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Abstract

Employing DERA (2-deoxyribose-5-phosphate aldolase), we developed the first whole-cell biotransformation process for
production of chiral lactol intermediates useful for synthesis of optically pure super-statins such as rosuvastatin and
pitavastatin. Herein, we report the development of a fed-batch, high-density fermentation with Escherichia coli BL21 (DE3)
overexpressing the native E. coli deoC gene. High activity of this biomass allows direct utilization of the fermentation broth
as a whole-cell DERA biocatalyst. We further show a highly productive bioconversion processes with this biocatalyst for
conversion of 2-substituted acetaldehydes to the corresponding lactols. The process is evaluated in detail for conversion of
acetyloxy-acetaldehyde with the first insight into the dynamics of reaction intermediates, side products and enzyme activity,
allowing optimization of the feeding strategy of the aldehyde substrates for improved productivities, yields and purities.
The resulting process for production of ((25,4R)-4,6-dihydroxytetrahydro-2H-pyran-2-yl)methyl acetate (acetyloxymethylene-
lactol) has a volumetric productivity exceeding 40g L™' h™' (up to 50 g L™' h™") with >80% yield and >80%
chromatographic purity with titers reaching 100 g L~". Stereochemical selectivity of DERA allows excellent enantiomeric
purities (ee >99.9%), which were demonstrated on downstream advanced intermediates. The presented process is highly
cost effective and environmentally friendly. To our knowledge, this is the first asymmetric aldol condensation process
achieved with whole-cell DERA catalysis and it simplifies and extends previously developed DERA-catalyzed approaches
based on the isolated enzyme. Finally, applicability of the presented process is demonstrated by efficient preparation of a
key lactol precursor, which fits directly into the lactone pathway to optically pure super-statins.
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Introduction

Statins, inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A
(HMGCoA) reductase [1-3], are one of the most pronounced
success stories of modern medicinal chemistry [4]. Beside their
cholesterol-lowering capabilities, they have been found also to
possess many other beneficial effects [5-9]. Statins consist of a
chiral diol side chain, appended to a cyclic fragment. Initially
discovered as microbial metabolites [10-13], statins have been
rapidly developed into even more efficient synthetic analogues by
a partial modification of their structure. The fully synthetic
derivatives are frequently addressed as super-statins [14]. Due to
the fact that the side chain represents an essential building block in
all statins, vast research efforts have been made for its efficient
construction and incorporation into the final statin structure.
These studies have demonstrated that statins are readily accessible
through a variety of different approaches utilizing various types of
side-chain precursors. Indeed, statins have been built from open
side-chain derivatives, lactol type precursors [14] and very recently
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from a lactonized side-chain derivative [15,16]. Due to the
increased commercial demand for statins and the need for a simple
preparation on industrial scale, impetus for even more efficient,
environmentally friendly and easily scalable preparation of the
side-chain derivatives appeared. Moreover, synthetically demand-
ing chiral diol structure of the side chain and high quality
requirements of pharmaceutical industry on its (stereo)chemical
purity shifted the research from initially pure chemical synthesis to
enzyme-based approaches, which are known to perform with high
stereoselectivity [17-32].

Among applications of various enzymes in synthesis of the statin
side chain [33-36], utilization of 2-deoxyribose-5-phosphate
aldolase (DERA) [37-41] for the synthesis of chiral lactol
precursors [42—47] attracted considerable attention recently. This
is due to the fact that DERA-catalyzed aldol condensations [48—
51] of prochiral aldehyde precursors (1) and (2) provide lactols (3)
(Figure 1), containing two chiral centers of the final statin side
chain with excellent stereopurity and high yield. DERA (EC
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4.1.2.4) is a lysine-mediated aldolase (type I), able to accept
acetaldehyde 1 (donor) and glyceraldehyde-3-phosphate (acceptor)
as its natural substrates [52-55]. This ubiquitous enzyme is unique
among aldolases by being capable of condensing two aldehydes
and i3 well-known for its relaxed substrate specificity; both on the
donor and the acceptor side [42-43,56-58]. While acetaldehyde 1,
acetone, flouroacetone and propanal can be used as donors, even
broader selection is possible for acceptor molecules. In addition to
a remarkable number of various aldehydes, aldose-sugars and their
phosphates can also be accepted [42,56-58]. Use of DERA for
i vitro catalysis with unnatural substrates, involved in single
DERA-catalyzed aldol condensation, was first shown by Barbas
et al. [56], followed by description of sequential aldol condensa-
tions catalyzed by E. coli DERA [42,57], which opened a new field
in chemoenzymatic synthesis. Several 6'-substituted dideoxy-
sugars can be prepared using DERA in high enantiomeric purity
[42,57]. An immediate application of this reaction was reported by
Greenberg ef al. [44], using an alternative DERA enzyme in
synthesis of chiral (halo)lactols, where e of >99.9% and de
>96.6% are reported in a highly productive and scalable process
for production of (4R,65)-6-(chloromethyl)tetrahydro-2H-pyran-
2,4-diol (3b). Other processes employing DERA for sequential
aldol condensations have been reported since [46,59-60].

These processes, however, have some major drawbacks. One of
them, arising from a high enzyme inactivation rate (driven by the
aldehyde-lysine coupling), is the high catalyst load necessary for
reactions with industrially suitable yields and productivities [61].
Apart from interfering with surface lysine residues (thereby
destabilizing the enzyme’s tertiary structure) acetaldehyde (1) has
a detrimental effect on the enzyme’s activity when the catalytic
lysine residue in the active site is inactivated [38,61-62].

The problem of DERA inactivation in the presence of
aldehydes has been addressed before either by employing random
(epPCR, DNA shuffling) and/or targeted mutagenesis [61,63] or,
alternatively, by screening of environmental DNA libraries [44]
and immobilization procedures [64-66]. The immobilization
approach aimed at improving stability of DERA was attempted
also in our laboratory (unpublished data), however this approach
was found to be economically unfavorable. While great efforts
have been invested into resolving the inactivation problems in
DERA-catalyzed reactions, a high enzyme load is still necessary
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for high-titer processes, making the biocatalyst a major cost driver.
In contrast to the described techniques, which stream toward
reduction of the enzyme load or its recycling, a different approach,
aiming at reduction of the price impact of the biocatalyst, is to
minimize its production costs.

Compared to even the most straightforward enzyme down-
stream procedures, the use of a whole-cell biocatalyst [67-73] in
form of a fermentation broth is by far the most inexpensive
approach to biocatalysis unless very stable and recyclable enzymes
can be used [73]. Several industrially scalable whole-cell biocon-
version processes utilizing Escherichia coli as the enzyme expression
host are known today [67-77]. The feasibility of such approach,
however, is limited by specific properties of each individual case of
enzyme and bioconversion process. One major prerequisite for a
whole-cell catalyzed process, for example, is the permeability of
cellular envelopes for substrates and products when considering a
cytoplasmic expression of the enzyme. Another important
prerequisite is the absence of secondary enzymatic activities in
the cell biomass, which could lower the yields of the desired
product by further metabolization (e.g. cleavage by hydrolyses in
the case of 2g, see the results section) or by catabolic utilization of
the reaction substrates. Third, but equally important criterion is
the absence of impurities either derived from the fermentation
medium or produced by the host microorganism, which would
influence overall product quality and result in additional,
undesired purification steps.

Although several implications for suitability of (halo)lactols (3)
obtained via DERA-catalyzed approaches in statin synthesis have
been made, a clear-cut direct application of these intermediates for
assembly of statins with heptenoic side-chain residue has remained
vague. This is due to the fact that usually lactols (3) need to be first
oxidized to lactones (4), then ring-opened and after several
synthetic steps (including protection/deprotection sequences) side-
chain derivatives suitable for super-statin assembly are obtained
[44]. All these additional chemical steps in the total synthesis
devalorize highly effective and straight-forward enzymatic step.
Recently, we have developed the most efficient chemical approach
to halolactone derivative (4) [78-79], which has been successfully
hydroxylated via SN2 reaction with acetates to acetyloxymethy-
lene-lactone (5) followed by deacetylation with tin catalyst [78],
which was latter replaced for a nontoxic, environmentally
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Figure 1. Current art in the direct synthesis of optically pure super-statins from the lactol precursors.

doi:10.1371/journal.pone.0062250.g001
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acceptable and inexpensive chemoselective acetyl cleavage [80],
catalyzed by the pancreatic lipase powder to give (6). Further-
more, the obtained hydroxymethylene-lactone (6) was for the first
time successfully transformed to its formylated analogue (7)
suitable for coupling with the heterocyclic counterpart [81].
Moreover, we have demonstrated for the first time that statins can
be directly assembled from the lactonized side-chain precursor (7)
[15,16].

Having proved the direct lactone pathway to statins, we have
opened a further possibility for direct application lactols (3)/
lactones (4)/(5) derived via DERA-catalyzed approach without
the necessity of their lengthy transformation to dihydroxyl
protected open-chain derivatives before the final statin formation.
Therefore, we were prompted to prepare a key acetyloxymethy-
lene-lactone (5) precursor via DERA-catalyzed approach (Figure 2)
from acetaldehyde (1) [82] and aldehyde (2g) [83] in order to take
advantage of its efficient assembly into statin structure and thus
provide efficient total synthesis of super-statins based on enzymatic
technology (Figure 1) [84].

Here, we report development of a high-density E. coli
fermentation process, yielding a broth with high activity of
DERA. By directly utilizing this broth in a highly productive, high-
yield, whole-cell, chemo-enzymatic process, we show that all of the
above outlined challenges can be successfully overcome. Special
focus is given to a process yielding acetyloxymethylene-lactol 3g
wherein we point out the role of reaction kinetics of the two
sequential condensation steps for the outcome of the reaction.

Whole-Cell DERA Process for Statin Intermediates

Measurement of the reaction intermediate (8) and side-product
(3a) accumulation allowed optimization of the feeding strategy,
which proved to be a yield-determining parameter. Further
conversion to advanced downstream statin intermediates confirms
the efficient total synthesis of super-statins based on enzymatic
technology and employing our previously described methodology
[15-16,78-81,83].

Materials and Methods

Strains and Culture Conditions

E. coli BL21 (DE3) (Invitrogen, USA) was used for the
expression of wild type E. coli DERA from the pET30a+plasmid
(Novagen, USA). The expression plasmid was constructed by PCR
amplification of the deoC' gene from FE. coli DH50 genome using
primers GCCGATATCCGTAGCTGCTGGCGCTCTTACC
and CGGCATATGACTGATCTGAAAGCA-AGCAGCC fol-
lowed by cleavage of the amplified fragment as well as the host
plasmid with Ndel and Bipl restriction endonucleases and assembly
of the fragments in a T4 ligation reaction to yield pET30/deoC. All
shake flask cultivations were performed on a rotary shaker
(250 rpm, 5 c¢m radius) at 28°C. The seed medium (VD) consisted
of Yeast extract (10 g L™"), NaCl (5 g L™"), glycerol (5 g L™ ") and
NaH,PO, (2 g L™") and was supplemented with Kanamycin
(25 ug mL™"). The seed culture was prepared by inoculation of
30 mL of fresh VD medium (250 mL shake flask) with 200 pL of
overnight E. coli BL21 (DE3) pET30/deoC VD culture. After
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Figure 2. The DERA-catalyzed sequential aldol condensation with 2-substituted acetaldehydes. Several acetal/hemiacetal (9) species
were found in equilibrium with 8. These may include monomeric cyclic hemiacetal as well as dimeric and trimeric cyclic acetals/hemiacetals
(Information S3). Compounds 15 are obtained by chemical oxidation of the lactols 3.

doi:10.1371/journal.pone.0062250.g002
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approximately 8 h of cultivation at 28°C, ODgq reached 1.5-2.0
and the seed culture was used for inoculation of the main culture.
Expression of DERA in a high-density fermentation culture was
performed in a 2 L. bioreactor (ISF-100, Infors HT, CH) The
main fermentation medium and the glucose feeding solution were
described before [85] and were both supplemented with kanamy-
cin (25 pug mL™"). 1 L of the main medium was inoculated with
15 mL of sced culture and was grown with initial conditions
(28°C, pH 7.0, 700 rpm, 1L min~' aeration, atmospheric
pressure) until dOy dropped to 30%. After that, rpm and airflow
were automatically raised in order to maintain the dOy above 30%
(1800 rpm and 3 L/min were the maximum settings reached). pH
was adjusted automatically to 6.8, using ammonia solution
(12.5%). The feeding with glucose solution was initiated upon
depletion of the glycerol in the main fermentation medium which
was indicated by an instant drop in oxygen consumption (10-12 h
into the process). The flow rate for the feeding solution was initially
set to 0.08 mL min~ ' and exponentially increased to 0.27 mL
min~" in the course of 24 h. The expression was induced by
addition of 0.2 mM IPTG 18 h after inoculation. The resulting
culture broth (DERA fermentation broth) was harvested between
34 and 39 h after inoculation and used directly in the DERA
reactions. Alternatively, cell-free lysates were used (where indicat-
ed), prepared by sonication of the culture broth (Digital Sonifier
450, Branson, USA; std. horn, T <8°C, 5x10 s pulses, 70%
amplitude), followed by centrifugation in order to remove cell
debris.

DERA Activity Measurements

Activity of DERA was assayed using 7-deoxyribosyl-4-methyl
umbelliferone as reported by Greenberg e al. [44,60,63]. Fluo-
rescence was measured for 30 min at 28°C using fluorescence
spectrometer SpectraMax M2 (Molecular Devices, USA) set to
excite at 370 nm and detect emission at 455 nm. The following
modifications to the original method were made. 96-well micro-
titer plates (96w Costar blk/blk bottom), covered with an optically
transparent foil (MicroAmp, Applied Biosystems, USA) were used
for the measurements. Samples were diluted 1000 fold in buffer
(100 mM Bis-Tris propane, pH 8.5, total volume 200 pL). Each of
the 7 different loads of properly diluted sample, spanning from
10 pLL to 170 pL (2 pg to 40 pug of biomass per assay; ODggo:
0.005 to 0.1), was measured in triplicate after addition of 10 pL of
BSA (40 mg/mL) and 20 pL of the fluorogenic substrate [44] (~
1.5 mg/mL in 20% DMSO; corrected by dilution to match
A390=65.0%0.5 at 28°C) for determination of reaction velocity.
Wet cell weight (WCW; weight of sediment per sample volume
after centrifugation at 16000 G for 10 min) of samples was
measured prior to the activity measurement and was used to
calculate specific activity of the biomass. In cases where cell-free
lysates were used as catalysts, the WCW of the source culture was
used for specific activity calculation for practical reasons. The
specific DERA activity was determined as slope of the mean fit to
at least 5 points in an initial velocity vs. biomass load plot and is
given in kRFU s~ ' g~ ! as an average of the triplicate samples.
Zero value for blank sample was included, but not forced in the
linear regression. Acceptance criteria for a valid measurement
were: R?>0.99, offset <0.02.

General Reaction Conditions

The substrates acetaldehyde 1, chloracetaldehyde 2b, dimetox-
yacetaldehyde 2f and benzyloxyacetaldehyde 2e used for the
reaction were obtained from Sigma and were of p.a. grade.
Acetyloxyacetaldehyde 2g was prepared as described before [83].
All reactions were performed in a 2 L stirred vessel (ISF-100,
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Infors HT, CH) at 37°C. pH was adjusted automatically using
ammonia solution (12.5%) to 6.2. Stirrer speed was set to
700 rpm. The E. coli BL21 (DE3) pET30/deoC fermentation broth
was added first (80% of the final volume of the reaction).
Substrates were added directly into the reaction mixture into the
vicinity of Rushton impeller using a programmable pump
(Costametric 4100, Thermo separation products, US) with the
acetyldehyde being diluted in water so that both substrates filled
the remaining 20% of the final reaction volume. The condenser of
the reactor exhaust was cooled to 2°C in order to minimize the loss
of acetaldehyde 1 due to evaporation.

GC-MS and GC-FID Analytics

Reaction-mixture samples were quenched with 4 volumes of
acetonitrile. Cells and precipitates were removed by centrifugation
and the samples were further diluted by a factor of 10 in
acetonitrile. Analyses were performed on an Agilent (USA) 7890A
gas chromatographic (GC) system equipped with flame ionization
detector (FID). A HP-5MS column with dimensions of
60 mx250 um (ID) x0.25 um was used. 1 pL of samples was
mjected onto the column by split injection (split ratio 20:1) via
inlet, which was held at 200°C. Helium (6.0) was used as a carrier
gas at constant pressure of 45 PSI (initial flow 3.4 mL minfl).
Temperature program was set as follows: initial temperature 50°C.
(5 min), gradient 10°C min "' until 250°C (5 min). Analytes were
detected on a FID detector. Detector temperature was set to
250°C. Gas flow rates were set to 30 mL min™~' for hydrogen gas
(fuel), 300 mL min~" for air (oxidizer) and 25 mL min~ ' for
nitrogen gas (make-up).

For the GC-MS analytics, samples were prepared as above and
injected into GC-MS system with chemical ionization (CI) for
determination of CI mass spectrum. Analysis were performed on
an Agilent 7890A gas chromatographic (GC) system coupled with
Agilent mass selective detector 5975C inert XL EI/CI MSD using
inert chemical ionization (CI) source. Methane gas was used as a
chemical ionization reagent to perform a positive chemical
ionization (PCI). 1 pL of sample was injected onto a HP-5 Trace
Analysis 5% Phenyl column with dimensions of 30 mx250 pm
(ID) x0.25 pm by split injection (split ratio 20:1) via inlet, which
was held at 200°C. Helium (6.0) was used as the carrier gas at
constant pressure of 10 PSI (initial flow 1.2 mL min ).
Temperature program was set as follows: initial temperature
50°C (5 min), gradient 10°C min~ ' until 230°C (5 min).

Isolation of the Reaction Products and Intermediates
After the completion of reactions, pH was lowered to 4.5 using
phosphoric acid. 200 g L™ of NaySO, was added in order to
facilitate extraction of reaction products and intermediates with
EtOAc. Whole-broth extraction with 2 vol. of EtOAc was
repeated 4 times. EtOAc phase was collected, dried over MgSO,
and filtered, followed by evaporation yielding a crude product in
the form of a yellow-brownish oil. Where pure compounds were
needed, the oil was dissolved in water and mixed with 5 vol. of
toluene, which was then removed and discarded. Aqueous phase
was extracted with 2 vol. of CHyCly. The first extract was
discarded and the extraction was then repeated 6 times. The
CH,Cly phase was collected, dried over MgSO, and evaporated.
The resulting light yellow oil was dissolved in 95/5 water/
acetonitrile (500 g L") and injected (1 mL) into a reverse phase
preparative LC system (Akta Purifier, Amersham-Biotech, SE)
using the preparative C18 column (EVF D17, RP18 25-40 um
—15 g, Merck Chimie SAS). Flow rate of 2.5 mL min~ ' was used
in isocratic mode with 95/5 water/acetonitrile (pH =5) for the
first 55 min, followed by a gradient from 95/5 to 50/50 (water/
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acetonitrile) over the next 15 min. The resulting 2 mL fractions
were analyzed by GC-FID and the fractions containing the desired
compound were collected. Acetonitrile was evaporated and the
compound was extracted from the aqueous phase with CH,Cl, to
give pure compounds.

Chemical Oxidation of the Lactols

To a whole-cell catalyst reaction mixture with 3g (250 mL, 3g
concentration 55.0 g/L), NaCl (83.9 g, 1456 mol) was added at
r.t. and mixed until dissolved using mechanical stirring. Then,
EtOAc was added (83 mL) and cooled to 0-5°C, pH adjusted to 3
by phosphoric acid and to this solution, Ca(OCl)y (65%, 37.7 g,
171.3 mmol) was added portion-wise over 3 h, keeping the pH
between 2-6 (by phosphoric acid) and the temperature range
between 5-25°C by cooling with ice bath. After additional 0.5 h,
the reaction was finished and chlorine was driven out by bubbling
N, through the solution (exhaust going to a trap consisting of
solution of NaOH and NaySoOj3 in water). From the reaction
mixture, EtOAc was distilled under reduced pressure, Celite®
(10 g) was added and the mixture filtered. The filter cake was
washed with 2x80 mL of distilled water and combined filtrate
fractions were extracted with CH,Cly (10 %250 mL), The CHyCly
phases were dried with CaCly, filtered and evaporated to obtain
15g (14.6 g, 85.5% assay, 92% crude yield).

Results and Discussion

High-density Fed-batch Fermentation

The fermentation process for production of DERA whole-cell
biocatalyst was developed with three targets in mind. First, the
volumetric DERA activity should support direct use of the
fermentation broth for a highly productive, chemoenzymatic
process comparable to the process described by Greenberg et al.
[44]. Secondly, the use of a defined mineral medium with means
of controlling the residual carbon source would minimize
contaminating impurities during the work-up of the chemoenzy-
matic reaction broth. And thirdly, the raw-material and process
costs should be as low as possible in order to make the process not
only industrially scalable but also economically favorable com-
pared to any other DERA-catalyzed process known. The process
outline was based on a mineral-medium, high-density Escherichia
coli fermentation protocol [85], which, however, is focused on
biomass production and not specifically evaluated for protein
expression. We have found, nevertheless, that the protocol allows
appropriate high-density process for a high-level DERA expression
when the time of induction, inducer concentration and carbon
source feeding rates are optimized (Information S1). Typical
characteristics of the final broth with the optimized procedure,
harvested at 36 h after inoculation were: 180-215 g L™ " wet cell
weight (ODggy ~ 100-110), 210-250 kRFU s~ 'g™" specific
DERA activity. The DERA protein was estimated to be present in
4.07 ¢ L™ and represented ~ 50% of the total soluble protein
after analysis of cell-free extracts with SDS-PAGE (Information
S1). In comparison, shake-flask experiments using standard
expression conditions (LB, 37°C, 1 mM IPTG at ODgyy = 0.6,
6}11 inlduction time) yielded 8 ¢ L™ WCW and 300 kRFU
s g .

The resulting culture broth (DERA whole-cell catalyst) was used
directly in the aldol condensation reactions. Raw material cost
calculation (using bulk prices of raw material) for this process,
which was successfully scaled-up to 70 L and 200 L bioreactors in
a linear manner from the 2 L scale protocol, was calculated to be
less than 0.2 € per kg of the whole-cell catalyst. According to the
advances in high-density E. coli fermentation, [86,87] given
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additional optimization, it should be possible to increase the
biomass yields, and consequently, the volumetric DERA activity of
the fermentation broth even further.

Activity Assay

Due to the well-known inactivation of DERA by the aldehyde
substrates [38,61-62], and the fact that a whole-cell catalyst was to
be used for chemoenzymatic reactions, a straightforward and
accurate activity assay to support the work was essential and
therefore given much attention. The fluorometric method for
determination of DERA activity was described before [44,60,63],
however it’s precision on a whole-cell catalyst remained to be
tested. A series of experiments was performed with the aim to
evaluate the impact of cellular envelopes on the efficiency of the
retro-aldol reaction resulting in release of the fluorescent 4-methyl
umbelliferone from the relatively bulky substrate 7-deoxyribosyl-4-
methyl umbelliferone the cell-free extracts were always compared
to the whole-cell catalyst from which they originated). In addition,
the light scattering due to the presence of the cells in the samples
may have an impact on the fluorescence readings [88]. The latter
was evaluated by measuring activity of a cleared DERA lysate
spiked with increasing amounts of DERA-expressing cells in the
range between 0.01 and 0.12 g L~! wew (ODgpp =0.005 to
0.012). In this range, independent measurements showed high
linearity (R?>0.99) in velocity vs. biomass-load plot for the
appropriately diluted samples of the DERA fermentation broth
(Figure 3a and 3b). The spiking of the cell-free lysate had no effect
in the range described (Figure 3c). Linearity of specific biomass
activity within samples with constant biomass concentration was
validated using mixtures of E. coli BL21 pET30/deoC cultures with
high DERA activity and w.t. E. coli BL21 cultures. The cell
concentration in the samples was kept constant in the aforemen-
tioned range, within which, the fraction of the DERA-expressing
cells varied. In parallel, measurements were performed with cell-
free extracts of identical samples, prepared by thorough sonication
and removal of cell debris by centrifugation (Figure 3d). The
results show highly linear response both for the whole-cell catalyst
and the cell-free extract mixtures. Moreover, in comparison, both
catalysts had specific activities at essentially the same level. Data
obtained in a similar experiment, where the cell-free lysate was
prepared directly from the high-density DERA fermentation
broth, and activity of the two was compared after appropriate
dilution, were in agreement with the above.

To confirm that the activity detected on the whole cells is not
due to potential lysis of the cells and release of DERA
extracellularly during the fermentation or the activity assay, the
following measurements were made. First, the supernatant of a
freshly harvested high-density culture of . coli BL21 pET30/deoC
was analyzed. The activity of the extracellular DERA contributed
4.5*2% to the total fermentation broth activity, whereas the
washed biomass contributed the remainder of the activity
(Information S6). Next, using SDS-PAGE, we compared the
amount of extracellular enzyme present in the assay mixture at the
end of the measurement where either the cleared lysate or the
whole broth was used as a catalyst. The results clearly show that
lysis of the cells during the assay is minimal, since only traces of the
DERA protein were found in the whole-cell assay supernatant
compared to the cleared-lysate assay mixture. At the same time,
similar activity values were measured for both samples (Informa-
tion S6). Taken together, the results strongly suggest that the bulky
7-deoxyribosyl-4-methyl umbelliferone is used as a substrate by the
intracellularly expressed DERA and that both the substrate and
the product, 4-methyl umbelliferone, freely diffuse in and out of
the cells during the assay. Whether this is a simple diffusion
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Figure 3. DERA activity measurements of the whole-cell catalyst. A. Fluorescence raw data for a DERA activity assay (dotted lines). Velocities
for triplicate samples of the whole-cell catalyst were measured for 7 different loads (b-h, 3.16 ng-26.9 ug in 3.96 ug increments) of biomass. After
normalization with the blank (a), maximum slopes were determined for each sample and averaged (solid lines) to yield velocity for a given biomass
load. B. Velocity vs. biomass load plot. The first 5 points are taken for the specific activity calculation. Linear regression: y = 0.2366x+0.2073 R? = 0.9936
C. Comparison of velocities measured for cell-free lysate spiked with increasing loads of biomass. D. Validation of linearity of the activity assay within
samples with constant biomass. The whole-cell catalyst E. coli BL21 (DE3) pET30/deoC was mixed with w.t. E. coli BL21 (DE3) biomass (@). Linear
regression: y = 248.94x+1.3840, R?>=0.9995. In parallel, sonicated and cleared samples were measured (). Linear regression: y = 235.00x+2.6433,

R?=0.9989.
doi:10.1371/journal.pone.0062250.g003

process or an assisted transport mechanism is involved, remains
beyond our investigations.

Aldehyde-caused inactivation of DERA is a major problem in
use of this enzyme for chemoenzymatic processes since it makes
the reuse of the catalyst impossible [38,61-62] and demands high
loads for highly productive reactions [38,44,61-62]. Therefore, we
were curious to see how the DERA whole-cell catalyst handles
acetaldehyde 1 inactivation compared to the cell-free extract. In
general, one can expect higher stability of proteins in their natural
mtercellular environment compared to cell-free extracts, due to
the mechanisms organisms have, for dealing with missfolding
issues [89], aggregation of proteins [90], oxidative stress [91],
temperature stress [92], etc. We compared the inactivation rate of

PLOS ONE | www.plosone.org

diluted DERA whole-cell catalyst and cell-free extract in presence
of 75, 150 and 225 mM acetaldehyde 1 by measuring residual
activity with the fluorometric method. A small, but consistent
stabilization of enzyme activity is apparent from the results
(Figure 4), indicating that the cellular environment may indeed
have a beneficial effect on DERA stability.

Whole-cell Enzymatic Synthesis of Lactonized Statin Side-
chain Precursors

Batch processes (the whole amount of the substrates was added
to the reaction at t=0), using DERA whole-cell catalyst and
400 mmol L™' of various, readily accessible, 2-substituted
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Figure 4. Inactivation of DERA whole-cell catalyst and DERA cell-free lysate with various aldehydes. Samples were treated with 75 mM,
150 mM and 225 mM substrate aldehydes for 15 minutes prior to the activity assay. The specific DERA activity was 226.8 kRFU s~' g~ ' and 226.6
kRFU s~ g for the whole-cell catalyst and for the cell-free lysate, respectively. Residual activities are given relative to non-treated whole-cell

catalyst. Aldehydes used were acetaldehyde (A), 2b (B) and 2g (C).
doi:10.1371/journal.pone.0062250.g004

acetaldehydes (2b, 2e, 2f and 2g) [83,93-95] with 2.1 molar
equivalents of acetaldehyde 1 were performed as described in the
methods section. The GC-MS analysis confirmed accumulation of
the expected corresponding lactols (3b, 3e, 3f and 3g). The
compounds were isolated and characterized with 'H-NMR, *C-
NMR and HRMS (Information S2). The confirmation of the
structure of 3f and 3g, previously shown to be excellent starting
material for super-statin synthesis [15-16,78-81,83], broadens the
scope of molecules which can be obtained by DERA-catalyzed
reactions, and this is the first time these molecules have been
synthesized enzymatically. The successful production of the
dimethoxy-substituted lactol 3f for which unsuccessful synthesis
attempts (using DERA) have been reported [57], was especially
surprising. In agreement with Gijsen et al. [42,57], significant
amounts of 2,4,6-trideoxyhexose (3a) have been detected when
only acetaldehyde 1 was used as a substrate for the reaction.
Surprisingly, 3a was also found accumulating as a rule (albeit in
lesser quantities) in all other reactions, where apart from
acetaldehyde 1, 2-substituted acetaldehydes were used (Table 1).
This was not emphasized to date, despite the numerous reports on
the DERA-catalyzed sequential reactions using acetaldehyde 1 as
one of the substrates [37-44,46,57,59-60]. Although there is little
value in this compound in terms of starting material for super-
statin synthesis (due to lack of appropriate leaving group at the 6’
position, which would allow further transformations toward super-
statin assembly), the finding is important. Namely, the chemical
and physical properties of 3a make the removal of this compound
from the target cyclic hemiacetal side-chain products, obtained by
DERA chemoenzymatic process, difficult during the work-up of
the reactions. In addition, the accumulation rate of 3a is an
important indicator of the substrate availability during the
reactions and was taken into account for optimization of substrate
feeding.

The yields of the described batch reactions in Table 1 are given
as non-isolated yields (calculated from the GC-FID analysis of the
reaction samples and purified, NMR-evaluated compound sam-
ples). The mass balance of the reactions, taking into account the
unreacted substrates, was found to be short of the theoretical
outcome. This led us to search for the missing substrate balance in
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either accumulating intermediates or side products. Since both
whole broth and cleared lysates are enzymatically complex
systems, a side reaction of some kind would not be surprising.
The GC-MS analysis showed accumulation of compounds with
the mass spectra in agreement with products of single aldol
condensation (8b, 8e, 8f and 8g) in the reaction mixture at
considerable level (Figure 5a and 5b: the reactions with 2b and 2g
are shown for illustration). The calculated yields of the reactions
with the 2e and the 2f were well below those observed with 2b
and 2g and no further attention was given to the former two. After
purification and characterization ('H-NMR, 'C-NMR and
HRMS) of 8g (Information S3), the mass balance of the reaction
with acetyloxy-acetaldehyde (2g) was re-assessed. More than 90%
of the substrate 2g was accounted for, either in the final product
(3g, 10g) or in the intermediate (8g). Although accumulation of
8b in certain reaction conditions was indicated before [42], the
significant accumulation of 8 during all of the reactions was a
surprising observation since no attention to this intermediate is
given in the past optimizations of DERA processes [42-46,59-60].
The observation offered another indicator by which the reaction
conditions could be optimized.

Interestingly, an additional product of DERA was found
accumulating in the reactions using 2b as one of the substrates.
The mass spectra of this compound indicate a product of
condensation of two 2-chloro-acetyldehyde molecules with one
acetaldehyde (Information S8). This new compound, presumably
(4R,6.9)-3-chloro-6-(chloromethyl)tetrahydro-2 H-pyran-2,4-diol,
was found accumulating in higher amounts in the reaction where 1
to 1 ratio between acetaldehyde and 2b was used (Table 1).

Incidentally, a small amount of acetic acid was detected
accumulating during the reactions with 2g and acetaldehyde 1
in a rate not found in any of the reactions using 2b as a substrate
(Information S10). This finding points toward likely hydrolysis of
2g to acetic acid and 2-hydroxy-acetaldehyde by a hydrolase
present in the whole-cell catalyst. Indeed, incubation of 2g alone
with the whole-cell catalyst results in partial degradation and
accumulation of acetic acid. Interestingly, we have also detected
accumulation of trace quantities of a side product with mass
spectra matching 2,4-dideoxy erythrose (data not shown). This
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Table 1. Reaction species in batch reactions using whole-cell catalyst and various substrate aldehydes.

Substrate (mmol L") 1 2 8 3a 3 10 * Yield
1 (840) 2.7 (19) n.a 0. 136.2 (173) (1] 0.6 (1) 62%
2b (400)+1 (840) 7.5 (32) 0 4.3 (9) 9.5 (15) 223.6 (258) 509 225 65%
2b (400)+1 (400) 0 11.2 (78) 27.0 (56) 0 93.2 (108) 2.8 (5) 40.6 27%
2e (400)+1 (840) 0 150 (236) 80 91 (116) 85 (43) 3(2) 11%
2f (400)+1 (840) 0 88.6 (238) 522 85.7 (109) 74.5 (54) 24 (2) 14%
2g (400)+1 (840) 0 50.0 (103) 76.9 (76) 32.6 (41) 275.3 (182) 13.7 (9) 45%
2g (400)+1 (400) 0 77.8 (190) 98.2 (83) 2 (3) 103.5 (80) 4.7 (2) 20%

doi:10.1371/journal.pone.0062250.t001

molecule could originate from DERA-catalyzed condensation of
acetaldehyde 1 and hydroxyl-acetaldehyde [42] arising from
hydrolysis of 2g. The above, were the only indications of a side
activity in the whole-cell catalyst we have observed during our
work.

An important finding, indicating transfer or diffusion of the
reaction substrates, intermediates and products across the cellular
envelopes, was made in the observation of practically identical
reaction dynamics and yields when using either whole-cell catalyst
or cell-free lysate with matched DERA activity for production of
3g (data not shown). Since large majority of the DERA was found
in the cellular fraction during the whole-cell process (Information
S6), the reaction must proceed predominately inside the cells in
order to match the reaction species dynamics observed with the
cell-free extract process. Concentrations of the reaction substrates,
intermediates and products in the acetonitrile-quenched reaction
supernatant were found equal to intracellular concentrations
obtained by sonication of the acetonitrile-quenched biomass pellet
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Whole-cell DERA catalyst was used (DERA specific activity =232 kRFU s~' g~', WCW =207 g L™ "). Data are given as GC-FID peak area after 60 minutes after addition of
the substrates, and calculated to molar concentration (mmol L™, in brackets) where isolated reference material was available. There was no considerable change in
reaction-species concentration after 60 min (reaction was followed up to 180 min) indicating loss of DERA activity early in the reaction.

*presumably 2,6-chloro-2,4-dideoxyhexose. GC-MS data for this compound are available in Information S8.

(GC-FID analysis). It is worth noting that the tightly packed
biomass from the reaction mixtures represents ~ 20% of the
reaction volume and that error in the above observation due to
presence of compounds in the intercellular space is unlikely. The
temporal distribution of intracellular vs. extracellular concentra-
tions shows no apparent effects in the reaction kinetics that could
arise from diffusion limitations. The accumulation of the
intermediate 8g both intra- and extra-cellularly in the first part
of the process and its later consumption, as well as the observations
with the activity assay experiments, further support the finding.

The Dynamics of the Reactions

Due to the complex nature of the reaction wherein the activity
of the catalyst is changing over time in a non-constant manner
(inactivation of DERA) [38,61-62,96], occurring reactions are
reversible (retro-aldol reaction) [54-55], the aldehyde substrates
[53], intermediates and products are in equilibrium with their
presumably nonreactive forms [42,97-101], (Information S3 and

B

Time [min]

Figure 5. Time course of whole-cell, DERA-catalyzed batch reactions. Reactions were performed using E. coli BL21 (DE3) pET30/deoC
fermentation cultures directly (DERA specific activity=232 kRFU s ' g~', WCW =207 g L™ "). Results are given as mass concentrations obtained from
GC-FID analysis. The measured quantity of a particular compound, with the exception of the stable 6-ring hemiacetals (3), represents the sum of the
corresponding equilibrium forms (hydrate, aldehyde and acetal/hemiacetal), which exist under the reaction conditions. A: Reaction species data from
reactions using 400 mmol L' of 2g and 840 mmol L™ " of 1 are shown. 1 (M, black), 3a (A, blue) 3g (#, green), 8g (@, red), 109 (A, orange) and
2g (<, brown). B: Reaction species data from reactions using 400 mmol L' of 2b and 840 mmol L™ of 1 are shown. 1 (M, black), 3a (A, blue) 3b
(#, green), 8b (@, red), 10b (A, orange), 2b (O, brown), 2,6-chloro-2,4-dideoxyhexose ([, grey). Concentration of the latter (Information S8) is
evaluated based on the assumption, that the GC-FID response factor is similar to that of 3b.

doi:10.1371/journal.pone.0062250.g005
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S4), and one of the substrates is involved in a parallel reaction
(formation of 3a), in-depth understanding of the reaction
dynamics is extremely difficult. Even more so, the complexity
increases when considering existence of alternative double
condensation products (Information S8) found in batch reactions
with 2b. A simplified scheme of the reaction species for a process
with 2g is illustrated in Figure 6.

The observed accumulation of the single-aldol-condensation
intermediates 8 in the reactions can generally be explained by
second-order kinetics for consecutive reactions [102]. The
difference in the initial substrate concentrations for the first and
second condensation alone can explain the effect, given similar
kinetic constants for both steps. The accumulation rate of the
intermediate 8, however, was found to be significantly higher in
reactions with 2g compared to the ones using 2b (Figure 5). Also,
in comparison to the process with 2b, the reaction yielding 3a
seems more competitive to the condensation converting 8g to 3g,
in reactions using 2g. In addition, high accumulation rates of the
intermediate 8g were observed when the substrates were fed
continuously at a rate which results in concentration of the
substrate 2g near zero throughout the reaction (Information S9).
The availability of 2g for the enzyme is even lower since it was
found predominantly in hydrate form in water (Information S4).
Therefore, the rate of the second condensation must be lower, to
allow the observed accumulation of the intermediate (8g). This
can be attributed to markedly different kinetic constant values for
the first and the second condensation step due to DERA
properties, or to the equilibriums between the aldehyde, acetal/
hemiacetal and hydrate forms of the reaction species (Figure 2).

In fact the equilibrium between the reaction product 3 and its
open, aldehyde form (10), is considered to be the reason why the
sequential aldol reaction stops at the second condensation (the
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equilibrium is strongly shifted toward 3) [42,57]. Surely, one
possibility that could influence the rate of the second condensation,
is the role of acetal or hemiacetal (9) equilibrium forms originating
from the single-condensation intermediate (8) under the reaction
conditions.

Indeed, although the reaction species (with exception of stable
6-ring hemiacetals 3) are observed only in the aldehyde form in the
GC analysis, the "H-NMR and "*C-NMR spectra for purified 8g
showed (in addition to the expected hydrate form 12g) presence of
several distinct acetal-specific signals under mild conditions. Due
to the number of the acetal signals observed for these equilibrium
forms, which we collectively termed 9, indisputable evidence on
their structures remains elusive. According to the published
examples, the species 9 may include cyclic lactol [42], dimeric
lactol [97], dimeric hemiacetal [98] or cyclic trioxane [99]
(Information S3).

Shifts in equilibrium between 8g, 9g and 12g can be observed
when various solvents are used (DyO, CDCl;, DMSO-dg) for the
'"H-NMR and '*C-NMR measurements. The equilibrium is
shifted toward 8g and 9g in nonpolar CDCl; whereas the hydrate
12g is predominant in polar solvents, although aldehyde 8g and
acetal-specific proton signals of 9 can also be observed (Informa-
tion S3). In contrast, only hydrate and aldehyde species are found
for the initial substrates 1 and 2g in DO as indicated by '"H-NMR
(Information S4).

Therefore, in analogy with DERA-catalyzed coupling of
hydroxyacetaldehyde and acetaldehyde 1, where the formation
of stable hemiacetals both with the initial substrate and the
product of the first aldol condensation was found preventing
successive reaction steps [42], one can foresee a similar, yet less
prominent effect influencing the second condensation to form 3g.

oH 0o
DERA \||’O‘“" )\\)\H DERA
(o]

o (2
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9g O}\|
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Figure 6. Compounds influencing the production of acetiloxy-lactol (3g). Hydrate forms of the aldehydes (11, 12 and 13) are not depicted
here. A: Reaction species arising from acetaldehyde alone. B: Reaction species arising from acetaldehyde 1 and 2g. Several acetal/hemiacetal (9g)
species were found in equilibrium with 8g. These may include monomeric cyclic hemiacetal as well as dimeric and trimeric cyclic acetals/hemiacetals

(Information S3).
doi:10.1371/journal.pone.0062250.g006
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On the other hand, we can predict but one difference between
8b and 8g in the possibility of formation of cyclic acetals/
hemiacetals. The presence of the acetyl group in 8g changes the
possible diversity in these equilibria compared to the situation with
8b (Information S3). Although the reversible rearrangement
(transesterification) of 8g, leading to a five membered lactol,
could reduce the availability of the mono-aldol intermediate to the
enzyme, we cannot claim that this is the sole reason for the
observed lower second condensation rate compared to the
reactions with the chloro-substituded counterparts. Still, consider-
ation of the existence of the equilibrium forms of the intermediates
offers an insight, complementary to the mechanistic studies
published for DERA [52-53,61], when interpreting the dynamics
of sequential aldol condensations.

Next, analysis of the residual DERA activity, determined for
washed whole-cell samples taken from the batch reaction with
400 mmol L™ 2g and 840 mmol L™" acetaldehyde 1, showed
rapid inactivation of DERA. Only 28% of the initial activity was
detected after the first 10 minutes of the reaction, 18% after 30
minutes and less than 15% after 1 h (Information S7). Reliable
residual activity measurements for the parallel cell-free extract
reaction could not be performed due to the lack of a convenient
method for removal of the inactivating aldehydes present in the
assay samples. This rapid loss of enzyme activity was another
observation calling for optimization of the feeding strategy,
although it was not a surprising find. The issue has already been
addressed by Greenberg ef al. [44]. In their report, chloro-
acetaldehyde (2b) was found to be significantly more inhibiting
compound compared to acetaldehyde 1. In our hands, derived
from the results where the residual activity of the whole-cell
catalyst in presence of various aldehydes was compared, acetal-
dehyde 1 was found to be almost as potent inactivator of DERA as
2b. On the other hand, addition of 2g, the prime focus of our
interest, resulted in significantly higher inactivation rates making
the development of a highly productive process with this substrate
even more challenging (Figure 4). For this reason, and in light of
the accumulating 8 and 3a in the reaction, as well as the formation
of alternative products such as the 2,6-chloro-2,4-dideoxyhexose
(Figure 5, Information S8), it is obvious that the feeding strategy
described previously (proposing addition of the two reactants in a
constant 1:2.1 molar ratio) [44], is not generally applicable to the
DERA-catalyzed processes and can be improved by controlling
feeding rates of each individual substrate throughout the reaction.

Fed-batch Whole-cell Process

Using a semi-empiric approach, various feeding profiles for each
of the two substrates (1 and 2g) were tested in fed-batch reactions
using DERA whole-cell catalyst (data not shown). When using a
constant molar ratio (2g : 1 =1 : 2.1) of the substrates, similarly to
the batch process described above (Figure 5a), the intermediate 8g
was formed much faster than was consumed to form 3g.
Consequently, a surplus of acetaldehyde was created, resulting in
enhanced accumulation of 3a. At the end, rapid loss of DERA
activity and lack of acetaldehyde (consumed for 3a formation) lead
to unconverted 8g and low yields. As the next step, with the aim to
control the accumulation of 3a, we set up fed-batch reactions with
addition of the total quantity of 2g at the start of the reaction.
Acetaldehyde was fed in a profile that allowed consumption of the
accumulated 8g almost completely. Although this feeding strategy
showed high yields, and both 3a and 8g levels below 5% each, the
inactivation of DERA prevented high yields in processes with 2g
loads higher than 400 mmol 1.”".

Finally, a compromise was made in the feeding strategy
(Figure 7), taking into account the indications to the reaction
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dynamics we have obtained. The ratio between 2g and
acetaldehyde was adjusted to 1 : 2.2 in order to compensate for
the acetaldehyde consumed in 3a formation. 2g was fed faster
than acetaldehyde 1 and only in the first 30 minutes of the process.
This resulted in a higher rate of 3g formation in the first part of
the process compared to the strategy where all of the 2g was added
at the beginning. At the same time, the formation of 3a was low.
As 2g was being consumed, a surplus of acetaldehyde was created,
driving both conversion of 8g to 3g and formation of 3a. The
remaining 25% of the acetaldehyde (fed in the next 30 minutes)
allowed efficient conversion of the large part of the mono-aldol
intermediate in a reasonable timeframe of the remaining 60
minutes, although some 3a was formed due to this acetaldehyde
surplus.

More than 20 fed batch reactions with 2g loads between
500 mmol L™ " and 700 mmol L™ were made using this feeding
profile and titers of 100 g L™ of 3g were reached (103.2 g L™'
including the open form 10g) in 2 h reaction time using 700 mmol
L™! of 2g (Figure 8). Due to higher process robustness and higher
yields (78-86%), we chose to use lower substrate loads (550 mmol
L' of 2g), which routinely resulted in 85-91 g L~ titers of 3gin
120 min (Figure 7). The chromatographic purity of the reaction-
mixture samples at harvest time were 82%-86% and crude 3g
prepared with whole-broth extraction from these reactions had
>70% assay for the 3g as a rule. The volumetric productivity of
the process was over 40 g L' h™'. Despite the optimization,
accumulation of 3a and unreacted intermediate (8g) could not be
completely avoided. 3a and 8g were found, in average, in 10%
(w/w) each, compared to 3g. The ratio between 3g and its open,
aldehyde form (10g) was constant at the reaction conditions (~
3% w/w) but could be influenced in favor of 10g by lowering the
pH. Residual activity of DERA during the reaction was tested and
although <10% of the activity was detected at the completion of
the reaction, the inactivation profile shows significant improve-
ment compared to the batch process (Information S7). Using the
fed-batch process ~ 45% of the activity remained after 30 minutes
and ~ 25% after 60 min of the process even with 550 mmol L™
load of 2g (Figure 7).

For validation of applicability of the process for preparation of
other substituted lactols, chlorolactol (3b) reaction was selected
due to the challenging precedents in the literature [44,60]. Using
the same conditions as used for production of 3g, with 700 mmol
L7 of2b, 102 g L.7! of 3b (104.2 g L™ " including the open form
10b) was prepared in 120 min (88% yield, volumetric productivity
51 g L™ 'h™"). Reaction species profiles were found to be similar
to the acetyloxylactol (3g) process, however - as expected, the
accumulation of the mono-aldol intermediate 8b was less
pronounced in the reaction with 2b resulting in higher production
rates in the first part of the process (Figure 8). Compared to the
batch process, formation of 2,6-chloro-2,4-dideoxyhexose was at
barely detectable levels.

The resulting process not only improves the volumetric
productivity reported for the w.t. E. coli DERA catalyzed
production of 3b [42,44,60], but also achieves this with a
considerably cheaper biocatalyst. The material cost contribution
of the whole-cell catalyst is estimated to be in the range of 2.0-3.5
€ per assay kilogram of the crude isolate of chiral lactols
(depending on the target titer). Furthermore, the fermentation and
the chemoenzymatic process were joined into a one-pot telescope
process, additionally simplifying the industrialization.

Preparation of Advanced Super-statin Intermediates

The conversion of the isolated lactols 3 to a useful statin side
chain can be achieved by oxidation of lactols 3 to the lactones 15,
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Figure 7. Time course of whole-cell, DERA-catalyzed, fed-batch reactions yielding 3g. Reaction species data from three independent
experiments using (in total) 550 mmol L™ of 2g and 1200 mmol L™ of 1 are shown. Whole-cell catalyst (E. coli BL21 (DE3) pET30/deoC high-density
culture) with 217 kRFU s ' g~ ' DERA specific activity and 182 g L~ WCW was used. Results are given as molar concentrations obtained from GC-FID
analysis. The measured quantity of a particular compound, with the exception of the stable 6-ring hemiacetals (3), represents the sum of the
corresponding equilibrium forms (hydrate, aldehyde and acetal/hemiacetal) which exist under the reaction conditions. 1 (M, black), 3a (A, blue) 3g
(#, green), 8g (@, red), 10g (A, orange), 2g (<, brown), cumulative molarity of reaction species originating from 2g ([J, grey; sum of 2g, 8g, 10g
and 3g ). Secondary vertical axis shows in %: residual DERA activity ([J, violet), cumulative feed of 2g (dotted line), cumulative feed of 1 (dashed line).
doi:10.1371/journal.pone.0062250.g007

followed by silyl protection of 4-hydroxyl substituent resulting in acetonitrile to the whole-cell reaction mixture and filtration of the
compound 3 [78], an advanced intermediate, recently described en precipitate was used to remove majority of the cells and cell debris.
route to preparation of rosuvastatin [15,80,81] and pitavastatin Inconveniently, the remaining proteins, carbohydrates and other
[16,80,81]. The lactol oxidation using various oxidation methods organic material from the extract, as well as the presence of

such as Bry/BaCOs [103], N-iodosuccinimide [104], AgoCOs undesired compounds 3a and 8g, make the oxidation reaction
[105], Pt/C-Oy [106], RuCly(PPhs)s/cyclohexanone [107], more difficult as it requires 3.3 equivalents of bromine to fully
MnO, [108], or NaOCI/AcOH [60] was described before. oxidize the lactol 3g. Even more equivalents were needed when

Aiming toward a scalable and sustainable process we tested chemoenzymatic reaction mixtures having higher amounts of 3a
several process options in order to use the whole-cell DERA and 8g were used. To avoid the large amount of hazardous and
reaction mixtures in a straightforward manner (Table 2). Initially, toxic bromine needed, the process using bleach [60] was tested
oxidation of 3g using bromine in the presence of barium and modified (avoiding the solvent exchange) with the use of a
carbonate was used to obtain the corresponding lactone 4 in mixture of aqueous NaH,POy, solution and ethylacetate instead of

good 78% yield (Table 2, entry 1). Prior to oxidation, addition of acetic acid as solvent. This reaction also required large excess of
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Figure 8. Time course of exemplary whole-cell, DERA-catalyzed, fed-batch reactions with ~50 g L' h™" volumetric productivity.
Whole-cell catalyst (E. coli BL21 (DE3) pET30/deoC high-density culture) with 247 kRFU s~' g~ DERA specific activity and 215 g L~ WCW was used.
Results are given as mass concentrations obtained from GC-FID analysis. The measured quantity of a particular compound, with the exception of the
stable 6-ring hemiacetals (3), represents the sum of the corresponding equilibrium forms (hydrate, aldehyde and acetal/hemiacetal) which exist
under the reaction conditions. A: Reaction species data from reaction using (in total) 700 mmol L~ of 2g and 1540 mmol L~ " of 1 are shown. 1 (H,
black), 3a (A, blue) 3g (¢, green), 8g (@, red), 10g (A, orange), 2g (<, brown), acetic acid ([J, grey). Secondary vertical axis shows in %: cumulative
feed of 2g (dotted line), cumulative feed of 1 (dashed line). B: Reaction species data from reaction using (in total) 700 mmol L™" of 2b and
1540 mmol L™ of 1 are shown. 1 (M, black), 3a (A, blue) 3b (#, green), 8b (@, red), 10b (A, orange), 2b (<, brown), acetic acid ([J, grey), 2,6-
chloro-2,4-dideoxyhexose ([J, purple). Secondary vertical axis shows in %: cumulative feed of 2b (dotted line), cumulative feed of 1 (dashed line).
doi:10.1371/journal.pone.0062250.g008
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Table 2. The optimization of lactol (3g) oxidation yielding
lactone 15.

Cell removal

method Oxidant (eq.) Additive Yield
1 MeCN precipitation Br, (3.3) BaCOs 78%
2 MeCN precipitation NaOCl (6.5) NaCl/NaH,PO,  77%
3 None NaOCl (6.5) NaCl/NaH,PO, 84%
4 Centrifugation NaOCI (6.5) NaCl/NaH,PO,  84%
5 Centrifugation Ca(0Cl), (9.5) NaCl/NaH,PO,  64%
6 Centrifugation Ca(0dl), (4.7) NaCl/H3PO, 78%
7 None Ca(0dl), (2.5) NaCl/H3PO, 84%

doi:10.1371/journal.pone.0062250.t002

the oxidant to reach completion of the reaction (6.5 eq.) and led to
a similar, 77% yield (Table 2, entry 2).

In order to avoid the use of large amounts of acetonitrile for the
removal of the biomass, the oxidation was tested directly on the
whole-cell catalyst reaction mixture and on the centrifuged
reaction mixture. Both reactions gave comparable and better,
84% yields (Table 2, entries 3 and 4) when the acetonitrile was
omitted. An issue with the bleach oxidation process was raised
upon scale-up; the large volume of water was introduced to the
reaction due to the low bleach concentration. To address this
issue, we decided to replace bleach with its solid equivalent
calcium hypochlorite. At first, the reaction required larger
amounts of the oxidant (Table 2, entry 5) and gave lower yield
mostly because of filtration problems during the work-up. The
replacement of sodium phosphate with phosphoric acid, while
maintaining the pH at 3, led to reduction of oxidant usage and
made the work-up filtration easier. This resulted in higher yield
(Table 2, entry 6) and surprisingly improvements in both the
amount of oxidant used and yield (84%) were achieved when using
the whole-cell catalyst reaction mixture directly (entry 7). The
lactone 15g (oil) was isolated from the ethyl-acetate phase and
purification of impurities derived mainly from compound 3a was
not possible except by chromatography. None the less, the lactone
15g was used without purification and protected in standard
conditions with TBDMSCI in dichloromethane in presence of
imidazole to give 5 and then further converted to the compound 6
using previously reported procedure [80,84], to obtain crystalline
material in an overall yield of 62% for the three steps. The
crystallization of 6 allowed removal of the impurities originating
from the whole-cell chemoenzymatic process and carried over
through oxidation and silylation steps. '"H-NMR and GC analysis
of 6 showed very high purity (99.8% GC purity). Enantiomeric
and diastereoisomeric purity was determined to be similar as
previously reported (>99.9% e, >99.8% de, Information S5)
[80,84]. Combined, the results show an efficient way of converting
the lactols 3 derived from the whole-cell DERA catalyzed
reactions in further steps toward statins. To this end, we avoided
problematic and technically demanding downstream procedures
yielding an especially low cost, scalable and green process with
good overall yields. Again, the importance of controlling the
DERA reaction intermediates and side products such as 8g and
3a (respectively) can be stressed out; this time not from the
reaction yield point of view, but rather in terms of influence to the
following chemical steps, namely the oxidation, silylation and
deacetylation. The lactol 3a, for example, is not problematic per se
since it is efficiently removed in the late steps. The additional
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amount of TBDMSCI needed at the silylation step due to its
presence, however, brings unnecessary extra costs to the process.

Conclusions

The described process for production of chiral, lactonized
super-statin intermediates, using a whole-cell DERA catalyst
derived directly from a fed-batch, high-density fermentation with
E. coli BL21 (DE3) overexpressing native F. coli deoC, shows
unprecedented productivity and is highly cost effective. Volumet-
ric productivities of 50 g ™' h™!, with >80% yield and >80%
chromatographic purity have been achieved with this process for
6'-chloro and 6'-acetyloxy substituted lactols. Moreover, ((25,4R)-
4,6-dihydroxytetrahydro-2 H-pyran-2-ylmethyl ~ acetate  and
(4R,69)-6-(dimethoxymethyl)tetrahydro-2H-pyran-2,4-diol ~ have
been prepared, using DERA catalysis, for the first time. Although
new insights into the dynamics of the reaction intermediates and
side products are presented in this work, the complexity of the
reaction leaves room for additional improvement of understanding
of the DERA-catalyzed sequential aldol condensation reactions.
This is especially true for the role of equilibria of the reaction
aldehydes with their hydrate form on the one side and acetal/
hemiacetal forms on the other. In addition, the dynamics of the
availability of the substrates, defined by the feeding strategy and
equilibria with their non-reactive forms in combination with
substrate preference of the DERA enzyme, can lead the reaction
to form completely unexpected products such as 2,6-chloro-2,4-
dideoxyhexose. Nevertheless, excellent enantiomeric purities (ee
>99.9%) which were demonstrated on downstream advanced
intermediates allow the products obtained by the described process
to fit directly into our recently described lactone pathway to
optically pure super-statins. The enzymatic synthesis of ((25,4R)-
4,6-dihydroxytetrahydro-2/H-pyran-2-yl)methyl acetate is the last
piece in design of an efficient and industrially scalable synthesis of
super-statins based on the direct coupling of lactonised diol side-
chains to the heterocyclic part of the molecule.
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