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Abstract

Background: Synthetic biology efforts often require high-throughput screening tools for enzyme engineering cam-
paigns. While innovations in chromatographic and mass spectrometry-based techniques provide relevant structural
information associated with enzyme activity, these approaches can require cost-intensive instrumentation and techni-
cal expertise not broadly available. Moreover, complex workflows and analysis time can significantly impact through-
put. To this end, we develop an automated, 96-well screening platform based on thin layer chromatography (TLC) and

screening (HTS), Protein engineering, Isoprenoids

use it to monitor in vitro activity of a geranylgeranyl reductase isolated from Sulfolobus acidocaldarius (SaGGR).

Results: Unreduced SaGGR products are oxidized to their corresponding epoxide and applied to thin layer silica
plates by acoustic printing. These derivatives are chromatographically separated based on the extent of epoxidation
and are covalently ligated to a chromophore, allowing detection of enzyme variants with unique product distribu-
tions or enhanced reductase activity. Herein, we employ this workflow to examine farnesol reduction using a codon-
saturation mutagenesis library at the Leu377 site of SaGGR. We show this TLC-based screen can distinguish between
fourfold differences in enzyme activity for select mutants and validated those results by GC-MS.

Conclusions: With appropriate quantitation methods, this workflow can be used to screen polyprenyl reductase
activity and can be readily adapted to analyze broader catalyst libraries whose products are amenable to TLC analysis.

Keywords: Thin layer chromatography (TLC), Geranylgeranyl reductase (GGR), Automation, High-throughput

Background

Alkene hydrogenation is an important process in petro-
leum refining, yet one that suffers pitfalls including
catalyst poisoning, mass transport limitations, heat
generation, and collective financial barriers associated
with hydrogen, storage, and catalysts. For these reasons,
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performing alkene hydrogenation in vivo using engi-
neered microbes has emerged as a potential alternative
capable of overcoming these barriers [1]. Moreover, as
synthetic biology tools and high-throughput screening
(HTS) technologies become more affordable and acces-
sible, microbes like Escherichia coli or Saccharomyces
cerevisiae are increasingly utilized to biosynthesize com-
mercially important molecules at industrial scales [2-7].
Hence, discovery of enzymes that can hydrogenate alk-
enes in microbes is of significant interest.

Enzymatic reduction of unactivated alkenes has been
lightly studied, with limited past examples of biologi-
cal isoprenoid hydrogenation [8—14]. Several enzymes
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classes that perform such chemistry include Old Yellow
Enzyme, enone reductases, and fatty acid enoyl reduc-
tases [15—19]. One exemplary platform is a geranylge-
ranyl reductase isolated from Sulfolobus acidocaldarius
(SaGGR). Its native function is believed to asymmetri-
cally reduce all eight prenyl units within 2,3-di-O-gera-
nylgeranylglyceryl phosphate, a precursor for archaeal
lipid membrane biosynthesis [20]. SaGGR has been
shown to reduce a variety of C,5-C,, isoprenoid-based
intermediates synthesized from either the mevalonate
or DXP pathways [1], but SaGGR exhibits an optimum
activity at ca. 55 °C, rendering it unsuitable for com-
mercial biosynthesis in microbes such as E. coli or S.
cerevisiae [21]. Hence, significant enzyme engineering
is necessary to improve SaGGR’s properties for its use
in engineered microbial strains to produce various satu-
rated polyprenyl compounds.

Such engineering efforts logically require development
of novel screening workflows to determine enzyme activ-
ities and product formation profiles associated with engi-
neered GGR protein libraries. Current methodologies
utilized for screening alkene reductase activity typically
involve traditional, low-throughput methods includ-
ing liquid chromatography (LC) or gas chromatography
(GC) coupled to mass spectrometry. However, these low-
throughput and analysis-intensive methodologies can
significantly limit enzyme library screening throughput
and lack considerable elements of automated handling
and analysis. To this end, we turned to thin layer chro-
matography (TLC), an analytical technique routinely
employed to rapidly separate and analyze small mole-
cules from complex mixtures. Attractive features of TLC
for SaGGR activity analysis include broad accessibility by
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laboratories without readily available mass spectrometry
instrument time, instant visualization of product profiles
from multiple samples in parallel, and robust readouts
that eliminate the need for chromatogram integration.
These advantages have led to development of TLC-based
screens in a wide variety of applications, including cata-
lytic antibodies [22], olefin metathesis [23], and olefin
rearrangement [24].

Herein, we develop a novel 96-well, TLC-based work-
flow capable of resolving isoprenoid mixtures with vary-
ing degrees of saturation. Prenyl groups that were not
reduced by SaGGR were activated by epoxidation and
coupled to the chromophore 4-(4-nitrobenzyl)pyri-
dine (NBP) [25-27]. The epoxide functionality endows
enzyme products with the polarity required for separa-
tion on normal-phase silica-TLC plates, while NBP selec-
tively reacts with epoxides in a complex mixture, forming
a distinctly purple product. Quantitative sample applica-
tion is achieved by acoustic liquid transfer from 384-well
plates directly onto TLC silica plates. Relative to tradi-
tional chromatographic methods, this workflow accel-
erates throughput and identification of SaGGR variants
with improved reductase activities while adding the reso-
lution needed to select for potential SaGGR variants with
unique product profiles (Fig. 1).

We demonstrate the utility of this screening meth-
odology to assess the relative reductase activities of
SaGGR toward farnesol (FOH), a C,; isoprenoid harbor-
ing unactivated alkenes that is commonly used in fra-
grances, pesticides, and personal care products [28-31].
Partial or selective hydrogenation of farnesol by SaGGR
has large potential to afford platform molecules for fine
chemical, pharmaceutical, nutritional, and cosmetics
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markets [32—34]. However, the drastically low reductase
activity of wild-type SaGGR prohibits its use in engi-
neered microbes such as E. coli or S. cerevisiae. A vari-
ant of SaGGR at position Leu377 was previously shown
to improve reductase activity towards geranylgeranyl
pyrophosphate [21]. Hence, we employed the screening
methodology developed herein to evaluate a codon-sat-
uration mutagenesis library at this residue. Our workflow
structurally resolves the fully unsaturated farnesol from
enzymatically hydrogenated dihydrofarnesol and tet-
rahydrofarnesol products using normal-phase TLC. The
product profiles of the library variants can semi-quanti-
tatively distinguish among variants over a fourfold activ-
ity range, as cross-validated by GC-MS. While further
development of software-based visualization tools can
be employed to enhance the quantitative aspects of this
screen, we present the basis of a plate-based workflow
amenable to HTS automation that visualizes the chal-
lenging chemistry associated with enzymatic isoprenoid
reduction in vitro.

Results

Automated SaGGR expression and purification

A variety of cell culturing conditions were explored to
optimize SaGGR expression in a 96-deep well format.
We first compared the rich medium Terrific Broth (TB)
against autoinduction media ZYP-5052 and ZYM-5052
under growth-phase conditions at 37 °C and for induc-
tion we supplemented all media with varying levels of
glucose and lactose [35]. Cell cultures incubated in ZYP-
5052 with 0.05% (v/v) glucose (ZYP-5052-glc) grew at the
fastest rate among all growth media (Fig. 2a).

Protein expression levels were measured from 96-deep
well cultures grown for 4 h at 37 °C up to ODg, of
0.5-0.7, followed by overnight expression at 37 °C. We
examined expression conditions by supplementing ZYP-
5052-glc with varying levels of glucose (glc) and lactose
(lac). Most ZYP-5052-glc formulations expressed SaGGR
at higher levels on the 1 mL scale than manually induced
expression in TB media using 0.1 mM IPTG (Fig. 2b).
SaGGR expression was generally unaffected regardless of
glc/lac ratio, suggesting negligible /acl repression at lac-
tose concentrations exceeding 0.2%. However, a higher
glucose concentration, possibly delaying the induction,
yielded higher levels of SaGGR expression. The ZYP-
5052-glc 0.2%-lac 0.2% medium was thus selected.

Several methods were explored to enrich SaGGR from
cell lysates in a 96-well format. Based on its thermophilic
origin, SaGGR remained soluble after heat treatment,
unlike most of the E. coli proteome [21]. Incubation at
60 °C for 30 min at pH 7.4 enriched samples in SaGGR
(Additional file 1: Figure S1). However, the recovered
protein largely precipitated upon buffering to the enzyme
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Fig. 2 Optimization of 96-deep well cell culturing and protein
expression conditions. a Various media were screened for cell growth
by analyzing the log-phase growth rate as a function of glucose
(glc) concentration (no glc, blue; 0.1% glc, green; 0.2% glc, red).
b SDS-PAGE of SaGGR (MW =53 kDa) present in soluble protein
fractions cultured in ZYP-5052 supplemented with various lactose
(lac) and glc levels. Lanes are run in biological duplicate with 0.05%
glcand 0.2% lac (1), 0.05% glc and 0.3% lac (2), and 0.05% glc and
0.4% lac (3), 0.1% glc and 0.2% lac (4), 0.2% glc and 0.2% lac (5). These
protein expression levels in ZYP-5052 were tested against TB medium
induced with 0.05% glc and 0.2% lac (6), with no inducer (7) and
induced with 0.1 mM IPTG (8)

pH optimum of 5.5. Instead, we opted for a 96-well resin-
based enrichment using immobilized metal ion affinity
chromatography (IMAC) tips (Fig. 3). Since imidazole-
based elution interfered with downstream derivatization
and isoprenoid recovery steps, SaGGR was eluted using
ethylenediaminetetraacetic acid (EDTA) adjusted to pH
7.4. While enzyme elution was attempted at pH 5.5 to
avoid further buffer exchange steps, purification yields
were only comparable to that using 240 mM imidazole at
pH 7.4. Under these conditions, SDS-PAGE analysis and
protein concentration determination by Bradford assay
revealed 75 pL of 38+3 pM SaGGR could be obtained
at>90% purity and could be buffer exchanged to pH 5.5
without detectable precipitation (Fig. 3). Final concen-
trations of purified, pH-adjusted mutant proteins ranged
from 0 to 75 uM.

Enzyme activity assay and product recovery

Several formulation steps were optimized to activate
purified SaGGR at its activity optimum at pH 5.5. Each
75-puL aliquot of purified GGR was buffered by incuba-
tion with a master mix containing the farnesol substrate
and flavin adenine dinucleotide (FAD) cofactor dissolved
in succinate buffer, followed by initiation of the enzyme
reaction with sodium dithionite. Ultimately, this for-
mulation (Methods) mimics in vitro assay conditions
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Fig. 3 Optimization of the protein purification step. a Protein purification of GGR using IMAC tips for an automated 96-well format. Typical protein
yields were 38 &3 uM GGR when using > 180 mM imidazole. b Due to interference with downstream chemistry, purification was executed by
stripping the co-functionalized tips with EDTA at pH 7.4 (dark grey) or pH 5.5 (light grey), where purifications utilizing EDTA at pH 7.4 is comparable
to that of using imidazole. ¢ SDS-PAGE showing the relative purity, stability, and yields of SaGGR upon elution (pH 7.4) and after buffer exchanging

previously developed, but with increased substrate con-
centration [21].

Following enzymatic hydrogenation, recovery efficien-
cies of reduced isoprenoids from reaction mixtures were
optimized using solid-phase or liquid-liquid extraction
techniques. Optimal product recovery from 96-well C,g
solid-phase extractions was achieved using a 50% (v:v)
methanol:ethyl acetate (MeOH:EtOAc) elution mixture
(Fig. 4). However, the low extraction efficiencies (<30%)
using a solid-phase approach were insufficient for subse-
quent derivatization and recovery steps. We then exam-
ined robotics-based liquid-liquid extractions using a
1:1 (v:v) addition of either EtOAc or EtOAc saturated in
cold brine to the enzyme reaction mixtures, followed by
organic phase recovery. Automated liquid-liquid extrac-
tions of the organic phase performed in 384-well plates
was successfully achieved without disturbing precipitated
mass accumulated at the organic—aqueous interface,

subsequently increasing product recovery efficiencies to
nearly 70% (Fig. 4). Following liquid-liquid extraction,
recovered products were incubated in a chemical fume
hood at room temperature until EtOAc solvent was fully
evaporated.

Reduced isoprenoid epoxidation
Isoprenoid derivatization was necessary to determine
the extent of enzymatic farnesol reduction (Scheme 1).
(E,E)-Farnesol was converted to mono-, di-, or tri-epox-
yfarnesol in less than an hour when incubated with a
5% 2,2,2,-trifluoroacetophenone catalyst loading and six
molar equivalents of H,O, and acetonitrile (MeCN) at
room temperature [26] (Additional file 1: Figure S2).
These epoxidation conditions, when applied in standard
polypropylene plates in a 96-well format, were limited by
apparent farnesol adsorption to the polypropylene wells
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Fig. 4 Comparison among various farnesol extraction and
purification techniques following the enzyme activity assay. Liquid—
liquid extraction techniques using ethyl acetate (EtOAc) or cold
brine-saturated ethyl acetate (EtOAc/NaCl) were far superior for
farnesol recovery in an automated 96-well format than solid-phase
C,g methods utilizing methanol (MeOH) or 50% MeOH in EtOAc
(MeOH-50)

(Additional file 1: Figure S3). We circumvented this issue
by performing the reaction in glass-coated 96-well plates
using vigorous stirring at an increased temperature of
50 °C. After incubation for 1 h, these reaction conditions
yielded the expected mixture of epoxyfarnesol products
that could be separated and visualized on the microliter
scale (Additional file 1: Figure S3 and Table S1). The liq-
uid-liquid extraction procedure using equal volume of
EtOAc established for product recovery was sufficient
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for recovery of epoxyfarnesols from aqueous solution.
EtOAc was again fully evaporated by incubation at room
temperature and the epoxyfarnesol products were recon-
stituted in a transfer buffer amenable to mass transfer by
acoustic droplet ejection.

Acoustic droplet ejection and thin layer chromatography

To directly compare product profiles between enzyme
variants, we developed a novel liquid transfer method
using acoustic droplet ejection technology to apply epox-
idized reaction products onto thin layer silica. Epoxy-
farnesols were reconstituted in MeCN:H,O (2.5:3), a
ratio optimized to sufficiently dissolve products while
maintaining a viscosity amenable to liquid transfer. After
loading products into an acoustic source plate, samples
were centrifuged to homogenize interactions between
the source plate and the transferring liquid and facilitate
optimal accuracy of sample ejection volumes. Repeated
application onto silica enhanced robustness of product
visualization, but had to be balanced with droplet over-
spotting, which led to increased band spreading and loss
of resolution between lanes. To reduce over-spotting
effects, ejection volumes of 48 wells were minimized to
50 nL and transferred iteratively until all reaction prod-
ucts were applied (Fig. 5 and Additional file 1: Figures S3,
S5). Following product application, a second acoustic
droplet ejection was performed to create a Coomassie-
stained grid that assisted in visualization of running lanes
and calculation of relative retention factor (Rf) values
(Additional file 1: Figure S4). The acoustic droplet ejec-
tion process was repeated onto a second TLC plate for
the remaining 48 wells of the 96-well plate for full plate
analysis. The mobile phase was optimized to 2% MeOH
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Scheme 1 Overview of enzymatic farnesol reduction, isoprenoid epoxidation, and 4-(4-nitrobenzyl)pyridine (NBP) derivatized products utilized for
screening
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Fig. 5 Optimization of acoustic droplet ejection and application of acoustic printing for the time-course assay. a Nanoliters of coomassie stain
transferred by acoustic droplet ejection to a silica-TLC plate. The optimal volume at 50 nL, circled, was determined as the best volume for a
simultaneous 48-well TLC analysis. b A time-course assay of 30 uM WT SaGGR incubated with 2 mM farnesol quenched with epoxidation reagents
every minute and spotted in a separate lane. As the assay evolves to its 48-min endpoint, the bands corresponding to the epoxide derivatives of
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relatively constant with time. Quantitative R, values for all bands are listed in Additional file 1: Table S1. ¢ Gas chromatograms derived from the
time-course described in b depict farnesol (Hy), di- (H,) and tetrahydrofarnesols (H,)

(v/v) in EtOAc:hexanes (1:1.25), and neither mobile
phase nor applied sample showed appreciable interaction
with the Coomassie stain. Following product resolution
by TLC, plates were treated with the pro-chromogenic
NBP. Preliminary attempts to ligate epoxides with NBP
at 100 °C afforded product bands with faint color inten-
sity (Additional file 1: Figure S5). Accordingly, plates were
treated with NBP and heated to 150 °C for 10 min and
treated with triethylamine to markedly improved color
intensity (Figs. 5 and 6), signifying the formation of the
epoxide—NBP adduct.

Ry values corresponding to epoxyfarnesols were deter-
mined by a time-course assay. SaGGR was incubated
with farnesol and cofactors, and samples were extracted
at 1-min intervals for 48 min and quenched by incuba-
tion with epoxidation reagents (Fig. 5). Five products (1,
2, s2, s3 and 3) were observed during the time-course,
with two putative product bands systematically increas-
ing in intensity with time (Fig. 5b). The H,-FOH deriva-
tive, tri-epoxyfarnesol (1), migrates the least with a Rf
(1)=0.171+0.02. Its strong intensity remains, suggest-
ing the reaction is not substrate-limited, also seen by
GC analysis (Fig. 5c). The epoxide derivative of H,-FOH,
dihydrofarnesol diepoxide (2), appears after approxi-
mately 10 min, migrating to a R;(2) =0.43+0.03 and can
be seen by either TLC or GC. After 25 min, the tetrahy-
drofarnesol (H,-FOH) product is formed, and its deriva-
tive, tetrahydrofarnesol monoepoxide (3), migrated to a
R/ (3)=0.67£0.04. Despite previously establishing con-
ditions for the synthesis of product 1 at the microliter
scale, uncharacterized side products s2 and s3 routinely

appeared at higher R, values. Each of the two side prod-
ucts are proposed to arise from off-target farnesol oxi-
dation, producing side products with measured R
values at R, (s2)=0.51£0.04 and Ry (s3)=0.60=40.04.
The reaction time-course, which was sampled prior to
epoxidation and analyzed in parallel by GC-MS, indi-
cates time-dependent increases in products with mass
spectra corresponding to di- (H,-FOH) and tetrahydro-
farnesols (H,-FOH) (Fig. 5c). While our previous GGR
characterization study indicated mass spectral peaks
corresponding to low levels of oxidized polyprenyl alco-
hols and polyprenyl phosphates [1], no side products
were observed in this study by GC-MS, nor were they
detected in commercial farnesol. Together these data
suggest off-target oxidation stemmed primarily from
epoxidation conditions performed in 96-well plate for-
mat. In line with previous activity measurements, these
oxidized side products appear at the zero timepoint
in the kinetic analysis and remain relatively constant
throughout the time-course, suggesting that they form
independently of products 2 and 3 and SaGGR activity
evaluation would not be affected by them. Another con-
sideration is the potential for acid-catalyzed epoxide ring
opening to yield mixed glycol products, and especially
true under the acidic conditions on TLC silica gels. In
this case it should be possible to visualize mixed glycol
epoxides using the epoxide-specific stain, NBP. Epoxy-
farnesol retention factors remained constant and product
spots were homogeneous, suggesting this pathway does
not occur to an appreciable extent (Additional file 1: Fig-
ures S2, S3). Finally, preliminary experiments indicated
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Fig. 6 Application of the screen to a codon-saturation mutagenesis library, L377X. a TLC plate for product analysis. The first 48 lanes on the left
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observed in the time-course assay (Fig. 5) denoted as standards with observed R, values in rows A-D and E-H within the mutant library. While the
observed side products R (s2) and R, (s3) migrate slightly differently among plates (dark grey and light grey, respectively), the respective products
corresponding to FOH (blue), H,-FOH (green), and H,-FOH (red) at R; (1), R; (2), and R; (3) migrate within error among all TLC plates

epoxidation to proceed under the assay conditions in
1 h, though it is possible these side products represent
incomplete epoxidation of unreduced farnesol to mono-
and diexpoxy farnesol species. Nevertheless, the interfer-
ences by these side products are well-resolved from the
derivatized, hydrogenated farnesol products of interest.

Library screening for SaGGR isoprenoid reduction
Application of the complete workflow to a codon-satu-
ration mutagenesis library was executed in a 96-well for-
mat. Demonstration of this workflow targeted a leucine
at position 377 (L377X) in SaGGR (Fig. 6), a site where
various mutants demonstrated increased reductase activ-
ity toward GGPP [21]. Ninety E. coli clones producing
a L377X variant of SaGGR were randomly selected and
inoculated in a 96-deep well plate along with 3 nega-
tive controls (E. coli strain containing a plasmid without
a GGR gene) positioned in the Al, D5, and H11 wells,
and 3 positive controls (E. coli strain expressing the WT
SaGGR gene) in A2, D6, and H12.

As expected, negative controls did not reveal any
visualized products, and WT wells revealed five prod-
uct bands with Rs in line with those calculated during
the time-course assay (Fig. 6). Collectively, the screen
revealed six product bands in the TLC profiles, includ-
ing an additional faint side-product (R, =0.26+0.02)

observed in many of the mutants contained in A-D
wells (Fig. 6 and Additional file 1: Table S1). Notably, this
side-product could be the diepoxy adduct resulting from
the regioisomer of H,-FOH in which the middle prenyl
group is reduced instead of the terminal one as proposed
in the previous GGR characterization study [1]. Reten-
tion factor values for non-enzymatic side products (R,
(s2)=0.5140.04 and Ry (s3)=0.60+0.04) were shifted
slightly downward in the A-D plate (Rf (s2)=0.461+0.03
and Ry (s3)=0.52£0.04). This difference was attributed
to differences in headspace saturation within the TLC
chamber after running the E-H plate, as similar shifts
were not observed in preliminary attempts to screen the
L377X library using this workflow (Additional file 1: Fig-
ure S5).

Nonetheless, the FOH, H,-FOH, and H,-FOH epoxy
adducts ran at reproducible Rs within error of one
another in all cases (Fig. 6 and Additional file 1: Table S1).
Hence, we assessed activity based on these product band
intensities relative to the measured protein concentra-
tion. While the in vitro protein expression levels in each
assay ranged from 0-75 pM, the relative product band
intensities among proteins with comparable expression
varied considerably (Fig. 6). Some mutants exhibiting
poor protein expression in wells including A8-A9, B3, D6,
G10, and H7-H8 revealed no intensity within the product
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bands. Other wells with robust protein expression such
as C11 and E1 also revealed little product formation rela-
tive to other mutants. On the other hand, some mutants
(C7, C10, and H9) produce robust product intensities
while having low levels of protein expression, suggesting
improved reductase activity. Taken together, these obser-
vations suggest the workflow does not suffer from biases
associated with location within the 96-well plate.

Various mutants exhibited a range of activities within
the TLC screen. Hence, we proceeded to investigate how
the qualitatively visual differences among band intensi-
ties observed in the TLC screen correlated to enzyme
activities measured using traditional GC-MS techniques.
We ran the assay under previously established in vitro
assay conditions to more accurately quantify product for-
mation to correlate its performance with the visual fea-
tures observed within the screen’s viability (Table 1). We
selected the B2, C7, C10, E1, E9, G11, and H7 variants
based on several factors, including product band inten-
sities, protein expression levels, and diversity of location
within the 96-well plate. The genes encoding the variants
were sequenced; B2 (L377T), C7 (L377N), C10 (L377G),
E1 (L377M), E9 (L377D), G11 (L377R) and H7 which
encoded a stop codon at L377. In accordance with the
product profiles observed within the TLC screen, stand-
ard assay conditions (30 uM enzyme, pH 5.5) revealed
a range of reductase activities toward farnesol (Fig. 7
and Table 1). All sense-coding mutants except for the
E1 (L377M) mutant exhibited a modest 2—3 x increase
in prenyl reductase activity relative to wild type
(3.6+0.7 nmol prenyl groups reduced h™), reflective
of the increased product band intensities within these
TLC lanes (Fig. 7 and Table 1). Except for C10 (L377G),
residues exhibiting increased activities were mutated to
either a polar (Thr or Asn) or charged (Asp or Arg) side
chain. Surprisingly, the most conservative mutation to a
hydrophobic methionine side chain within the E1 well
position exhibited a ca. sixfold decrease in activity. While

Table 1 Overview of selected mutants from the L377X
library

Well Codon Amino Acid Specific Activity, (nmol
Substitution Substitution Er_elr;yl Groups Reduced

A2 CTG WT 36+07

B2 ACG L377T 941

7 AAT L377N 72£05

c10 GGG L377G 78+09

E1 ATG L377M 08+£0.2

E9 GAT L377D 86+06

G11 cGT L377R ==
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L377M exhibits robust protein expression under the
deep-well culturing protocol, only the substrate band is
visualized within the TLC plate. Hence, these activities
measured by traditional assay methods have validated
the utility of a semi-quantitative protein screen for prenyl
reductase activity, as increased product band intensity
appears to correlate with increased enzyme activity.

Discussion

The inherent chemistry associated with detecting alkene
hydrogenation vastly limits the techniques suitable for
automated workflows. Even though synthetic approaches
have shown significant progress in this regard, there are
also some limitations [36—38]. For example, while the
reduction chemistry of libraries containing heterogene-
ous catalysts has been successfully demonstrated on a
96-well scale in parallel, product analysis remains a sig-
nificant bottleneck. Either accelerated chromatographic
methods are needed for product detection, or chemo-
metric approaches are needed to assign signatures within
heterogeneous samples using combinations of techniques
such as infrared thermography, X-ray spectroscopy, or
fluorescence to determine product formation [39].

In biological systems, enzymatic alkene reduction has
been studied in HTS fashion on vinyl groups adjacent
to the electron withdrawing group (i.e., o, B-unsaturated
carbonyls) using Old Yellow Enzyme [40]. However, this
system indirectly measured NAD(P)H consumption via a
well-known glucose oxidase-based colorimetric method
using activated alkenes as substrates. SaGGR has been
proposed to receive reducing equivalents from ferredoxin
and cannot perform reduction chemistry using NAD(P)H
[12]. Hence, the only suitable means to detect enzymatic
olefin reduction by SaGGR is to monitor the presence of
its substrate and products. HTS methods have success-
fully demonstrated alkene reduction to chiral compounds
in the case of styrene oxidase mutant libraries using NBP
as a colorimetric derivatization agent [25]. However, NBP
derivatives quickly decompose in solution, resulting in
a colorless product after 20 min under typical screening
conditions [41, 42]. Moreover, reduced farnesol products
formed upon incubation with SaGGR contain fewer sites
for NBP derivatization than farnesol, further emphasiz-
ing the increased adduct stability needed for product
visualization.

Because of the inherently low specific activity of
SaGGR, several process-oriented steps required signifi-
cant optimization for execution on a 96-well scale. Sev-
eral micrograms of SaGGR enzyme per well were needed
to produce a detectable amount of reduced farnesol
products. To achieve this conversion, high concentra-
tions of enzyme were required to maintain low reac-
tion volumes. The large amounts of enzyme loadings
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were strongly dependent on medium selection, cultur-
ing conditions, and protein expression and purification
parameters during the automated processes (Figs. 1-3).
Following enzymatic reduction, product lability rendered
aqueous absorption measurements ineffective, motivat-
ing our TLC-based approach that allows us to monitor
both substrate and products in a complex mixture. In
order to achieve a reliable endpoint readout, conditions
were optimized for maximal product recovery and deri-
vatization yields, along with efficient mass transfer (ie.,
acoustic droplet ejection) to successfully apply the mini-
mum amount of product needed (ca. 1 nmol) for robust
TLC visualization and resolution (Figs. 4—6).

The modularity of this biochemical screen allows
for straightforward modifications to enzyme reaction
parameters (e.g., pH, reaction incubation time, tempera-
ture, etc.) as improvements are achieved. In contrast to
indirect methods typically employed to evaluate enzyme
activity (e.g., enzyme-coupled assays or engineered path-
ways utilizing optical biosensors), this screen exhibits
the resolution to separate multiple products (Figs. 5 and

6). Unlike solution-phase colorimetric assays, this TLC-
based screen can identify mutants that can selectively
form each of the FOH, H,-FOH, and H,-FOH products.
Moreover, the excellent resolution between lanes allows
an entire 96-well plate to be visualized on two 8 x 12 cm
plates for simple visual inspection of enzyme library hits.
In principle, this screen can be adapted for quantitative
applications with the appropriate visualization software
packages to quantify the amounts of each product pre-
sent within each mutant well. In addition, this workflow
can be adapted to evaluate broader catalyst libraries
whose products are amenable to TLC analysis. None-
theless, this workflow highlights distinct qualitative dif-
ferences in reactivity and can provide increased insight
among various GGR mutant libraries.

To this end, we successfully demonstrated the utility
of this novel TLC-based screen on a codon-saturation
mutagenesis library on the Leu377 of the SaGGR protein
(Fig. 6 and Additional file 1: Table S1). The limited L377X
library revealed a wide range of activities, with several
mutants revealing intensity variations in both H,-FOH
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and H,-FOH bands relative to WT. Moreover, mutants
with varying activities could be distinguished by inspec-
tion, without the need for traditional MS-based methods.
L377M and WT exhibited significantly lower product
band intensities relative to L377G, L377D, L377R, L377T,
and L377N, and were unaffected by biases based on
96-well plate position. Because the range of mutant
activities visualized by TLC were reflective of activi-
ties quantified using MS-based methods, this screen
showcases the ability to quickly identify variants with
improved prenyl reductase activity (Fig. 7 and Table 1).
To our knowledge, this is the first approach that enables
increased throughput to detect enzymatic reduction of
unactivated hydrocarbons. With appropriate synchroni-
zation, we estimate an upward throughput of five to ten
96-well plates per day, affording far greater throughput
than methods currently available to screen prenyl group
reduction semi-quantitatively.

In silico models of the L377X mutants tested reveal
very little direct enzyme—substrate interaction. Moreo-
ver, the only potential contact Leu377 makes with any
other residues involves weak, solvent-exposed van der
Waals interactions with Val89 (Fig. 8). This is one of
several surface interactions between the catalytic and
substrate-binding domains that form the substrate-
binding cavity [12]. L377M, the only residue that
exhibited decreased activity relative to W'T, appears to
partially seal this proposed cavity by its increased size
and enhanced interaction with Val89. Crystal struc-
tures containing the notably larger GGPP substrate
reveal enhanced interactions with the pyrophosphate
moiety upon mutation of Leu377 to histidine, leading
to enhanced turnover [21].
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For enhanced turnover on farnesol, however, the
remainder of the mutants appear to enhance reduc-
tase activity by either eliminating hydrophobic bulk
(L377@G), or by adding residues with polar or charged
side chains (L377N, L377R, L377D, L377T). Models
using the highest probability rotamers without van der
Waals clashes show that all charged and polar moie-
ties are oriented toward the solvent interface except
for L377T. However, the hydroxyl side chain is within
hydrogen-bonding distance of the backbone carbonyl
of Glu381 (Fig. 8).

The contribution of increased polarity at residue 377
to SaGGR reductase activity is unclear. However, crys-
tallography data on a related archaeal GGR isolated
from Thermoplasma acidophilum have shown that
residues encompassing the Val89/Leu377 interaction
belong to the most flexible region of the enzyme [13].
This flexibility is proposed to enhance substrate bind-
ing and product release for the native substrate, digera-
nylgeranylglyceryl phosphate (DGGGP). While further
biophysical and mechanistic studies would be required
for verification, we propose that the introduced polar-
ity at Leu377 modulates substrates affinity through
changes in shape and hydrophobicity of the substrate-
binding cavity, favoring product release or substrate
diffusion of smaller substrates such as farnesol.

Conclusions

In this study, we developed an automated plate-based
screening platform to monitor the in vitro activity of
GGR enzyme variants in a site-saturation mutagenesis
library. The reduced products were recovered by a novel
automated liquid-liquid extraction and acoustic printing

£

Fig. 8 View of the active site from the entry point of the substrate-binding tunnel. Leu377 from the substrate-binding domain and Valg89 from
the catalytic domain in WT SaGGR form van der Waals interactions between methylene groups (grey) that comprise the tunnel’s native contacts.
This tunnel appears to be occluded in the L377M mutant, which is the only mutant shown to decrease reductase activity toward farnesol. In the
remaining mutants enhancing reductase activity, they either expand the substrate-binding tunnel (L377G or L377T) or provide charges that could
enhance protein-solvent interactions via hydrogen-bonding oxygens (red) or nitrogens (blue) (L377N, L377R, L377D, L377H)
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workflow. We showed that multiple products, differing
only by the degree of reduction within each isoprenyl
unit, were well-separated from a homogenous mixture
and resolved using thin layer chromatography (TLC).
Additional efforts for workflow automation covered
all aspects ranging from microbial growth to analysis,
including bacterial growth optimization, expression and
purification of the mutant proteins, assay initiation and
quenching, and the separation and detection of derivat-
ized products from a mixture using TLC. We success-
fully demonstrated that this novel TLC-based screening
can distinguish fourfold differences in enzyme activity
for a select L377 mutant library of SaGGR and quantita-
tively validated those results by GC—MS. This workflow
could enable a throughput to analyze approximately ten
96-well plates per day and can be generally developed
to screen a range of various reductase libraries. Also,
with appropriate quantitation methods, it could enable
a faster, quantitative analysis of the products at a higher
throughput than traditional liquid or gas chromatogra-
phy approaches.

Methods

Cloning and expression of SaGGR and Leu377 mutant
libraries

The gene encoding SaGGR was amplified from a previ-
ously designed plasmid construct using the respective
forward and reverse 5-GATATACATATGAAGGAA
CTTAAATATGACGTTCTG-3 and 5-GTCGACGGA
GCTCGAACTTAAACTTTTGTTAAACTCTGTTAG
AAC-3’ primers (IDT) [21]. The gene was inserted into
a kanamycin-resistant pET-24a plasmid containing a
carboxy-terminal polyhistidine tag between the Ndel
and Sacl restriction sites and ligated using a rapid DNA
ligation kit (Roche) (Meadosw et al.). Site-saturation
mutagenesis minilibraries at position Leu377 in SaGGR
(L377X) were generated using the forward 5-GATTAT
AAAAGAAGAGGATCTGNNKGAAGCAAGTGAA
AAAGGAGATC-3' and reverse 5-GATCTCCTTTTT
CACTTGCTTCMNNCAGATCCTCTTCTTTTAT
AATC-3' degenerate primers utilized for codon-satura-
tion mutagenesis (IDT).

L377X mutants were generated by implementing the
thermal cycling protocols for single-site mutations within
the QuikChange II site-directed mutagenesis kit (Agi-
lent). 1 uL of PCR products of the plasmid library was
transformed into 50 pL of E. coli chloramphenicol-selec-
tive Rosetta(DE3)-pLysS cells (NEB) by electro-trans-
formation. After incubation at 42 °C for 1 min followed
by 2 min on ice, the transformed cells were recovered
by supplementing with 900 pL of SOC medium and
incubated at 37 °C and 200 rpm for 45 min. Recovered

Page 11 of 14

cells were subsequently plated and incubated overnight
on LB-agar plates containing 50 mg/L kanamycin and
30 mg/L chloramphenicol (LB-Kan/Cm). Plasmid encod-
ing the SaGGR WT gene (positive control) and the plas-
mid pET-24a (negative control) were also introduced in
E. coli chloramphenicol-selective Rosetta(DE3)-pLysS
cells (NEB) using the same method. Selected individual
colonies were transferred to 96-well plates containing
100 pL LB-Kan/Cm+ 10% (w/v) glycerol, incubated over-
night at 37 °C and 200 rpm, snap frozen in liquid nitro-
gen, and stored at —80 °C for future use.

Overexpression of 1L.377X libraries were initiated from
20 pL of overnight cultures by inoculating 1 mL of ZYP-
5052 autoinduction medium containing 50 mg/L kana-
mycin and 30 mg/L chloramphenicol containing 0.2% v/v
glucose and 0.2% (v/v) lactose. Cultures were grown in
96-deep well plates at 37 °C and 800 rpm for 24 h after
inoculation, harvested by centrifugation at 3,300 RCF
for 15 min, snap frozen with liquid nitrogen, and stored
at -80 °C. Frozen plates containing the cell pellets were
thawed at room temperature and immediately reconsti-
tuted in 500 pL of freshly prepared lysis buffer (0.1 M
Tris—HCI, pH 8.0 containing 0.1 mM phenylmethane-
sulfonyl fluoride (PMSF) and 1 mg/mL lysozyme). The
reconstituted cell pellets were lysed by incubation at
37 °C and 800 rpm for 1 h. Insoluble material was pel-
leted at 3,300 RCF for 15 min and the supernatant was
filtered through 0.45-pm polypropylene filter plates by
centrifugation at 1000 RCF for 5 min. Filtered lysate was
immediately used for 96-well enzyme purification.

96-well SaGGR purification and activity assay

SaGGR was purified from filtered cell lysate using a
Beckman Coulter Biomek FX liquid handling platform
equipped with modified PhyNexus Ni-IMAC tips (20 pL
resin bed). The resin was stripped using 20 mM phos-
phate-buffered saline (PBS), pH 7.4 containing 50 mM
EDTA and 0.5 M NaCl. The beads were recharged with
aqueous 0.1 M CoCl, to yield Co-IMAC tips. Cell lysates
were bound to the Co-IMAC tips by aspirating and dis-
pensing lysate over the resin bed for a total of five rounds.
IMAC-bound SaGGR was eluted using 80 pL of elution
buffer (10 mM PBS, pH 7.4 containing 25 mM EDTA
and 50 mM NaCl). Protein concentration was deter-
mined immediately after purification by transferring
5 pL of protein eluent into 95 pL of Bradford reagent
(Bio-Rad) and measuring absorbance against a stand-
ard curve of bovine serum albumin using a SpectraMax
M2 plate reader (Molecular Devices). The remaining
75 uL of purified SaGGR were transferred to a Web-
Seal Plate+96-well glass-coated microplate containing
18.5 uL of freshly prepared activity master mix (1.08 mM
flavin adenine dinucleotide disodium salt hydrate (FAD)
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and 13.52 mM E,E-farnesol in 135 mM succinic acid at
pH 4.0). Assays were initiated using 6.5 pL of 1 M sodium
dithionite, forming a final reaction volume of 100 puL and
final reactant concentrations of 200 uM FAD, 2.5 mM
FOH, 25 mM succinic acid, 65 mM dithionite, and a final
pH of 5.5. Reactions were covered with a WebSeal mat
and placed in a 37 °C water bath for 1 h.

SaGGR product extraction and derivatization

Liquid-phase extraction was performed using a Biomek
FX liquid handling robot by transferring 95 pL of the
enzyme reaction from the WebSeal Plate + 96-well glass-
coated microplate into a 384-well plate pre-loaded 100 pL
of a cold EtOAc:hexanes mixture (1:3, v/v). Aqueous and
organic phases were homogenized by pipetting, covered
with a breathable membrane, and centrifuged at 1,000
RCF for 1 min to separate phases, drawing enzyme prod-
ucts into the organic layer. Following centrifugation, 75
uL of the organic phase was transferred from the reaction
plate into a fresh WebSeal Plate+ 96-well glass-coated
microplate; the solvent was freely evaporated from the
microplate in a chemical fume hood.

Following solvent evaporation, the remaining unre-
duced isoprenoids from the enzymatic reaction were
oxidized to their cognate epoxides using a modified ver-
sion of previously optimized conditions [26]. The bipha-
sic epoxidation reaction was performed by first adding
1.75 M acetonitrile (MeCN) and 25 mM 2,2,2-trifluoro-
acetophenone in 40 pL of tert-butanol (:-BuOH). The
reaction was initiated by the addition of 6.75 M H,0O, and
40 pM EDTA in 40 pL of 0.5 M K,CO; (pH 11) for a final
reaction volume of 80 pL. Reactions were covered with a
vented WebSeal mat and incubated at 50 °C and 500 rpm
for 1 h.

Epoxide extraction and application onto silica plates

Following the epoxidation reaction, 96-well plates were
cooled to 0 °C on ice and centrifuged at 1,000 RCF for
1 min. Products were extracted using 100 pL of cold
EtOAc:hexanes, (3:1, v/v). Aqueous and organic phases
were mixed, covered with a WebSeal mat, and cen-
trifuged at 1,000 RCF for 1 min to phase-separate
epoxidation products into the organic layer. Following
centrifugation, 100 pL of the organic phase was trans-
ferred from the 96-well reaction plate into 0.2 mL PCR
tubes (Corning); the solvent was evaporated at room
temperature. Dried products were reconstituted in 12 pL
of MeCN:H,O (2.5:3, v/v). 10 pL was transferred to a
Labcyte Echo 384-well low dead volume (LDV) micro-
plate, referred to as the “source plate” Source plates
were centrifuged at 1,000 RCF for 5 min prior to liquid
transfer onto a TLC plate, referred to as the “destination
plate” The destination plate was fabricated by affixing a
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384-well LDV microplate with an aluminum-backed TLC
plate having 200 um layer thickness and a 0.79 mL/g pore
volume cut to 8.0 x 11.7 cm (Merck). Prior to product
application, a 10 mg/mL solution of Coomassie Brilliant
Blue (Bio-Rad) in methanol:water (1:1) was printed at
1.15 c¢cm from the bottom, and 0.70 cm from the top of
the TLC plate, indicating the baseline and solvent front,
respectively. These markings allowed derivatized prod-
ucts to migrate for a total distance of 6.15 cm. Products
from the acoustic source plate were printed 1.15 cm from
the TLC destination plate by acoustic droplet ejection
using a Labcyte Echo 550 liquid handler at 100 nL over-
spotting intervals. Following sample application, plates
were dried at 50 °C for 15 min.

Analysis by acoustic droplet ejection thin layer
chromatography

For chromatographic separation, a TLC chamber with
internal dimensions of 8.0 x 10.0 x 12.0 cm was loaded
with 2% methanol in EtOAc:Hex (1:1.25, v/v) for a final
chamber volume of 22.5 mL and allowed to equilibrate
for>1 h. Single TLC plates were placed in the center of
the chamber and removed once the solvent front reached
the boundary defined by the Coomassie grid. The silica
was dried for 30 min at 50 °C prior to development.

For plate development, resolved chromatograms were
dipped in a 4% (w/v) solution of 4-(4-nitrobenzyl)pyri-
dine (NBP) in methylene chloride (Sigma) and allowed to
dry for 5 min at ambient temperature [27]. NBP alkyla-
tion was performed in situ by heating in an oven at 150 °C
for 10 min. Plates were cooled to room temperature and
immediately stained by dipping in 1.5% (v:v) paraffin oil
in triethylamine. Product bands were imaged using a
Canon CanoScan LiDE 120SC commercial scanner and
library hits were identified by visual inspection.

In vitro analysis of putative Leu377 hits

SaGGR mutants WT, L377M, L377D, L377G, L377N,
L377R, and L377T were selected from the L377 site-sat-
uration mutagenesis library to determine relative enzyme
activities in vitro. From these selected clones, plasmids
were extracted and SaGGR variant sequences were deter-
mined by GeneWiz (South San Francisco, CA). Selected
mutants were cultured and purified using techniques
developed previously [21]. Protein concentrations were
determined by absorbance at 280 nm using an extinc-
tion coefficient of 81,200 M~' cm™!. SaGGR mutant
activity was performed in a 280 pL assay volume at 37 °C
containing 100 mM sodium succinate, pH 5.5, 200 uM
FAD, 500 uM E,E-farnesol, and 30 puM enzyme. Enzyme
reactions were initiated with 65 mM sodium dithionite.
60 pL aliquots of the assay were removed at 0, 25, 50, and
80 min and quenched with 120 puL of EtOAc containing
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100 pM dodecanol. Organic extracts were stored in GC
vials containing glass inserts and stored at —20 °C until
analysis.

Product identification and quantification of farnesol
and its reduced products were determined by GC-MS
methods previously developed using an Agilent 6890 gas
chromatography setup coupled to an Agilent 5973 mass
selective detector [1]. Substrate and product concentra-
tions were quantitatively determined from a standard
curve ranging from 0-200 pM. Because standards for
reduced farnesol products were commercially unavail-
able, we assumed that the ionization intensity derived
from the TIC was equal to that observed in farnesol.
These intensities were converted to their equivalent
number of nanomoles and plotted as a function of time
to determine the specific activity of all mutants.

All structural analysis and visualization of L377X
mutants were performed in Chimera (Insert UCSF ref-
erence here) using the SaGGR ternary complex crystal
structure (RCSB: 40PD) as a template [21]. Within the
space filling models, the co-crystallized GGPP substrate
was removed from the binding pocket to better visual-
ize protein solvent accessibilities in the region where
pyrophosphate moieties typically interact with the pro-
tein/solvent interface. All mutations were performed in
silico within the Chimera platform defaulting to configu-
rations with the lowest angular and steric strain for each
mutation.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513068-020-01821-w.

E Additional file 1. Additional Table and Figures. }

Acknowledgements
We thank Drs. Blake Simmons, Henrik Scheller at LBNL, and Vineet Rajgarhia,
Angelique Chanal at Total for helpful discussion of the project.

Authors’ contributions

BMG, CWM, FM, and TSL conceived the project. BMG, CWM, FM, JMG, TdR,
and RA performed the experiments and analyzed data. BMG, CWM, and
TSL drafted the manuscript. BMG, CWM, FM, JMG, TdR and TSL reviewed
and edited the final manuscript. All authors read and approved the final
manuscript.

Funding

This work was part of the DOE Joint BioEnergy Institute (https://www.jbei.org)
supported by the U.S. Department of Energy, Office of Science, Office of Bio-
logical and Environmental Research, through contract DE-AC02-05CH11231
between Lawrence Berkeley National Laboratory and the U.S. Department of
Energy. This work, funded by Total, was performed as part of a collaborative
program between JBEI and Total.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Page 13 of 14

Consent for publication
Not applicable.

Competing interests
TSL has financial interest in Maple Bio.

Author details

! Joint BioEnergy Institute, 5885 Hollis Street, 4th floor, Emeryville, CA 94608,
USA. ? Biological Systems & Engineering Division, Lawrence Berkeley National
Laboratory, Berkeley, CA 94720, USA. ® Total Raffinage Chimie, 2 Pl. Jean Millier,
92400 Courbevoie, France. * Sandia National Laboratories, Livermore, CA, USA.
> Department of Chemistry, University of California, Berkeley, Berkeley, CA
94720, USA.

Received: 31 July 2020 Accepted: 21 October 2020
Published online: 09 November 2020

References

1. Meadows CW, et al. Discovery of novel geranylgeranyl reductases and
characterization of their substrate promiscuity. Biotechnol Biofuels.
2018;11:340.

2. Meadows CW, Kang A, Lee TS. Metabolic engineering for advanced
biofuels production and recent advances toward commercialization.
Biotechnol J. 2018;13:14. https://doi.org/10.1002/biot.201600433.

3. LiMJ, Borodina I. Application of synthetic biology for production of
chemicals in yeast Saccharomyces cerevisiae. FEMS Yeast Res. 2015;15:12.
https://doi.org/10.1111/1567-1364.12213.

4. YeVM, Bhatia SK. Metabolic engineering for the production of clinically
important molecules: omega-3 fatty acids, artemisinin, and taxol. Bio-
technol J. 2012;7:20-33. https://doi.org/10.1002/biot.201100289.

5. Meadows AL, et al. Rewriting yeast central carbon metabolism for
industrial isoprenoid production. Nature. 2016;537:694. https://doi.
0rg/10.1038/nature19769.

6. Chang MCY, Keasling JD. Production of isoprenoid pharmaceuticals
by engineered microbes. Nat Chem Biol. 2006,2:674-81. https://doi.
0rg/10.1038/nchembio836.

7. Tyo KEJ, Kocharin K, Nielsen J. Toward design-based engineering of
industrial microbes. Curr Opin Microbiol. 2010;13:255-62. https://doi.
0rg/10.1016/j.mib.2010.02.001.

8. Hemmi H, TakahashiY, Shibuya K, Nakayama T, Nishino T. Menaquinone-
specific prenyl reductase from the hyperthermophilic archaeon Archaeo-
globus fulgidus. J Bacteriol. 2005;187:1937-44. https://doi.org/10.1128/
jb.187.6.1937-1944.2005.

9. IsobeK, et al. Geranylgeranyl reductase and ferredoxin from Methanosar-
cina acetivorans are required for the synthesis of fully reduced archaeal
membrane lipid in Escherichia coli cells. J Bacteriol. 2014;196:417-23.
https://doi.org/10.1128/jb.00927-13.

10. Naparstek S, Guan ZQ, Eichler J. A predicted geranylgeranyl reductase
reduces the omega-position isoprene of dolichol phosphate in the
halophilic archaeon, Haloferax volcanii. Biochim Biophys Acta Mol Cell Biol
Lipids. 1821;923-933:2012. https://doi.org/10.1016/j bbalip.2012.03.002.

11. OgawaT, et al. A novel geranylgeranyl reductase from the methanogenic
archaeon Methanosarcina acetivorans displays unique regiospecificity.
Febs J. 2014;281:3165-76. https://doi.org/10.1111/febs.12851.

12. Sasaki D, et al. Structure and mutation analysis of archaeal geranylge-
ranyl reductase. J Mol Biol. 2011;409:543-57. https://doi.org/10.1016/j.
jmb.2011.04.002.

13. Xu QP et al. Insights into substrate specificity of geranylgeranyl
reductases revealed by the structure of digeranylgeranylglycerophos-
pholipid reductase, an essential enzyme in the biosynthesis of archaeal
membrane lipids. J Mol Biol. 2010;404:403-17. https://doi.org/10.1016/j.
jmb.2010.09.032.

14. Addlesee HA, Hunter CN. Physical mapping and functional assignment of
the geranylgeranyl-bacteriochlorophyll reductase gene, bchP, of Rhodo-
bacter sphaeroides. J Bacteriol. 1999;181:7248-55.

15. De Wildeman SMA, Sonke T, Schoemaker HE, May O. Biocatalytic
reductions: from lab curiosity to “first choice” Accounts Chem Res.
2007;40:1260-6. https://doi.org/10.1021/ar7001073.


https://doi.org/10.1186/s13068-020-01821-w
https://doi.org/10.1186/s13068-020-01821-w
https://www.jbei.org
https://doi.org/10.1002/biot.201600433
https://doi.org/10.1111/1567-1364.12213
https://doi.org/10.1002/biot.201100289
https://doi.org/10.1038/nature19769
https://doi.org/10.1038/nature19769
https://doi.org/10.1038/nchembio836
https://doi.org/10.1038/nchembio836
https://doi.org/10.1016/j.mib.2010.02.001
https://doi.org/10.1016/j.mib.2010.02.001
https://doi.org/10.1128/jb.187.6.1937-1944.2005
https://doi.org/10.1128/jb.187.6.1937-1944.2005
https://doi.org/10.1128/jb.00927-13
https://doi.org/10.1016/j.bbalip.2012.03.002
https://doi.org/10.1111/febs.12851
https://doi.org/10.1016/j.jmb.2011.04.002
https://doi.org/10.1016/j.jmb.2011.04.002
https://doi.org/10.1016/j.jmb.2010.09.032
https://doi.org/10.1016/j.jmb.2010.09.032
https://doi.org/10.1021/ar7001073

Garabedian et al. Biotechnol Biofuels

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2020) 13:184

Smith S, Witkowski A, Joshi AK. Structural and functional organization of
the animal fatty acid synthase. Prog Lipid Res. 2003;42:289-317. https://
doi.org/10.1016/50163-7827(02)00067-x.

Stuermer R, Hauer B, Hall M, Faber K. Asymmetric bioreduction of acti-
vated C=C bonds using enoate reductases from the old yellow enzyme
family. Curr Opin Chem Biol. 2007;11:203-13. https://doi.org/10.1016/j.
cbpa.2007.02.025.

Toogood HS, Gardiner JM, Scrutton NS. Biocatalytic reductions and
chemical versatility of the old yellow enzyme family of flavoprotein oxi-
doreductases. ChemCatChem. 2010;2:892-914. https://doi.org/10.1002/
€ctc.201000094.

Toogood HS, Scrutton NS. Discovery, characterization, engineering and
applications of ene-reductases for industrial biocatalysis. ACS Catal.
2018,8:3532-49. https://doi.org/10.1021/acscatal.8b00624.

Jain S, Caforio A, Driessen AJM. Biosynthesis of archaeal membrane
ether lipids. Front Microbiol. 2014;5:16. https://doi.org/10.3389/fmicb
.2014.00641.

Kung Y, et al. Constructing tailored isoprenoid products by struc-
ture-guided modification of geranylgeranyl reductase. Structure.
2014;22:1028-36. https://doi.org/10.1016/j.5tr.2014.05.007.

Reymond JL, Koch T, Schroer J, Tierney E. A general assay for antibody
catalysis using acridone as a fluorescent tag. P Natl Acad Sci USA.
1996;93:4251-6.

Cabrera J, et al. Olefin metathesis on a TLC plate as a tool for a high-
throughput screening of catalyst-substrate sets. Adv Synth Catal.
2012;354:1043-51.

Lavastre O, Touzani R, Garbacia S. Thin layer chromatography for the
detection of unexpected reactions in organometallic combinatorial
catalysis. Adv Synth Catal. 2003;345:974-7.

Alcalde M, Farinas ET, Arnold FH. Colorimetric high-throughput assay for
alkene epoxidation catalyzed by cytochrome P450BM-3 variant 139-3. J
Biomol Screen. 2004;9:141-6. https://doi.org/10.1177/108705710326191
3.

Limnios D, Kokotos CG. 2,2,2-Trifluoroacetophenone: an organocatalyst
for an environmentally friendly epoxidation of alkenes. J Org Chem.
2014;79:4270-6. https://doi.org/10.1021/j05003938.

Epstein J, Rosenthal RW, Ess RJ. Use of gamma-(4-nitrobenzyl)pyridine as
analytical reagent for ethylenimines and alkylating agents. Anal Chem.
1955;27:1435-9. https://doi.org/10.1021/ac60105a022.

Shintre MS, Gaonkar TA, Modak SM. Efficacy of an alcohol-based
healthcare hand rub containing synergistic combination of farnesol and
benzethonium chloride. Int J Hyg Environ Health. 2006,209:477-87. https
://doi.org/10.1016/}.ijheh.2006.04.006.

Chandran SS, Kealey JT, Reeves CD. Microbial production of isoprenoids.
Process Biochem. 2011;46:1703-10. https://doi.org/10.1016/j.procb
i0.2011.05.012.

Bajpai VK, Dung NT, Kwon OJ, Kang SC. Analysis and the potential
applications of essential oil and leaf extracts of Silene armeria L. to

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 14 of 14

control food spoilage and food-borne pathogens. Eur Food Res Technol.
2008;227:1613-20. https://doi.org/10.1007/500217-008-0885-z.

Shorey HH, Gaston LK, Gerber RG, Sisk CB, Phillips PA. Formulating
farnesol and other ant-repellent semiochemicals for exclusion of Argen-
tine ants (Hymenoptera: Formicidae) from citrus trees. Environ Entomol.
1996;25:114-9. https://doi.org/10.1093/ee/25.1.114.

Blaser HU, et al. Selective hydrogenation for fine chemicals: Recent trends
and new developments. Adv Synth Catal. 2003;345:103-51. https://doi.
0rg/10.1002/adsc.200390000.

Saudan LA. Hydrogenation processes in the synthesis of perfumery ingre-
dients. Accounts Chem Res. 2007;40:1309-19. https://doi.org/10.1021/
ar700140m.

Bonrath W, Netscher T. Catalytic processes in vitamins synthesis and
production. Appl Catal A-Gen. 2005;280:55-73. https://doi.org/10.1016/].
apcata.2004.08.028.

Studier FW. Protein production by auto-induction in high-density shaking
cultures. Protein Expr Purif. 2005;41:207-34. https://doi.org/10.1016/j.
pep.2005.01.016.

Jakel C, Paciello R. High-throughput and parallel screening methods in
asymmetric hydrogenation. Chem Rev. 2006;106:2912-42. https://doi.
org/10.1021/cr040675a.

Collins KD, Gensch T, Glorius F. Contemporary screening approaches to
reaction discovery and development. Nat Chem. 2014,6:859-71. https://
doi.org/10.1038/nchem.2062.

Shevlin M. Practical high-throughput experimentation for chemists. ACS
Med Chem Lett. 2017;8:601-7. https://doi.org/10.1021/acsmedchem
lett.7b00165.

Loskyll J, Stoewe K, Maier WF. Infrared thermography as a high-through-
put tool in catalysis research. ACS Comb Sci. 2012;14:295-303. https://doi.
0rg/10.1021/c0200168s.

Forchin MC, et al. A rapid and high-throughput assay for the estimation
of conversions of ene-reductase-catalysed reactions. ChemBioChem.
2015;16:1571-3. https://doi.org/10.1002/cbic.201500219.

Walles SAS. Determination of reaction-rate constants for alkylation of
4-(para-nitrobenzyl) pyridine by different alkylating-agents. Toxicol Lett.
1980;5:161-7. https://doi.org/10.1016/0378-4274(80)90167-8.
Gomez-Bombarelli R, Gonzalez-Perez M, Calle E, Casado J. Potential of
the NBP method for the study of alkylation mechanisms: NBP as a DNA-
model. Chem Res Toxicol. 2012;25:1176-91. https://doi.org/10.1021/tx300
065v.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/s0163-7827(02)00067-x
https://doi.org/10.1016/s0163-7827(02)00067-x
https://doi.org/10.1016/j.cbpa.2007.02.025
https://doi.org/10.1016/j.cbpa.2007.02.025
https://doi.org/10.1002/cctc.201000094
https://doi.org/10.1002/cctc.201000094
https://doi.org/10.1021/acscatal.8b00624
https://doi.org/10.3389/fmicb.2014.00641
https://doi.org/10.3389/fmicb.2014.00641
https://doi.org/10.1016/j.str.2014.05.007
https://doi.org/10.1177/1087057103261913
https://doi.org/10.1177/1087057103261913
https://doi.org/10.1021/jo5003938
https://doi.org/10.1021/ac60105a022
https://doi.org/10.1016/j.ijheh.2006.04.006
https://doi.org/10.1016/j.ijheh.2006.04.006
https://doi.org/10.1016/j.procbio.2011.05.012
https://doi.org/10.1016/j.procbio.2011.05.012
https://doi.org/10.1007/s00217-008-0885-z
https://doi.org/10.1093/ee/25.1.114
https://doi.org/10.1002/adsc.200390000
https://doi.org/10.1002/adsc.200390000
https://doi.org/10.1021/ar700140m
https://doi.org/10.1021/ar700140m
https://doi.org/10.1016/j.apcata.2004.08.028
https://doi.org/10.1016/j.apcata.2004.08.028
https://doi.org/10.1016/j.pep.2005.01.016
https://doi.org/10.1016/j.pep.2005.01.016
https://doi.org/10.1021/cr040675a
https://doi.org/10.1021/cr040675a
https://doi.org/10.1038/nchem.2062
https://doi.org/10.1038/nchem.2062
https://doi.org/10.1021/acsmedchemlett.7b00165
https://doi.org/10.1021/acsmedchemlett.7b00165
https://doi.org/10.1021/co200168s
https://doi.org/10.1021/co200168s
https://doi.org/10.1002/cbic.201500219
https://doi.org/10.1016/0378-4274(80)90167-8
https://doi.org/10.1021/tx300065v
https://doi.org/10.1021/tx300065v

	An automated workflow to screen alkene reductases using high-throughput thin layer chromatography
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Automated SaGGR expression and purification
	Enzyme activity assay and product recovery
	Reduced isoprenoid epoxidation
	Acoustic droplet ejection and thin layer chromatography
	Library screening for SaGGR isoprenoid reduction

	Discussion
	Conclusions
	Methods
	Cloning and expression of SaGGR and Leu377 mutant libraries
	96-well SaGGR purification and activity assay
	SaGGR product extraction and derivatization
	Epoxide extraction and application onto silica plates
	Analysis by acoustic droplet ejection thin layer chromatography
	In vitro analysis of putative Leu377 hits

	Acknowledgements
	References




