abundance of the GT transcript was reduced by a factor of 1.6 in the K43 strain
compared with the wild type strain (Figure 2(B)).

The new glycoside production host, E. coli BL21(DE3)K43, was transformed with a variety of different expres-
sion vectors to further test the beneficial genomic background mutation. The tested expression vectors include
pET29a_VvGT14ao, pET32aK_VvGT14ao, pET-SUMO_VvGT14ao, and pGEX-K_VvGT14ao. The K43 strains were
tested against the corresponding E. coli BL21(DE3) strains (Figure 3). Except for pGEX-K_VvGT14ao, all other

http://www.ebi.ac.uk/Tools/dbfetch/expasyfetch?AM946981
https://www.ncbi.nlm.nih.gov/nucleotide/CP040667.1?report=genbank%26log$=nuclalign%26blast_rank=1%26RID=RCHP6UZM01R%26from=590392%26to=591597
https://www.ncbi.nlm.nih.gov/nucleotide/CP040667.1?report=genbank%26log$=nuclalign%26blast_rank=1%26RID=RCHP6UZM01R%26from=590392%26to=591597
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(A) (B)

F I G U R E 2 Quantitative real-time PCR analysis. Gene expression levels were calculated relative to rho expression. (A) Quantification
of rfe, rffG, and rffM transcripts of E. coli BL21(DE3) (dark gray) and of E. coli BL21(DE3)K43 (medium gray). (B) Quantification of
VvGT14ao transcripts (light gray) in E. coli BL21(DE3)/pRSFDuet-1_VvGT14ao (WT), and the three screening hits K43, K60, and K163.
Samples were taken 20 h after IPTG induction. The error bars represent the SD of the duplicates

F I G U R E 3 Glucoside yield of E. coli BL21(DE3) and E. coli BL21(DE3)K43 strains combined with different expression vectors
containing VvGT14ao. The error bars represent the confidence intervals calculated from 2 to 10 data points. The statistical analysis was
carried out with an unpaired t test. – not statistically significant, *p < 0.05, **p < 0.01, and ***p < 0.001

expression vectors provided higher geranyl glucoside titers when introduced into E. coli BL21(DE3)K43 instead of E.
coli BL21(DE3). The expression vectors, pET29a_VvGT14ao, pET32aK_VvGT14ao, and pET-SUMO_VvGT14ao, showed
improved product yields in E. coli BL21(DE3)K43 with 0.220, 0.078, and 0.183 mM of geranyl glucoside, respectively
(Figure 3).
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3.3 Screening hit K163

Sequencing of the plasmid of K163 revealed two distinct mutations, one exchanged base pair in a codon from AGC to AAC,
and one from TGG to CGG. These mutations resulted in two AAE, creating the enzyme variant VvGT14ao-S168N-W353R.
While S168 is located in an outward-facing peptide, W353 is the first amino acid of the highly conserved PSPG motif.35 The
single mutants S168N and W353R were prepared to clarify which mutation resulted in the significant increase in yield.
The wild type, the two single mutants, and the double mutant sequences were cloned into three vectors, pRSFDuet-1,
pET29a, and pGEX-K, for further testing. All tested W353R variants and double mutants showed an increased product
yield compared with the wild type enzyme (Figure 4). However, the double mutant showed even higher product yields
than the W353R mutant in the pRSFDuet-1 and pET29a vector. The S168N mutation on its own did not seem to be
beneficial, except in pRSFDuet-1.

Because of this ambiguous in vivo result, the purified enzyme variants were tested in vitro for their glycosylation
activity. The variants were expressed in E. coli BL21 using the pGEX-K vector, resulting in GST-tagged enzymes. They
were purified with GST-binding resin, and the kinetic data were determined in vitro using the UDP-Glo assay. All three
mutants showed a reduced catalytic activity (Table 1; Figure S4). The specific activity vmax decreased from 2100 U/mg of
the wild type to 581, 219, and 58 U/mg for the S168N, double, and W353R mutant, respectively. The Km value was less
affected by the AAE but showed the highest value for the double mutant S168N-W353R with 230 μM while the Km value
for the wild type was 72 μM.

F I G U R E 4 Relative product yield of the S168N, W353R, and double mutant (S168N-W353R) of VvGT14a when analyzed by whole-cell
biotransformation. Product yield of the wild type enzyme was set to 1. Direct comparison of the VvGT14a variants in different plasmids
(pRSFDuet-1, pET29a, and pGEX-K) using E. coli BL21(DE3). The average geranyl glucoside yields are shown with SDs using two to three
data points; a logarithmic scale was used. The statistical analysis was carried out with an unpaired t test. – not statistically significant,
*p < 0.05, **p < 0.01, and ***p < 0.001

T A B L E 1 Kinetic data of GST-VvGT14a variants

GST-VvGT14a variant KM (𝛍M) vmax (U/mg) kcat (s) kcat/KM (s/𝛍M)

Wild type 72 ±49 2100 ±1180 1850 25.5

S168N 64 ±6 581 ±39 512 8.0

W353R 44 ±12 58 ±11 51 1.2

S168N-W353R 230 ±148 219 ±129 193 0.8
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F I G U R E 5 Relative product yield of the SN, WR, and double mutant of VvGT14a, VvGT15a, and VvGT16 in a whole-cell
biotransformation experiment. Product yield of the respective wild type enzymes was set to 1. Direct comparison of the VvGT14a, VvGT15a,
and VvGT16 variants in pGEX-vectors using E. coli BL21. The average glucoside yield (geranyl glucoside for VvGT14a and VvGT15a; benzyl
glucoside for VvGT16) is shown with SDs of the duplicates. The statistical analysis was carried out with an unpaired t test. – not statistically
significant, *p < 0.05, **p < 0.01, and ***p < 0.001

The S to N, W to R, and SW to NR AAE were also performed in other GTs from V. vinifera to investigate the transfer-
ability of the result obtained with VvGT14a. The corresponding amino acids where replaced in VvGT15a and VvGT16,
the genes inserted in pGEX-4T-1 and introduced into E. coli BL21 to test the glycosylation abilities of the mutants in
the HP cultivation system by whole-cell biotransformation. Production of geranyl glucoside was quantified in the case
of VvGT15a because this biocatalyst glucosylated terpenols similar to VvGT14a, while the formation of benzyl gluco-
side was determined for VvGT16.31 The SN mutation in VvGT15a, and VvGT16 did not significantly alter the product
yield (Figure 5). By contrast, the WR mutation completely deactivated the biocatalysts (Figure 5). Therefore, the results
obtained for VvGT14a were not transferrable to other enzymes.

3.4 Combination of effects

To further increase product yield, the modifications identified for K43 and K163 were combined. The gene cod-
ing for VvGT14ao-S168N-W353R was ligated into the expression vectors pRSFDuet-1, pET29a, and pGEX-K, and
the vectors were introduced into plasmid-cured K43. Each improvement measure showed a positive effect on
the product yield alone. However, only the production system using the pET29a vector benefited synergisti-
cally from both measures combined (Figure 6). The concentration of geranyl glucoside increased from 0.064 mM
produced by the wild type strain E. coli BL21(DE3) /pET29a_VvGT14ao to 0.656 mM achieved by the E. coli
strain BL21(DE3)K43 /pET29a_VvGT14ao-S168N-W353R. All other K43 strains containing the double mutant
produced less geranyl glucoside than the E. coli BL21(DE3) hosts with the double mutant. Overall, E. coli
BL21(DE3)/pRSFDuet-1_VvGT14ao-S168N-W353R was a superior production system with a geranyl glucoside yield of
0.666 mM.

4 DISCUSSION

A directed evolution approach was carried out to improve the product yield of an E. coli whole-cell biocatalyst. The
approach was comprised of random mutagenesis coupled with a suitable screening system. VvGT14a was chosen as the
target enzyme because of its broad terpene substrate spectrum. The codon-optimized VvGT14ao gene was subjected to
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F I G U R E 6 Absolute product yield of wild type and double mutant VvGT14a (DM) in different production systems. Direct comparison
of VvGT14a wild type and double mutant in different vectors (Duet, pET29a, and pGEX-K) using E. coli BL21(DE3) (dark gray bars) and E.
coli BL21(DE3)K43 (light gray bars) as hosts. The error bars represent the confidence intervals calculated from 2 to 10 data points. The
statistical analysis was carried out with an unpaired t test. – not statistically significant, *p < 0.05, **p < 0.01, and ***p < 0.001

epPCR and the mutant library was screened by medium-throughput screening of the whole-cell biocatalysts. By screening
only 176 colonies, the approach yielded a candidate strain (pRSFDuet-1_VvGT14ao-S168N-W353R in E. coli BL21(DE3)),
which showed an up to 60-fold higher product yield than the initial strain (pRSFDuet-1_VvGT14ao in E. coli BL21(DE3)).
In comparison, directed evolution of the GT OleD provided an enzyme with a more than 100-times higher catalytic activ-
ity towards the glycosylation of novobiocic acid by screening of 1000 and 300 putative mutants 23,32. However, it should
be noted that our attained value refers to the whole-cell process, while the second value of the cited study refers to the
catalytic activity of an enzyme.

The analysis of the library showed that on average 37% of the putative mutants still contained the wild type enzyme,
which reduced the probability to find highly productive mutants. A high quality mutant library should have a mutation
rate between one and two AAE.39 Our library showed 43% 1 AAE, 17% 2 AAE, and 3% 3 AAE and was therefore of decent
quality.

The screening detected three outstanding mutants (Figure 1). Considering the quality of the mutant library and the
small number of colonies tested (176), the probability of a hit was not high.40 The largest group of candidates comprised
strains harboring the wild type gene and neutral mutants. The high number was expected as 37% of the vectors coded for
the wild type enzyme. The third group consisted of candidates with deleterious mutations and the last group contained
mutants with premature stop codons, frame shifts, or other loss-of-function mutations. However, group IV in this screen-
ing also comprised a considerable number of strains carrying the pRSFDuet-1 vector without the target gene (up to 25%).
All parameters of the restriction and dephosphorylation reactions were within the recommended limits. Nevertheless, the
reactions were incomplete. The share of recombinants could be increased two- to three-fold by optimizing the digestion
and dephosphorylation reaction.41

The highly effective strains K60, K43, and K163 achieved 0.051, 0.203, and 0.848 mM geranyl glucoside by whole-cell
biotransformation, respectively, significantly exceeding the average yield of 0.014 mM of the wild type strain. The initial
sequencing results of the candidates’ plasmids revealed that K60 harbored an empty vector, K43 contained the wild type
sequence and K163 carried the double mutant S168N-W353R.

The results for K43 and K60 were confirmed by repeating the biotransformation, starting from a single colony. The
sequencing was also repeated with freshly extracted plasmid DNA from the same colonies used in the biotransforma-
tion. K43, and K60 were again identified as wild type, and empty vector strain, respectively. Both strains were cured of
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their plasmid in order to find the source of the increased product yield. The cured strains E. coli BL21(DE3)K43 and
E. coli BL21(DE3)K60 were unable to glycosylate geraniol. Retransformation of both strains with the wild type vec-
tor pRSFDuet-1_VvGT14ao gave two different results. E. coli BL21(DE3)K43 /pRSFDuet-1_VvGT14ao showed again the
increased product formation in comparison to E. coli BL21(DE3) /pRSFDuet-1_VvGT14ao. However, the strain E. coli
BL21(DE3)K60 /pRSFDuet-1_VvGT14ao produced only the same glucoside concentration as the reference strain. The
enhanced glycosylation activity of K60 must be due to its plasmid(s), because the increased activity was lost along with the
expression vectors. Therefore, the plasmid(s) contained in K60 were reanalyzed in more detail. cPCR using GT-specific
primers (Figure S2) detected the GT gene VvGT14ao. The data suggested that K60 contained at least two versions of
pRSFDuet-1, one with the VvGT14ao gene and one without an insert. As sequencing of the extracted plasmids provided
the empty vector sequence with good quality, the majority of the plasmids of K60 must consist mainly of the empty vector.
In addition, the sequencing of the cPCR product also revealed a variant, VvGT14ao-T398S and the wild type VvGT14ao.
Therefore, the K60 strain contained at least three different vectors. The T398S variant was cloned and tested in vivo, but
produced only 0.15 times the geranyl glucoside of the wild type strain. It is likely that the increased product formation
is a result of an expression effect. The high-copy vector pRSFDuet-1 could lead to the overproduction of the target pro-
tein, which cannot be folded properly because of the fast production. Therefore, the host could benefit from a lower copy
number of VvGT14ao and the resulting lower transcription and translation as decreasing VvGT14ao transcript levels led
to higher glucoside titers (Figure S3). In vivo, protein folding occurs while the ribosome translates mRNA sequences into
a growing polypeptide. Cotranslational folding is regulated by specific amino acid interactions as well as by the rate of
synthesis relative to folding. Therefore, misinteractions and inappropriate rates of amino acid addition can contribute to
protein misfolding events.42

The increased productivity of K43 was attributed to the genomic background of the strain instead of the expression
vector. In order to test the transferability of this positive feature, the cured strain E. coli BL21(DE3)K43 was trans-
formed with other expression vectors and their glucoside yields were compared with those of the corresponding E. coli
BL21(DE3) strains (Figure 3). The advantageous property of K43 genomic background could be combined with the vectors
pRSFDuet-1_VvGT14ao, pET29a_VvGT14ao, pET32aK_VvGT14ao, and pET-SUMO_VvGT14ao. The only vector that did
not benefit from the K43 background was pGEX-K_VvGT14ao. The plasmid pGEX-K_VvGT14ao is the only vector that
does not use the T7 promoter and the T7 RNA polymerase.

In order to illuminate the unplanned mutation in E. coli BL21(DE3)K43, the whole genome of the cured strain
was sequenced. The genome sequencing showed an insert in the rho terminator hairpin loop of 1338 bp, belonging
to a transposable element. This gene jumped to this location by chance and impeded the termination efficiency. The
insert thereby increased the transcription of the following 13-kb operon in comparison with rho (Figure 2(A)). The
enzymes encoded by the upregulated operon are involved in the synthesis of glycosylated membrane lipids and the cyclic
polysaccharide ECAcyc (Figure S5). Most of the reactions catalyzed by the encoded enzymes require NDP-sugars that
are formed from glucose-1-phosphate, meaning they are in competition with the GT for resources. Because the operon
does not contain glmU, which codes for N-acetylglucosamine-1-phosphate uridyltransferase, the product of this enzyme,
UDP-N-acetylglucosamine, is needed as precursor in the lipid III synthesis. Thus, the enhanced production of the encoded
proteins of this operon cannot explain the increased production of geranyl glucosides by K43.

About half of the transcriptions in E. coli are terminated by Rho,43 therefore the transcription of rho cannot be weak.
It was proposed that Rho autoregulates its expression.44 The increased expression of the 13-kb operon, which follows rho,
is in competition with the expression of other genes for the additionally needed transcription and translation resources.
The function of the terminator of rho should be impaired, because the insertion is located within the hairpin loop. How-
ever, the insertion caused the increased transcription of the adjacent operon, but not in equal amounts (Figure 2(A)).
Consequently, the transcription and translation of the heterologous enzyme could be reduced. The decreased transcrip-
tion of the target enzyme was experimentally confirmed (Figure 2(B)). Because a reduced amount of GT transcript was
beneficial to the final product concentration, it seemed that too fast protein production is detrimental. The plant enzyme
could be misfolded in E. coli and accumulate in inclusion bodies. As a result, the reduced transcription and translation
of the GT might result in a higher proportion of correctly formed, active, and soluble enzyme. Chaperones support the
correct folding of proteins, and it has been shown that coexpression of GroEL-GroES and VvGT14a led to significantly
enhanced glucoside concentrations (unpublished results).

Some plant proteins can only be produced as active enzymes in prokaryotes at low temperatures, that is, when
transcription and translation are slowed down. This illustrates that the rate of protein formation is important for
proper folding into the catalytically active conformer. The variable dependence of protein production of different E. coli
strains on expression temperature has been described several times.45 In addition, E. coli strains with different genomic
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backgrounds produce recombinant target proteins with varying degrees of success. Therefore, numerous strains are
offered based on their different properties and protein production efficiencies.46,47 In this regard, K43 is an E. coli deriva-
tive that is a superior host for VvGT14ao. We attempted to characterize this strain by genome sequencing but were unable
to fully elucidate the cause of enhanced product formation although clearly the genomic background could be attributed
to the increased amount of product. Protein yield in transgenic E. coli has been improved almost exclusively by targeted
engineering approaches. However, there are few reported examples of isolation of E. coli protein production strains by
evolutionary approaches.48 K43 can be considered an example of such an optimal expression host for VvGT14ao.

Further analysis revealed that the increase in geranyl glucoside production efficiency of the plasmids in the strain
background of E. coli BL21(DE3)K43 seemed to be inversely related to the length of the transcription and translation
product (Figure 7). The more amino acids added to VvGT14a, the smaller the positive impact of the K43 strain background.
In case of the pGEX-K vector, where 226 amino acids were added to VvGT14a, a minor effect of the alternative host
could be observed (Figures 6 and 7). By contrast, a major effect was achieved with the pRSFDuet-1 vector. The pGEX-K
strains differ considerably from the other candidates because pGEX-K depends on an inherent E. coli RNA polymerase.
Therefore, the transcription of the gene of interest competes with all other transcription events in the cell, including the
transcription of the upregulated rfe-[… ]-rffM operon. The other expression vectors use the exclusive T7 RNA polymerase
and circumvent this competition, which might explain the poor performance of pGEX-K in the K43 genomic background.

K163 delivered the double mutant S168N-W353R. The single mutants were created and were transformed in different
expression vectors to analyze their effects on product titer. The W353R and S168N-W353R mutants resulted in superior
product yields compared with the corresponding wild type strains (Figure 4) but the catalytic activities of the isolated
enzymes were reduced (Table 1). Because the positive effect could not be transferred to other GTs (Figure 5), we therefore
assume that the increased product formation by K163 is probably the result of an expression effect caused by the double
mutant. To test different expressions levels of the mutant proteins in comparison to the wild type, SDS-PAGE and western
blot analysis was performed (Figure S6). A faint band for GST-VvGT14ao was visible in the western blot while intensive
bands for GST-VvGT14ao-W353R and GST-VvGT14ao-S168N-W353R were observed (Figure S5). The gene coding for
VvGT14a was used in the experiments in its codon-optimized form to assure optimal translation in E. coli. However, too
much and too fast protein production oftentimes leads to the formation of inclusion bodies and misfolded proteins.42,49

The replacement of two seemingly optimal codons could slow the translation down and result in higher amounts of
correctly formed, soluble enzyme. This potentially positive effect competes with the reduced activity of the enzymes and
could not be transferred to other GTs (Figure 5). The GTs lost almost all their activity in the whole-cell biotransformation
experiments when the WR mutation was introduced, which was in agreement with the in vitro data of GST-VvGT14a.

F I G U R E 7 Relative geranyl glucoside production activity of different constructs according to the protein tag length. Data points from
left to right: pRSFDuet-1, pET29a, pET-SUMO, pET32aK, and pGEX-K. All expression vectors contain the gene for VvGT14ao.
R2 = coefficient of correlation
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The increase of product formation by the double mutant is therefore limited to the whole-cell biotransformation using
VvGT14ao.

During the execution of the experiments, it turned out that the vector pRSFDuet-1 is not an ideal vector for mutant
library screening because the expression system is extremely leaky and not accurately regulated by IPTG (Figure S7). The
used vector was not favorable, as lower expression, or a decrease in translation of VvGT14a positively affected the product
yields. Nevertheless, this screening was a success as it brought forward one enzyme variant, which produced superior
glucoside titers in vivo and revealed a novel production host, which showed improved glucoside production capabilities.

Our experimental set-up primarily yielded improved production strains but no enzyme showing increased catalytic
activity. However, whole cell screening can also be used to identify enzyme variants with higher catalytic activities. In this
case, to avoid false positive mutants due to background mutations or translational effects, certain steps should be taken or
controlled in advance: (1) The recombinant gene should be resynthesized in a codon-harmonized form to obtain optimal
transcript levels. (2) The expression system, consisting of host, vector, and target gene, should produce the target enzyme
preferably in soluble form. (3) Inducer concentration should be optimized. (4) The mutant library should not contain a
high proportion of wild-type strains and empty vector strains.

The directed evolution approach is generally applied in biosciences to improve the enzymatic activity of proteins. It is
assumed that enzymes are important actors to increase productivity of a biotechnological process.50 We were interested
in the optimization of a whole-cell biocatalytic process and used intact E. coli cells for the screening of beneficial biocat-
alysts rather than isolated mutant proteins due to simplicity and reproducibility of the screening system. Although no
improvement in catalytic efficiency of the enzyme was achieved, the productivity of the system could be increased by a
factor of 60. The economic impact of this increase is remarkable, when considering the current price of geranyl glucoside
(625 $ per 25 mg, https://www.carbosynth.com). In addition to the catalytic activity of the enzyme, the expression system
including transcription, translation, and correct folding of the enzyme was crucial. Therefore, if whole-cell biocatalysts
should be developed, intact cells should be screened rather than isolated mutant proteins so that productive enzyme-host
combinations are not overlooked.

Optimization of whole-cell biocatalysts has been done exclusively by metabolic engineering using rational design30

and resulted in moderate to good enhancement of product concentrations.26–28 In our study, although we could not
increase the catalytic activity of the protein by the product-directed screening of whole-cell biocatalysts we obtained a
highly efficient and stable catalyst. We have here, admittedly unintentionally, taken advantage of the biological variability
of the E. coli strain and isolated an efficient random mutant. We therefore conclude that in addition to metabolic engineer-
ing, that is, optimizing metabolite flux in the cell, transcriptional and translational events must also be adjusted.48 Our
results show that these phenomena are so far only very incompletely understood but can lead to a substantial increase in
product titer.
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